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Abstract  

 

Improvement of the design wind load estimations is a critical feature of the optimisation of 

structural designs, particularly in a county like New Zealand that experiences strong winds and has 

mountainous and complex terrain, which influence the airflow passing above them. In addition, in 

any design project, safety considerations must be balanced against the additional cost of over-

design. Therefore, accurate estimations of design wind speeds are highly beneficial for safety as 

well as for optimising the design and minimising the costs. 

This study aims to estimate design wind speeds and associated directional multipliers, also lee-zone 

multipliers for New Zealand through the analysis of historical wind data recorded at meteorological 

stations, utilising a high-resolution convection-resolving numerical weather prediction model (New 

Zealand Convective-Scale Model (NZCSM)), and lastly analysing two global reanalysis products. 

New Zealand’s historical wind data have not been analysed in the past two decades for design wind-

load purposes. In addition, no attempt has been made to thoroughly homogenise the mean and gust 

wind speed data recorded prior to the 1990s and to convert them to equivalent Automatic Weather 

Stations (AWS) records. Furthermore, lee zones, areas affected by the wind speed-up due to the 

presence of mountains, can significantly influence the design wind loads, thus, it is crucial to 

estimate the spatial extent and magnitude of the lee multiplier accurately. In this study, the wind 

data were initially subjected to a robust homogenisation algorithm, which accounts for changes in 

both instrumentations and signal processing procedure, and also eliminates the effects of local 

topography. Extensive wind-tunnel and theoretical investigations were conducted to study the 

response characteristics of anemometers as well as the effects of various gust durations on the 

maximum wind speeds. Correction factors were proposed to convert the wind gust measurements 

with a certain gust duration to equivalent measurements of other gust durations of interest. The 

influence of hills and local topography on airflow was studied through wind-tunnel experiments 

and numerical simulations of 2D and 3D single isolated hills and also consecutive multiple hills. 

Then, the homogenised wind data were separated into synoptic and non-synoptic events to gain a 

better understanding of New Zealand’s gust climatology and sources of extreme events. It was 

demonstrated that synoptic events dominate the design wind speeds at most locations in New 

Zealand. For extreme value analysis, three different extreme value distributions were used, namely 

Type I (using Gumbel, Gringorten and BLUE fitting methods), Type III (using maximum likelihood 

and probability weighted moments methods), and Peaks-Over-Threshold (POT) approach. In 
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addition, the predictions of NZCSM along with historical wind speeds were used to identify the lee 

zones, which confirms the existing zones and provides evidence to support introducing new zones, 

and obtain estimates of the lee-multipliers. Substantial changes have been proposed for the next 

version of the Australian/New Zealand wind-loading standard (AS/NZS 1170.2) based on the 

results of this study. The changes include adding a new wind region to New Zealand, refinements 

of wind zone boundaries, revising all regional wind speeds and directional multipliers, and 

modifying the lee-zone regions and multipliers. 

In addition, in order to assess the possible effects of climate change on the proposed design wind 

speeds, long-term trends in the magnitude and frequency of annual and seasonal maximum gust 

wind speeds were investigated. The results demonstrate that the annual and seasonal trends in both 

magnitudes and frequencies of extreme winds are generally either negative or not statistically 

significant over the considered period. Therefore, based on the derived gust trends, at this stage, it 

seems that the long-term gust wind speed trends are not likely to have a significant effect on New 

Zealand’s design wind speeds. 

Lastly, an attempt was made to increase and improve the spatial resolution of the New Zealand’s 

design wind map utilising gust wind speed data from two global reanalysis products, namely ERA5 

and ERA-Interim with spatial resolutions of 31 km and 80 km, respectively. Initially, the reanalysis 

data were evaluated against observation data recorded at 52 meteorological stations across New 

Zealand. Then, extreme value analysis using three methods based on maximum annual maximum 

gust speeds, namely the standard Gumbel, Gringorten and BLUE, and one approach based on daily 

gusts over a threshold, namely the method of independent storms, were employed to estimate the 

design wind speeds. The performances of the reanalyses in representing gust wind climate over both 

relatively flat and also complex and mountainous regions were evaluated in detail. The validation 

results revealed the dependency of bias on the wind speed intensity, such that the positive and 

negative biases increase at low and high wind speeds, respectively. A simple method was proposed 

to correct the reanalysis gust data based on the computed biases and wind speed intensity. 

High-resolution wind maps, which also contain the lee-zones and wind speed-up effects due to the 

presence of mountains, are proposed for New Zealand. As opposed to the design wind speeds 

proposed for AS/NZS 1170.2:2021, which needed to be sufficiently conservative for most parts of 

the wind regions, the high-resolution wind maps show the variation of design wind speeds within 

each region. Overall, it was demonstrated that reanalyses can be used as a complementary method 

to observation data to estimate the design wind speeds with a higher-spatial resolution. Also, there 

are often gaps in historical time series, which can be filled in by the reanalysis data.  
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Chapter 1  

Introduction 

 

 

 

1.1 Background and New Zealand Gust Climatology  

Urban environments are becoming increasingly important because more of the world’s population 

is inhabiting towns and cities. The need for the design of wind-resistant buildings and structures is 

a research field that requires reliable wind speed data, particularly for the increasing tendency 

towards high-rise and free-style building shapes, as opposed to previous symmetric shape designs 

(Xu et al., 2017). Owing to the advancements in construction techniques and material science, 

lighter and taller structures are designed, which require the consideration of the wind effects in 

greater detail and on the individual members of the buildings (Durst, 1960; Vallis, 2019). The 

aerodynamic aspects of a structure and optimisation of a specific design can be obtained through 

wind-tunnel studies. However, design wind speeds for various return periods and the assessment of 

the maximum wind speeds a structure is likely to experience during its lifetime, remain the most 

important parameter in designing wind-resistant structures (Holmes, 2015). 

Therefore, improved estimations of design wind speeds and the consideration of the directionality 

of wind speed are of great importance to ensure the safety of structures and to prevent over-design, 

which has drawbacks for cost and also limits other aspects of the structural design, such as design 

for seismic loads. The values of design wind speeds are often provided in wind-loading codes and 

standards, and are estimated using the historical wind records of a country. In New Zealand and 

Australia, all buildings and structures are designed to resist the effects of the wind speeds specified 

in the wind-loading standard (AS/NZS 1170.2, 2011), which has been prepared by a joint 
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Australia/New Zealand committee of relevant stakeholders including engineers and climate experts. 

The regional wind speeds in this standard are based on the analyses of gust speeds recorded prior 

to the 1990s using the pressure-based Dines anemometers (Holmes et al., 2018). However, New 

Zealand’s wind records have not been studied for extreme value analysis (EVA) purposes for the 

past two decades. Therefore, this research aims to improve the resilience of New Zealand’s 

infrastructure against the effects of extreme winds by providing improved and more accurate 

estimates of design wind speeds for the next version of AS/NZS 1170.2. 

The first essential step in analysing historical wind records is to ensure the suitable quality of the 

wind speed time series and eliminate all artificial, non-climatic breakpoints and trends to make sure 

the records reflect the wind climate as accurately as possible. It has been demonstrated that the use 

of the recorded wind data directly without homogenisation and correction can lead to errors of up 

to 10% – 40% in future studies (Azorin-Molina et al., 2014; Masters et al., 2010; Powell et al., 

1996; Safaei Pirooz et al., 2018b; Turner et al., 2019). Factors causing inhomogeneity and artificial 

discontinuities and trends in historical time series include changes in anemometer type, signal 

processing procedure and gust duration, anemometer height, surrounding effective roughness, local 

topography, and site relocation. Thus, to examine the homogeneity and quality of wind records, a 

robust homogenisation and quality control algorithm is needed. The importance of the 

homogenisation and effects of these factors are reviewed and elaborated upon in Chapter 2.  

One of the reasons for fewer wind speed trend analyses being conducted compared to other climate 

variables, such as temperature and precipitation, is due to the issue of data homogeneity (Pryor et 

al., 2009). Great variability of wind on all time scales and in three-dimensional space makes the 

analysis of this variable difficult compared to most other meteorological variables (Azorin-Molina 

et al. 2014). This is particularly true for gust wind speeds, due to the fact that they are extremely 

sensitive to the response characteristics of the measuring chain, including anemometer and 

recording device (Miller et al., 2013b; Safaei Pirooz et al., 2020). An extensive review of the effects 

of anemometers and gust duration on wind records is provided in Chapter 3 and Section 5.1.2. As 

mentioned, the regional wind speeds in the current version of AS/NZS 1170.2 are based on the 

Dines anemometers that have an equivalent gust duration of 0.2-s, which was the basis for the 

redefinition of the gust duration in AS/NZS 1170.2 (2011) (Holmes and Ginger, 2012). However, 

in New Zealand, the Dines anemometers were not used widely and prior to the 1990s, the heavy-

cup Munro MKII anemometers with a gust duration of about 1-s was the primary measuring 

instrument in New Zealand (Safaei Pirooz et al., 2020; Safaei Pirooz and Flay, 2018b). In addition, 

after the 1990s and the adoption of the World Meteorological Organisation (WMO)-recommended 

3-s gust duration, different anemometers with different response characteristics have been used in 
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the two countries. Thus, the issue of various anemometers and gust durations needs to be 

appropriately investigated in order to be able to convert all the historical measurements to a common 

standard and gust duration prior to performing EVA and estimating regional wind speeds. 

Local topography and hills are the next important factor that affect historical records and also cause 

the wind speed to increase, which results in higher wind loads on the structures constructed on top 

of them. The hills and their effects on airflow become particularly important in countries with 

complex terrain. Airflow over hilly terrain is a complex problem with important implications in 

many field, including the estimation of the wind forces on structures, the utilisation of wind power, 

observations at meteorological stations, the dispersion of pollutants and many other phenomena.  

Wind speeds above different topography are usually estimated by using wind-loading standards, in 

which it is important to ensure that values and methods given are as accurate as possible. However, 

their guidelines are not sufficient to account for the effects of real complex topography (Flay et al., 

2019; Safaei Pirooz and Flay, 2018a). Topographic features, such as hills and ridges, can 

significantly increase the effects of extreme weather, such as cyclones and hurricanes, by increasing 

near-surface wind speeds. Due to the practically infinite number of situations, the approach to this 

problem must be carried out by starting from simple configurations and standard types of flow, 

proceeding to more complex situations (Ferreira et al., 1991). Early experimental, numerical and 

theoretical studies (Bowen, 1983; Hunt et al., 1988; Jackson and Hunt, 1975; Teunissen, 1983) were 

concerned with low topography effects on airflow. However, as the slope increases the speed-up 

effects become more severe. Also, there have been some case studies (e.g. (Blocken et al., 2015; 

Moreira et al., 2012; Flay, et al. 2019)) that compared field measurements over complex terrain 

with wind-tunnel and numerical studies. However, there has not been a comprehensive study to 

investigate the accuracy of hill multipliers provided in wind-loading standards, until recently when 

Safaei Pirooz and Flay (2018a), Safaei Pirooz et al. (2019a) and Flay et al. (2019) conducted 

extensive numerical and wind-tunnel studies in an attempt to gain a better understanding of airflow 

over hills and also compare their findings with several international standards. A comprehensive 

review on studies related to airflow over hills and also the results of the present study are provided 

in Chapter 4.  

At a larger scale, mountain ranges can considerably increase the downwind wind speeds, where the 

affected areas are called lee zones. They are caused by standing waves in the upper atmosphere that 

result when air is displaced upwards as it flows up over mountain ranges, and then down the other 

side. The wind speeds are greatest close to the mountain range and reduce in severity further away 

in the outer zone. In areas with mountains, the lee-zones and the speed-up values need to be 

determined and applied to the basic regional wind speeds. The lee zones and the multipliers 
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currently in AS/NZS 1170.2 were established from limited wind data that were available in the 

1990s. Therefore, this research updates the lee-zone boundaries and multipliers for New Zealand, 

using modern numerical weather modelling and updated gust wind data to better resolve the 

boundaries of the lee zones and the speed up within the zones. 

After the homogenisation and quality control of historical records, the extreme events should be 

separated based on their origin, namely synoptic and non-synoptic events, before performing EVA. 

Using mixed wind speed records can significantly affect the predictions of the EVA, and several 

researchers (e.g. (Cook et al., 2003; Gomes and Vickery, 1978; Holmes et al., 2018; Holmes, 1999; 

Holmes, 2019; Twisdale and Vickery, 1992)) have demonstrated the importance of separating 

extreme events. Separating storms is quite a difficult task, due to the fact that meteorological 

stations usually do not record the necessary information required to distinguish the storm types. 

However, it is essential to make sure the EVA is applied to extreme winds produced from the same 

events. Having quite similar design wind speeds for New Zealand and Australia in (AS/NZS 1170.2, 

2011) raises some questions due to the fact that aspects of the wind climates in the two countries 

are very different. 

Having homogenised and separated the gust wind data into storm types, EVA can be conducted to 

compute design wind speeds and associated directional multipliers. There are various approaches 

to choose the extreme values (e.g. annual maxima or peaks-over-threshold) and extreme value 

distribution, and also for fitting methods. These approaches along with their advantages and 

disadvantages, and also the justifications for the methods employed in the present study have been 

comprehensively reviewed and discussed in Chapter 5.   

Another factor that raises concerns about the safety of future structures, is the possible effects of 

climate change and long-term trends in extreme events, as demonstrated and discussed by several 

researchers, including (Azorin‐Molina et al., 2016; McVicar et al., 2012; Roderick et al., 2007), and 

many others that are been reviewed in Chapter 6. Therefore, it is essential to investigate the long-

term trends in both frequency and magnitude of extreme events to ensure the safety of future 

structures.  

Lastly, several studies (Miller, 2003; Frank, 2001; Hundecha et al., 2008; Mo et al., 2015; Saha et 

al., 2010) recommended the use of either global or regional reanalysis products to investigate 

extreme winds and to perform EVA. Although meteorological stations generally provide valuable 

and reliable data, they are usually located far from one another, resulting in low-quality spatial 

analyses. In addition, historical data are often not continuous, or are only available for a limited 

number of years. However, for analyses, such as extreme value and trend analysis, longer datasets 
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are preferable. Reanalyses compensate for the lack of in-situ data and fill the gaps in observation 

time series (Dee et al., 2011; Tetzner et al., 2019). Thus, it is highly beneficial to investigate the use 

of reanalysis products as a complementary approach to the conventional techniques, i.e. analysis of 

historical wind speeds, as this enables higher-spatial resolution wind maps as well as increases the 

accuracy of EVA by filling in the missing data in the time series. 

 

1.2 Research Objectives  

The above-mentioned issues regarding the quality of recorded wind data and mixed climate, along 

with the lack of a thorough analysis of New Zealand’s wind data in the last two decades combined 

with some recent severe and damaging wind events have caused renewed interest in wind 

engineering and a questioning of the guidance offered by the wind actions standard. Examples of 

such recent severe and damaging events are: the 2004 Molesworth Windstorm (Reid and Turner, 

2004), the 2007 Taranaki Tornadoes (Reese et al., 2007), the 2008 Greymouth windstorm (Revell 

et al., 2009), the March 2011 Wellington southerly storm, the 2011 (Albany) and 2012 

(Hobsonville) Auckland tornadoes, ex-tropical cyclones Fehi, Gita, and Hola in 2018. 

Following the discussion above and also as detailed literature review that is presented in the next 

chapters, research gaps have been identified and the main objectives of this study are defined as:   

1. Assess the quality and homogeneity of historical wind records across New Zealand, and 

identify main factors that have affected the wind speed measurements. 

2. Develop a robust homogenisation algorithm that account for most systematic errors resulting 

from both instrumentation, signal processing and surrounding environment.  

3. Evaluate the performance of the proposed homogenisation algorithm against recorded 

pressure fields at selected areas as well as global reanalysis predictions.  

4. Gain a better understanding of the response characteristics of anemometers used widely in 

New Zealand and other countries, and the effects of signal processing. 

5. Obtain factors that allow measurements from a certain wind speed recording chain with a 

specific gust duration to be converted to equivalent measurements at other durations of 

interest.  

6. Investigate the accuracy of the hill-shape multipliers provided in several international wind-

loading standards, and gain a better understanding of airflow over hills and complex 

topography for the homogenisation algorithm.  
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7. Determine the main sources and origins of extreme wind events in New Zealand.  

8. Perform EVA on New Zealand homogenised wind data using various approaches in order 

to determine the most appropriate techniques and produce regional wind maps.  

9. Evaluate the findings of this study against current design wind speeds provided in AS/NZS 

1170.2 and propose required changes for the next version of the standard.  

10. Investigate the possible effects of climate change and long-term changes in magnitude and 

frequency of extreme winds on the proposed design wind speeds. 

11. Investigate how to generate high-spatial resolution regional wind maps through the use of 

global reanalysis products, which provide physically coherent and long-term spatially 

complete records of various climate variables.  

 

1.3 Thesis Outline and Scope 

A combination of statistical methods, computational fluid dynamics simulations, wind-tunnel 

experiments and theoretical approaches has been conducted to attain the objectives of this research.  

Chapter 2 presents a novel homogenisation algorithm that makes use of statistical tests, wind-tunnel 

results, numerical simulations and theoretical approaches to eliminate all artificial breakpoints and 

trends in wind speed time series. The outputs of the algorithm are homogenised mean and gust wind 

speeds. In addition, the performance of the algorithm is examined against the pressure field over a 

selected area in New Zealand as well as reanalysis data. In addition, to explain and justify some 

anomalies observed in the calculated effective roughness for a station, a numerical simulation is 

used.  

Chapter 3 provides a comprehensive wind-tunnel and theoretical study conducted on anemometers 

to investigate the response characteristics of the most widely-used anemometers in New Zealand to 

gust wind speeds. In addition, the effect of various gust durations and moving-average filters on the 

maximum wind speed measurements is studied in detail.  

The effects of local topography and hills on airflow are investigated in detail in Chapter 4 through 

wind-tunnel experiments and numerical simulations. The results are also compared with several 

international wind-loading standards, and discrepancies are discussed. The chapter presents results 

for both isolated and consecutive multiple hills.  
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The main objective of the present research, namely the estimation of New Zealand’s design wind 

speeds and associated multipliers, is addressed in Chapter 5. EVA is performed on the homogenised 

historical wind records using several methods and the results are compared. Final proposed design 

wind speeds and multipliers are evaluated against the values provided in the current version of 

AS/NZS 1170.2 and changes and improvements are recommended to be incorporated into the next 

version of the standard.  

An attempt is made in Chapter 6 to investigate the possible effects of climate change on the 

proposed design wind speeds through the analysis of long-term trends in both magnitude and 

frequency of annual and seasonal gust wind speeds at several selected stations across New Zealand.  

Chapter 7 investigates the possibility and validity of the use of two global reanalysis products, 

namely ERA5 and ERA-interim, to enhance the spatial resolution of New Zealand’s wind maps. 

Initially, the performance of these reanalyses in representing gust climatology of New Zealand is 

evaluated by comparing with the observation data. Then, EVA is performed on the reanalysis data 

and errors and uncertainties are discussed in detail. Lastly, a high-resolution wind map consisting 

of the basic design wind speeds as well as lee zones is presented. 

Chapter 8 summarises the key findings of the present study as well as their applications in several 

wind-engineering fields. Also, recommendations and suggestions for future work are provided in 

this chapter.  
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Chapter 2  

Data Homogenisation and Quality 

Control Process 

 

 

 

Using wind speed observations directly without homogenisation and correction for factors, such as 

anemometer response characteristics, signal processing, surrounding environment and anemometer 

height, can introduce considerable errors of the order of 10% - 40% in subsequent analyses. This 

chapter describes how the combination of a robust homogenisation algorithm, local pressure 

observations, and high-resolution numerical modelling have been used to understand and reconcile 

the time series of peak wind gusts recorded at observing sites in the Cook Strait region of New 

Zealand.  

The homogenisation algorithm consists of corrections for the relocation of masts, changes in 

instrumentation (Chapter 3), data acquisition and signal processing, surrounding surface roughness, 

and measurement heights. In addition, a statistical method, the penalised maximal F test (PMFT), 

was used to assess the homogeneity of the wind speed time series and to detect and eliminate all 

remaining, undocumented, artificial (i.e. non-climatic) breakpoints. Computational Fluid Dynamics 

(CFD) simulations are carried out to estimate and remove topographic speed-up effects. CFD 

simulations and speed-up effects are explained in Chapter 4. 

The pressure gradients between pairs of stations were used to study the correlation between the gust 

wind speeds and the pressure field. A high-resolution convection-resolving Numerical Weather 

Prediction Model (the New Zealand Convective-Scale Model (NZCSM)) was employed to aid the 
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interpretation of results and to analyse the wind speed trends. The trend in gust speeds is also shown 

to be consistent with larger-scale NCEP/NCAR Reanalysis pressure trends. 

 

This chapter is based on three co-authored paper. The bibliographic details of the co-authored paper, 

including all authors, are: 

Richard Turner, Amir Ali Safaei Pirooz, Richard G.J. Flay, Stuart Moore, Mike Revell, 2019. Use 

of High-Resolution Numerical Models and Statistical Approaches to Understand New Zealand 

Historical Wind Speed and Gust Climatologies. Journal of Applied Meteorology and Climatology, 

58, pp. 1195-1218. https://doi.org/10.1175/JAMC-D-18-0347.1.  

Amir Ali Safaei Pirooz, Richard G.J. Flay, Richard Turner, 2018. Effects of site relocation and 

instrument type on recorded wind data characteristics. In: 19th Australasian Wind Engineering 

Society (AWES) workshop, Torquay, Victoria, April 4-6, 2018 

Amir Ali Safaei Pirooz, Richard G.J. Flay, Cesar Azorin-Molina 2018. Homogenisation of daily 

wind gusts recorded at Auckland and Wellington airports during 1972 – 2017. In: European 

Geosciences Union General Assembly, Vienna, Austria, April 8-13, 2018 

 

Other related publications:  

Amir Ali Safaei Pirooz, Richard Turner, Richard G.J. Flay, Stuart Moore, Mike Revell, 2018. New 

Zealand Gust Climatology Part I: A Robust Homogenisation Algorithm and Long-Term Gust Speed 

Trends for Wellington. In: NZ Hydrological Society and NZ Meteorological Society Joint 

Conference, Christchurch, New Zealand, Dec 4-7, 2018 

Amir Ali Safaei Pirooz, Richard G.J. Flay, 2019. Effects of a solid tower and Urban Area on 

Measured Wind Data: Numerical and Wind-Tunnel Simulations. In: International Conference on 

Wind Engineering (ICWE 15), Beijing, China, Sep 2019. 
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2.1 Introduction  

Wind-gust climatologies have important uses in estimating wind-induced loads on structures, 

assessment of long-term gust wind speed trends, and possible effects of climate change on 

magnitudes and frequencies of extreme winds. Engineers, generally have available to them design 

wind speeds valid for a region that have been derived from examining sets of observational gust 

records homogenised for upwind fetch (i.e. surface roughness (𝑧0)), mast height, and in some cases 

underlying topography effects. Gust forecasts for particular sites are also important for weather 

warnings, and accounting for how the local topography influences the gust climatology can improve 

their accuracy and aid interpretation of both forecasts and observations. Additionally, there has been 

recent attention internationally on mean near-surface wind speed trends, particularly after a 

decreasing (“stilling”) trend in mean wind speeds at many locations around the world was noted by 

(Roderick et al., 2007). To date, only a few unpublished reports on the short-term wind speed trends 

for some regions of New Zealand have been produced and no effort has been made to rigorously 

homogenise New Zealand’s wind speed time series, a necessary pre-requisite for examining 

temporal trends in wind speeds. Most of the unpublished reports were based on the data recorded 

prior to the 1990s and before the widespread modernisation to AWS in New Zealand, which saw 

the replacement of most Munro anemometers with light cup anemometers (Reid, 1996). However, 

there does exist a recent analysis by (Statistics New Zealand, 2017), which indicated a decreasing 

trend in the prevalence of high wind speed days at many locations. This latest study is only available 

online at the Department’s website and appears to have made no attempt to homogenise station 

records and the analysis only carries a medium quality rating.  

Therefore, this chapter aims, by way of example, to illustrate how a combination of a robust 

homogenisation algorithm, high-resolution numerical modelling and local pressure observations 

can be used to reconcile and evaluate time series of daily, seasonal, and annual peak wind gusts in 

the extreme wind environment of the Cook Strait (Wellington) region of New Zealand (Figure 2.1).  

It also aims to document the homogenisation procedure for the purposes of future users of the 

AS/NZS 1170.2 design wind loadings standard and others wishing to conduct trend analyses. 

The Cook Strait gust observing sites examined here are Wellington Aero (NIWA Climate Database 

(CLIDB (NIWA, 2018)) Agent Number 3445). Cook Strait makes up the most of region Wellington 

of the Australia and New Zealand wind-loadings standard (AS/NZS 1170.2, 2011) and has had 

historically higher N, NW, and S directional multipliers than other AS/NZS regions of New 

Zealand. This has consequently imposed greater design-loads on buildings there. Although, it is 

also true that wind loading dominates the structural design for exposed coastal and hilly in other 
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parts of New Zealand. Thus, another aim of this study was to develop a methodology that can be 

extended to other stations so accurate estimates of homogenised extreme gusts can be obtained for 

the purposes of updating the design wind standard for other New Zealand design regions. The 

analysis presented here also allows estimates of the impact of changes in instrument type and 

observing practice, and also the relocation of the mast at Wellington Aero in 1993 and 1994, to be 

evaluated and thus reconcile important early region “W” gust records with more recent ones. 

 
Figure 2.1. The inset shows the location of Cook Strait within New Zealand and the red-diamond marks the location 

of the NZCSM Cook Strait grid point referred to in the text. The red-cross marks show the location of stations. 

Another motivation is that the period from January 2013 to June 2018 has been notable for a high 

number of wind-related losses ($828 M (2017 NZD) (Figure 2.2)) in New Zealand. This period 

included a very powerful southerly storm that battered Wellington in June 2013 with sustained 10-

min mean speeds of 28.6 m s-1 (103 km h-1) and gusts reaching 38.9 m s-1 (140 km h-1) at Wellington 

Aero which stripped vegetation from scrub, felled mature pine trees, and lifted roofs of several 

houses on exposed ridges. The storm in 2013 and the recent spate of other storms around the 

country, e.g., three ex-tropical cyclones (Cook, Fehi, and Gita) that impacted New Zealand with 

severe winds in 2017 and 2018, has raised many questions from the local media, public, and 

engineers about whether this heightened activity is likely to continue because of climate change, 

and how “cyclical” is it? Unfortunately, in New Zealand, issues around station-mast moves, the 

need to accurately account for directional hill-shape effects, changes in instrumentation, recording 
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methodology, instrument exposure, and un-digitised records have made such questions difficult 

and/or time-consuming to answer. 

 

Figure 2.2. Time series from 1968 to July 2018 of insured losses (inflation adjusted to 2017 NZD) related to storm 

events where wind damage was a major factor (i.e., not counting storm events where losses were primarily due to 

flood or coastal erosion) contributing to losses. Losses numbers are from NZ Insurance Council Website, 

http://www.icnz.org.nz/natural-disaster/historic-events and details assisting with the attribution to wind are from this 

website and also NIWA’s historic weather event website (hwce.niwa.co.nz)). 

In trying to partially answer these questions for region W, an initial inspection of raw long-term 

wind records held in CLIDB (NIWA, 2018) at Wellington Aero was done and the need to apply a 

robust homogenisation procedure for this site was obvious (Figure 2.3) due to the significant shift 

in the “raw” wind speed time series around 1993-1994.  Figure 2.3 shows that while the June 2013 

southerly was the worst in 25 years, it did not seem as strong as many northerly storms of either the 

mid 1970’s or early 1990’s and all were dwarfed by the 1968 Wahine storm (Revell and Gorman, 

2003). Factors which may have contributed to the ~1993 shift were the change in the anemometer 

type, from a heavy-cup Mark II Munro (hereafter MK II) to a light Vaisala WAA151 cup 

anemometer, a change in data acquisition procedure, adoption of the WMO-recommended 3-s 

moving average for gusts (World Meteorological Organisation, 2014), a change in anemometer 

height from 11 m to 7 m, and also a site relocation (Figure 2.4). All these changes have resulted in 

an “apparent” but likely artificial drop of around 7 m s-1 in the average (1972-1993 vs 1994-2017) 

annual maximum gust and an “apparent” drop of 4 m s-1 in the average (1972-1993 vs 1994-2017) 

annual maximum 10-minute mean speed (dashed lines in Figure 2.3).   
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Figure 2.3. Time series of raw annual maximum 10-minute mean wind speeds (black dotted line 1972 to 2017), and 

the raw annual maximum wind gusts at Wellington Aero (1960 to 2017) classified by direction, where Northerly (red 

dotted – black circle) is wind directed from either NW, N, or NE and the Southerly (green dotted – black triangle) is 

directed from either SE, S, or SW. Also shown are the impacts of all the correction/homogenisation (red and green 

solid lines procedures) undertaken in this chapter. Note that the 1960 to 1971 gust records were taken from paper 

records of monthly maximum gusts.  For the purposes of clarity the gust curves have been artificially shifted by +30 

m s-1 (N) and +10 m s-1 (S). 

 

Figure 2.4. Aerial image (Google EarthTM) of Wellington Airport showing the location of Wellington Aero 

anemometer masts prior to and after the 1993/1994 airport redevelopment. 
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The rest of this chapter is organised as follows, a description of the observing stations and data used 

in this study is provided in Section 2.2. In Section 2.3 the homogenisation procedure that eliminates 

the artificial shift and results in a more “realistic” time series (solid lines in Figure 2.3) is described. 

In Section 2.4, the larger-scale numerical weather models NZCSM and NCEP/NCAR reanalysis 

are described. To provide a check on consistency and representativeness of the Wellington Aero 

records independent observational surface pressure records and objective Numerical Weather 

Model analyses were also examined and these comparisons are presented in Section 2.5.  In Section 

2.5 results are presented along with the comparison with other independent records and finally 

conclusions are presented in Section 2.6. 

 

2.2 Data 

The mean and gust wind speed data presented in this paper are from Wellington Aero, along with 

the pressure data from Paraparaumu Aero, Wellington Aero, Kaikoura and Castlepoint.  Key details 

about the sites, data availability, and sensor locations are provided in Table 2.1 and Table 2.2.    

Table 2.1. Key details on the climate stations in this paper, including station name, NIWA Climate Database Agent 

No, longitude, latitude, and comments. Note the datum for longitude and latitude is WGS84 and for Wellington Aero 

are the coordinates of the anemometer masts. 

Name Agent No 
Longitude 

(deg E) 

Latitude 

(deg S) 
Comment 

Wellington Aero 3445 174.8056 41.3314 

Anemometer to west of runway and adjacent to 

road and seawall, gust records available from 

1994 to present, flat and open exposure and near 

sea-level. 

Wellington Aero 3445 174.8114 41.3317 
Anemometer on mast above terminal at airfield, 

and gust records available from 1972-1993.  

Paraparaumu 

Aero 
3145 174.984 40.907 

Hourly pressure records available from 1961, 

exposure on open at flat ground near airfield and 

near sea-level. 

Castlepoint 2591/2592 176.2118 40.9042 
Hourly pressure records available from 1983 

(gap from 1990 to 1993) 

Kaikoura 4507/4506 173.691 42.421 
Hourly pressure records available from 1979 

(station move in 1991) 

Daily and hourly maximum gust speeds, 10-min mean speeds, and directions were extracted from 

CLIDB (NIWA, 2018) for Wellington airport for the period 1972 through 2017. For the same 

period, hourly surface pressure records for Paraparumu airport and Wellington airport were 

obtained, and for southerly winds, the surface pressure data from Castlepoint and Kaikoura were 

extracted for the period 1979 to 2017. All records were visually inspected and subjected to a robust 

homogenisation algorithm to detect and remove low-quality data and artificial shifts (Section 2.3). 
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Calibration dates were also inspected for step changes in gust and pressure parameters as well as 

for hourly wind records, and all found to be of good quality.  

Table 2.2. Key details about the wind and pressure sensors at the climate stations in this paper, including base elevation, 

height of sensor, and remarks. 

Station Parameter Base Elevation (m) 
Height of sensor above 

Base Elevation (m) 
Remarks 

Wellington Aero Wind Speed 3 11 (prior 1993)/7 (present) MK II/WAA151 

Wellington Aero Wind Direction 3 11 (prior 1993)/7 (present) MKII/WAV151 

Wellington Aero Pressure 4 2 
Regular checks and well 

calibrated 

Paraparaumu Aero Pressure 5 2 
Regular checks and well 

calibrated 

Castlepoint Pressure 4 /120   Likely 2 

Station shift in 1990 

(SYNOP only prior to 

1995, daytime SYNOP only 

prior to 1990) 

Kaikoura Pressure 108/105 Likely 2  

Regular checks and well 

calibrated (SYNOP only 

prior to Dec 1991) 

 

2.3 Homogenisation Process and Quality Control 

One of the reasons for fewer wind speed trend analyses being conducted compared to other climate 

variables, such as temperature and precipitation, is the issue of data homogeneity (Pryor et al., 

2009). Great variability of wind on all time scales and in three-dimensional space makes the analysis 

of this variable difficult compared to most other meteorological variables (Azorin-Molina et al. 

2014). This is particularly true for gust wind speeds, due to the fact that they are extremely sensitive 

to the anemometer response characteristics (Miller et al., 2013b; Safaei Pirooz et al., 2020). Using 

wind speed observations directly without homogenisation and correction for these factors can 

introduce considerable errors on the order of 10% - 40% in subsequent analyses (Masters et al., 

2010; Powell et al., 1996; Safaei Pirooz et al., 2018b). Therefore, it is essential to detect and 

eliminate all the breakpoints to ensure that time series are free of any artificial shifts or trends and 

reflects the real climatology as accurately as possible.   

In the present study, initially the PMFT test was performed on de-seasonalised maximum daily and 

monthly average gust time series in order to detect the breakpoints (Wang 2008). Available 

metadata of stations were inspected to determine whether or not the detected breakpoints were 

caused by documented changes in the stations. Then the data were subjected to the proposed 

homogenisation algorithm (Section 2.3.1). 
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2.3.1 Penalised Maximal F Test (PMFT) 

Various statistical approaches have been developed to detect documented and undocumented shifts. 

Reeves et al. (2007) conducted a comprehensive review of these methods and compared the 

performance of eight of them. They concluded that a common-trend two-phase regression model-

based, maximal F test (Wang, 2003) (TPR3) for detecting mean shifts in time series, was optimal 

for most climate data time series. TPR3 tests the null hypothesis (Eq. 2-1) against the alternative 

hypothesis (Eq. 2-2) to determine whether or not there is a mean shift (𝜇) at time k in the time series 

(Xt) with linear trend (𝛽). 

𝐻0: 𝑋𝑡 = 𝜇 + 𝛽𝑡 + 𝜀𝑡,               𝑡 = 1,2, … ,𝑁, (2-1) 

𝐻𝑎: {
𝑋𝑡 = 𝜇1 + 𝛽𝑡 + 𝜀𝑡,               𝑡 ≤ 𝑘

𝑋𝑡 = 𝜇2 + 𝛽𝑥𝑡 + 𝜀𝑡,       𝑘 − 1 ≤ 𝑡 ≤ 𝑁
, (2-2) 

where 𝜇1 ≠ 𝜇2, and 𝜀𝑡 is an identically and independently distributed (IID) Gaussian variable of 

zero mean and unknown variance. Wang (2003) showed that the most probable point at which the 

changepoint happens is the one associated with,  

𝐹𝑚𝑎𝑥 = max
1≤𝑘≤𝑁−1

𝐹𝑐(𝑘), (2-3) 

where  

𝐹𝑐(𝑘) =
𝑆𝑆𝐸0 − 𝑆𝑆𝐸𝐴
𝑆𝑆𝐸𝐴/(𝑁 − 3)

, (2-4) 

where SSE0 and SSEA are the sum of squared errors of H0 and Ha, respectively.  

Later, Wang et al. (2007) demonstrated that unequal sample sizes (i.e. number of data points before 

and after the breakpoints) results in an uneven distribution of the false alarm rate, and significantly 

affects the power of detection of TPR3, so that the test applies a lower level of confidence near the 

middle of the time series than the specified value. To eliminate these undesirable effects of the 

unequal sample size, Wang (2008) and Wang and Feng (2013) proposed a penalty function (Eq. 

2-5), in which the penalty factor, P(k), was constructed empirically (for details see (Wang, 2008)), 

𝑃𝐹𝑚𝑎𝑥 = max
1≤𝑘≤𝑁−1

[𝑃(𝑘)𝐹𝑐(𝑘)]. (2-5) 

As a result, regardless of the location of breakpoints, PMFT performs at about the specified nominal 

level of confidence, which for this study is 0.95. Later, Wang and Feng (2013) developed a software 

package to perform PMFT. PMFT identifies a mean shift or breakpoint when the 𝑃𝐹𝑚𝑎𝑥 is greater 

than the critical value corresponding to the nominal level of confidence, otherwise the time series 

is homogenous at the nominal level of confidence (Wang, 2003; Wang, 2008). 
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To perform the test for the gust wind speed time series of Wellington Aero, the daily and average 

monthly data were initially de-seasonalised by subtracting the data points from the average of each 

season over the whole period from 1972 to 2017. Figure 2.5 shows that at the Wellington Aero the 

only breakpoint at the 95% level of significance for both de-seasonalised daily and monthly time 

series was detected in 1993, when the major changes took place at this station 

 
(a) 

 
(b) 

Figure 2.5. De-seasonalised: (a) raw daily maximum gusts; (b) monthly average of daily gusts, for all directions as 

recorded at Wellington Aero from 1972 to 2017. The red trend line is the multi-phase regression fit to the time series. 

2.3.2 Homogenisation Algorithm 

Figure 2.6 shows the homogenisation algorithm used for computing correction factors that account 

for various systematic errors discussed in the previous sections. 

Initially, the gust (�̂�) and 10-min mean (�̅�) wind speeds data are quality controlled and reduced. �̅� 

with values of less than 5.5 m s-1 are excluded. Following the Pasquill stability class (Pasquill, 1961) 

(after (Masters et al., 2010; Wieringa, 1973)) in the majority of conditions (i.e. day or night time, 

and cloud coverage), when the �̅� is greater than 5.5 m s-1, the boundary layer (ABL) is nearly 

neutral. In relatively strong winds, turbulence provides enough mixing in the ABL to suppress most 

thermal effects, thus the ABL can be treated as neutrally stable (Cook, 1985). In addition, �̂� values 

that are greater than �̅� plus five times the standard deviation (𝜎𝑢), are considered as noise or 

anomalous gusts (Masters et al., 2010), and are excluded from the analysis. Then, the �̅� and �̂� are 
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used to compute the gust factor (GF), turbulence intensity (𝐼𝑢) and 𝑧0 using Eqs. 2-6 to 2-8 (Holmes, 

2015; Holmes, 2017), 

𝐺𝐹(𝑇, 𝜏, 𝑧, 𝑧0) =
�̂�(𝜏, 𝑧, 𝑧0)

�̅�(𝑇, 𝑧, 𝑧0)
= 1 + g(𝑇, 𝜏, 𝑧)𝐼𝑢(𝑧), (2-6) 

𝐼𝑢(𝑧) = 1/ ln(𝑧/𝑧0) , (2-7) 

𝑧0 = 𝑧. exp(−1/𝐼𝑢), (2-8) 

where g(𝑇, 𝜏, 𝑧) is the peak factor (Eq.  2-11) whose values for MKII and WAA151 were taken from 

the results of (Safaei Pirooz and Flay, 2018b; Safaei Pirooz et al., 2020). For more details about 

gust durations and anemometers response characteristics see Chapter 3. 

To be able to accurately analyse and compare the wind speed trends, and carry out further 

climatological studies, directional 𝑧0 and measurement height (z) should be converted to common 

values. In this study, we converted all the recorded wind speeds to the equivalent wind speeds over 

an open-country terrain with a 𝑧0 of 0.02 m (AS/NZS 1170.2, 2011) and 𝑧 = 10 m. For this purpose, 

initially the friction velocity (𝑢∗) based on each measured �̅� were calculated using the logarithmic-

law velocity profile (Eq. 2-9), then the corresponding gradient wind speeds (𝑈𝑔) were computed 

(Eq. 2-10). Since 𝑈𝑔 is not affected by the surface roughness, it can be used as a reference to 

calculate the standard 𝑢∗ over 𝑧0 = 0.02 m (Eq. 2-10). Then, the calculated standard 𝑢∗, 𝑧0 =

0.02 m, and 𝑧 = 10 m are substituted in Eq. 2-9 to find the standard �̅�. The process is elaborated 

upon in (Irwin 2006) and (Masters et al. 2010). 

𝑈(𝑧) =
𝑢∗
𝜅
[ln (

𝑧

𝑧0
)], (2-9) 

𝑈𝑔

𝑢∗
=
1

𝜅
[ln (

𝑢∗
𝑓𝑧0

) + 1], (2-10) 

where 𝜅 is von Karman's constant (0.4), and 𝑓 = 2𝛺 sin𝜙 is the Coriolis parameter. Lastly, dividing 

the standard �̅� by the measured �̅�, the mean-speed correction factors can be obtained.  

When analysing gust wind speeds, the response characteristics of anemometers and the gust 

duration play essential roles. In New Zealand, before the 1990s mainly MKII anemometers with 

chart recorders were used and then replaced with light cup anemometers with digital recorders. 

Before the digital recording systems, the effective gust duration was only a function of the 

anemometer response, which for MKII was about 1 s (Holmes et al., 2014; Safaei Pirooz et al., 

2020).  
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Figure 2.6. A schematic diagram of the steps undertaken in the homogenisation algorithm. 

However, since the 1990s, the WMO-recommended 3-s moving average definition has been 

accepted and adopted by meteorological stations all over the world. These changes in the 

anemometer type and data acquisition process have had a significant effect on gust speed time 

series. To convert the gust data recorded by the previous measuring system to the equivalent AWS 

3-s gusts, Safaei Pirooz et al. (2020) and Safaei Pirooz and Flay (2018b) carried out wind-tunnel 
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tests and used a theoretical approach, namely random process and linear system theory (Davenport, 

1964) (see Chapter 3 for details), and computed peak factors (Eq. 2-11) and gust factors (Eq. 2-6) 

for these two measuring systems at various effective gust durations. Knowing the peak factors (g) 

for MKII and WAA151 and using Eq. 2-6, the gust-speed correction factors are calculated for this 

study. 

g = √2 ln(𝜐𝑇) +
0.5772

√2 ln(𝜐𝑇)
, (2-11) 

𝜐 =
∫ 𝑓2𝑆𝑢(𝑓)𝑑𝑓
∞

0

∫ 𝑆𝑢(𝑓)𝑑𝑓
∞

0

, (2-12) 

where 𝜐 is the cycling rate, which is a characteristic frequency representing the width of the 

spectrum, f is frequency, Su(f) is the power spectral density of the longitudinal velocity component, 

and T is the observation period.  

The possible effects of topography are considered carefully by investigating the photographs of 

mast locations, and also calculated directional 𝑧0, which are explained in detail in Section 2.4. It 

has been demonstrated in previous studies that the topography multipliers provided in wind-loading 

standards are not capable of accurately accounting for the wind speed-up effects in complex terrain 

(for example see (Flay et al., 2015; Flay et al., 2019; Safaei Pirooz and Flay, 2018a; Safaei Pirooz 

et al., 2019a)). Therefore, for the homogenisation process we eliminated all the major topography 

effects on anemometer measurements using CFD and wind-tunnel studies (e.g. (Flay et al., 2019; 

Safaei Pirooz and Flay, 2018a; Safaei Pirooz et al., 2019a)). Details of the procedure of removing 

topographic effects are described in Chapter 4. 

Lastly, after applying the correction factors to the raw daily data, PTMF is performed again to test 

whether or not any other shifts remain. In the case of detection of any remaining breakpoints, the 

quantile-matching (QM) adjustment algorithm (Wang et al., 2010) is used, which empirically 

matches the probability distributions of all segments (i.e. before and after the breakpoint) to adjust 

the shape of the distribution.  

2.4 Numerical Models 

Models which are used in this chapter to describe larger-scale spatial patterns (NZCSM) or longer-

term trends (NCEP/NCAR reanalysis) are described in this section.  

To remove the effects of local topography on wind speed measurements of the stations across New 

Zealand, the results of (Safaei Pirooz and Flay, 2018a; Safaei Pirooz et al., 2019a) have been used, 

which have been explained in details in Chapter 4. 
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2.4.1 NZCSM 

Since 2014 NIWA has produced, and verified (Carey-Smith and Andrews, 2016) on a four-times a 

day cycle high-resolution convection-resolving New Zealand Convective-Scale Model (NZCSM) 

+36 hour forecasts (+42 since November 2015 and +48h since July 2017). This Numerical Weather 

Prediction model is a local configuration of the UK Met Office Unified Model, featuring a non-

hydrostatic dynamical core (called New Dynamics and ENDGame from July 2017), semi-implicit 

time-stepping and semi-Lagrangian advection and terrain-following vertical levels. The New 

Dynamics core is described in (Davies et al., 2005). The underlying orography used by NZCSM is 

created at the model resolution of 1.5 km from the GLOBE source dataset with a horizontal 

resolution of 1 km (GLOBE Task Team, 1999). The model orography is lower than in reality, 

because it requires smoothing to prevent numerical instabilities from arising due to overproduction 

of two grid length features during the course of the forecast. The forecast output includes maximum 

3-s gust estimates for each 30-minute period in the forecast. The gusts are diagnosed based on 

estimates of the standard deviation of the horizontal wind (σu) from the mean 10-meter height speed. 

The gust diagnostic method is described in (Lock et al., 2015) with the key features being that the 

estimates depend on stability (Panofsky et al., 1977) and universal turbulence spectra (Beljaars, 

1987).  

While the 4-year period of NZCSM operations cannot be used for long-term trend analysis, the time 

series of maximum daily gusts at three locations, namely Wellington Aero, Brothers Island, and 

Cook Strait (Figure 2.1), are extracted from NZCSM and compared with the homogenised daily 

gusts of Wellington Aero and Brothers Island, in order to provide a check on measured and 

modelled gust speeds in the most recent period of the time-series, and also aid the interpretation of 

results (Section 2.5). 

 

2.4.2 NCEP/NCAR Reanalysis 

The NCEP/NCAR reanalysis project (Kalnay et al., 1996) uses a forecast system to perform data 

assimilation using data from 1948 to the present. The data assimilation is done by the recovery of 

climate data from various sources, such as land surface, satellites, ships, aircraft, and other data. 

The recovered data are quality controlled and assimilated using a data assimilation system (more 

details in (Kalnay et al., 1996)). In this study, time series of surface pressure from NCEP/NCAR 

Reanalysis 1 datasets were extracted for the nearest grid points to the north (Paraparaumu (P1) 

175.0 E, 40.0 S) and south (Wellington Aero (P2) 175.0 E, 42.5 S) of Cook Strait, and also Kaikoura 

(P3: 172.5 E, 42.5 S) and Castlepoint (P4: 177.5 E, 40.0 S) stations. The correlations between the 
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larger-scale NCEP reanalysis pressure trends, pressure gradients between the pairs of stations, and 

homogenised gust wind speeds were obtained and are compared in Section 2.5.  

 

2.5 Results and Discussion 

2.5.1 High Aerodynamic Roughness Value   

One of the issues raised in the process of homogenisation of the winds recorded at Wellington Aero, 

was the appropriateness of the terrain category specified upstream of the observation point. Figure 

2.7 shows directional 𝑧0 calculated for Wellington Aero at two mast locations, before and after 

1993. As can be seen, there is a considerable difference between the 𝑧0 values for the W and NW 

directions at the new mast location (1994 – 2017). Here, the roughness length values are much 

higher than for 1972 – 1993, considering that for these directions the wind flows over about 1 km 

of water (Lyall Bay) before reaching the mast (see Figures Figure 2.4). It seems that the hills located 

about 2 km to the west generate strong turbulent eddies in high wind conditions that can affect the 

gust speed measurements. To investigate whether or not, and to what extent, these hills influence 

the measurements at the new mast location, Turner et al. (2019) carried out a CFD study. 

Turner et al. (2019) using CFD results showed that the largest components of the turbulence 

experienced at the mast site are generated by shedding of eddies by the 100 m high hills on the 

western side of Lyall Bay rather than locally – so a slightly larger roughness length may be more 

appropriate. The CFD results of Turner et al. (2019) for winds from N and NW are consistent with 

the values calculated using the recorded gust and mean wind speeds (Eq. 2-8, and Figure 2.7). 

 
Figure 2.7. Effective roughness calculated for the Wellington Aero station at two mast locations, before and after 1993. 
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2.5.2 Homogenised Data 

The correction factors for wind speeds are computed using the homogenisation algorithm, and the 

results for the Wellington Aero station are shown in Table 2.3. These factors are applied to the raw 

maximum daily gusts to produce homogenised time series, and the results for Wellington Aero are 

shown in Figure 2.8. The computed correction factors demonstrated that not compensating for the 

systematic errors in the wind speed measurements and topography effects can cause significant 

errors of over 20% for Wellington Aero, and where the topography effect is significant, such as 

Brothers Island (see Turner et al. (2019) for details) the errors reach over 40%. 

 
(a) 

 
(b) 

Figure 2.8. Wellington Aero homogenised time series: (a) Daily anomalies; (b) Monthly average of maximum daily 

gusts anomalies. The dashed trend lines are the linear regression fits to the time series. 
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Table 2.3. Directional mean and gust wind speed correction factors for Wellington Aero. 

 �̅� correction factors �̂� correction factors 

Direction 1972-1993 1994-2017 1972-1993 1994-2017 

N 0.935 0.917 1.031 1.020 

NE 1.026 0.964 0.983 1.003 

E 1.120 0.998 1.175 1.070 

SE 0.927 0.909 0.977 0.998 

S 0.847 0.868 0.893 0.964 

SW 0.779 0.825 0.863 0.949 

W 1.032 0.952 1.237 1.093 

NW 0.936 0.914 1.214 1.087 

Figure 2.8 shows both raw and homogenised time series of the de-seasonalised maximum daily and 

monthly average of maximum daily gust speeds from Wellington Aero. It can be seen that the 

homogenisation algorithm successfully eliminated the breakpoints in the time series in the 1990s, 

mainly caused by the site relocation, instrument changeover, and adaptation of WMO 3-s gust 

definition. Therefore, the artificial trend resulting from the breakpoint in the gust time series was 

also removed, and the homogenised time series were produced reflecting the real change in the gust 

wind speed trend.     

The results of the homogenisation show that the proposed algorithm detected and eliminated all the 

artificial breakpoints in the time series and removed the effects of topography. In all the following 

sections, the homogenised data are used for analyses. 

 

2.5.3 Gust Speed Trend and Pressure Gradients 

Local pressure records can be used to check for consistency of the gust records because the strong 

channelling effect of Cook Strait results in a robust relationship between northerly gusts at 

Wellington Aero and positive pressure gradients between Paraparaumu Aero and Wellington Aero 

(Reid, 1996) (Figure 2.9a), and also between southerly gusts at Wellington Aero and positive 

pressure gradients between the Kaikoura and Castlepoint stations (Figure 2.9b). For all days with a 

maximum daily gust being northerly at Wellington Aero, the maximum hourly pressure difference 

between the Paraparaumu and Wellington Aero stations within that day was calculated. A scatter 

plot of the maximum daily 3-s gust speed at Wellington Aero for northerlies versus the coincident 

daily maximum hourly pressure difference (hPa) between Paraparaumu Aero and Wellington Aero 

station pressures is given in Figure 2.9a and this confirms the strong relationship for northerlies 
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with an r2 value of 0.704 obtained for the whole period, r2 values of 0.678 and 0.773 were obtained 

for the pre 1993 and post 1994 periods respectively.  

  
(a) (b) 

Figure 2.9. Correlation between the maximum daily gusts and pressure gradients: (a) Plot of the northerly maximum 

daily gust speeds at Wellington Aero versus the coincident daily maximum hourly pressure difference (hPa) between 

Paraparaumu Aero and Wellington Aero for the period 1972 to 2017. (b) Plot of the southerly maximum daily gust 

speeds at Wellington Aero versus the coincident daily maximum hourly pressure difference (hPa) between Kaikoura 

and Castlepoint for the period 1979 to 2017. 

Note, the scatter is much greater (r2 of 0.061) and the relationship is weaker for southerlies (not 

shown) so the Paraparaumu-Wellington pressure gradient cannot be exploited to confirm trends in 

southerly gusts. However, pressure gradients between Kaikoura and Castlepoint stations were used 

and are well correlated with the southerly gust speeds at Wellington Aero. As can be seen in Figure 

2.9b, the correlation between the daily maximum southerly gusts at Wellington Aero and the 

pressure gradient (Kaikoura-Castlepoint) had r2 value of 0.508 and 0.629 before and after 1993. 

Graphically, there appears to be a shift left (i.e. a decrease in pressure-gradient for the same gusts 

speeds of around 0.8 hPa) for the early period, which is likely an artefact of an under-sampling of 

hourly pressure gradients in determining the daily maximum.  This under-sampling is due to there 

being only a few daytime SYNOP (0600, 0900, 1200, 1800 UTC) MSL pressure observations 

available for Castlepoint prior to around 1990.  Note, full SYNOP (3 hourly) records were available 

in the period 1990 to 1995 and hourly thereafter (see remarks in Table 2.2). 
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(a) 

 
(b) 

Figure 2.10. (a) Time series for the period 1972 to 2017 of northerly daily maximum gust speeds at Wellington Aero 

(blue line, and the darker line is the 12 point moving average) and from the same days the daily maximum pressure 

difference between Paraparaumu Aero and Wellington Aero (yellow line, and the darker line is 12 point moving 

average). (b) Time series for the period 1979 to 2017 of southerly daily maximum gust speeds at Wellington Aero 

(blue line, the darker line is the 12 point moving average) and from the same days the daily maximum pressure 

difference between Kaikoura and Castlepoint (yellow line, the darker line is 12 point moving average). 

Figure 2.10a compares the time series of northerly daily maximum gust speeds and the 

corresponding pressure gradients between Paraparaumu and Wellington Aero calculated from the 

recorded data at these stations. From an inspection of the surface pressure data for days with a 

maximum daily gust being northerly at Wellington Aero there was found to be a drop in the average 

pressure difference of 0.395 hPa (2.688 hPa to 2.292 hPa) (Paraparumu – Wellington Aero) between 

1972-1993 and 1994-2017.  For the same period, the change in the average of northerly gusts was 

about −0.131 m s-1. In the southerly case (Figure 2.10b); the average pressure difference (Kaikoura 

– Castlepoint) recorded after 1993 has decreased by 0.25 hPa compared to the period 1983-1992 (if 

it is accepted that the 0.8 hPa shift left is an artefact of the under-sampling prior to 1995). This 

would be consistent with the average of southerly daily maximum gust speeds decreasing by 0.186 



 

28 

 

m s-1 (1979-1993 vs 1994-2017).  For both northerly and southerly cases, the relationships between 

the daily gusts and pressure gradients are strong, particularly for data recorded after 1993.  

 
(a) 

 
(b) 

Figure 2.11. Time series of monthly average of max gust anomalies at Wellington Aero (dark blue line is a 12 point 

moving average), the monthly average anomalies of the mean sea-level pressure difference for the same days (green 

line), and the monthly average of the larger-scale NCEP surface pressure difference (yellow line) for the same days. 

(a) Northerly gust speeds and pressure differences between Paraparaumu – Wellington for 1972 to 2017; (b) 

Southerly gusts and pressure differences between Kaikoura – Castlepoint for 1979 to 2017. 

Further comparisons were made by comparing the monthly averages of daily maximum gust wind 

speeds and pressure gradients calculated using station data and also NCEP data in Figure 2.11, with 

the darker lines showing 12-point moving averages of the parameters. Figure 2.11a illustrates that 

the monthly average of maximum northerly gust speeds at Wellington Aero agree well with the 

monthly average of maximum pressure difference between Paraparaumu-Wellington, and also 
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NCEP data (P1-P2, see Fig 1 inset for locations) for the period 1972 to 2017, with r2 values of 0.632 

and 0.483, respectively. However, this agreement is more obvious for data recorded after 1987, with 

r2 values between the monthly average of maximum northerly gust speeds and pressure gradient, 

and NCEP data being 0.848 and 0.559, respectively. Before this date, there is a slight difference 

between wind speeds and pressure gradients. On examination of the site histories, it was found out 

that the barometers at both Paraparaumu and Wellington stations were replaced in 1987, which 

could explain the difference between the wind speeds and the pressure gradients recorded prior to 

this date. 

The comparison between the monthly averages of daily maximum southerly gust wind speeds at 

Wellington Aero and the corresponding pressure gradients obtained using data from Kaikoura and 

Castlepoint stations, and NCEP data (P3-P4 see Figure 2.1 inset), is shown in Figure 2.11b. There 

is a good agreement between the wind speed and pressure gradient trends with an r2 value of 0.559, 

and also between the wind speed and NCEP data with an r2 of 0.399. These relationships are even 

stronger for data recorded after 1993 when the barometers were replaced at the stations (r2 between 

the southerly wind speeds and pressure gradient is 0.675, and between the wind speeds and NCEP 

is 0.411). Overall, in both the northerly and southerly cases, excellent agreements were achieved 

between the trends of wind speeds and pressure gradients, and the results were also consistent with 

the larger-scale pressure data obtained from the NCEP reanalysis database. 

Figure 2.12 also illustrates how overall pressures have increased over the region by around 0.5 hPa 

over the last 20 years compared to the 20 years prior. Figure 2.12 also confirms that any changes in 

daily max gusts are not due to any potential changes in diurnal patterns. 

 
Figure 2.12. Average hourly variation of mean-sea level pressure for the period 1972 through 2017 at Paraparaumu 

Aero and Wellington Aero.  The dotted lines are the averages for the period after 1993 and dashed line for the period 

prior to 1993. 
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2.5.4 Comparison with NZCSM 

Maximum daily gust wind speeds predicted by NZCSM at three locations, namely Wellington Aero, 

Brothers Island, and Cook Strait (Figure 2.1) for the period from 1 June 2014 to 28 Feb 2018, were 

compared and correlated with the homogenised data from Wellington Aero. The results of the 

correlations along with the root-mean-squared errors (RMSE) are summarised in Table 2.4.  

As can be seen in Table 2.4, very strong correlations, which are mainly above 0.75, were found 

between the NZCSM predictions and the homogenised data. The high correlation between the 

NZCSM values at Cook Strait (open-exposed location) and Wellington Aero (0.756), along with 

similar trends and low RMSE values demonstrate that NZCSM has provided daily gust speed 

predictions that are in a good agreement with the measured wind speeds. The relatively low 

correlation between Wellington Aero NZCSM values and homogenised data (0.597) is due to the 

fact that the homogenisation algorithm removes the local features and converts the effective 

roughness to a common value (i.e. 0.02 m). While, NZCSM, because of its high-resolution grid size 

(1.5 km), can account for topographic and land-use variations at that scale in its predictions. 

However, for wind trend and extreme value analyses, it is preferable to convert the measurements 

to a common standard, which the proposed homogenisation algorithm has successfully done.  

Table 2.4. Correlations between the predictions of NZCSM at three locations, namely Wellington Aero, Brothers 

Island, Cook Strait (Figure 2.1), and homogenised maximum daily gusts at Wellington aero (Wgtn Aero). Numbers in 

the parentheses are root-mean-squared errors in m s-1. 

 
NZCSM 

Cook Strait 

NZCSM 

Wgtn Aero 

NZCSM 

Bros Island 

Wgtn Aero 

homog. 

NZCSM Cook Strait 1    

NZCSM Wgtn Aero 0.840 1   

NZCSM-Bros 0.907 0.869 1  

Wgtn Aero homog. 

(RMSE) 

0.756 

(3.81) 

0.597 

(4.70) 

0.777 

(3.98) 
1 

Figure 2.13 compares the time series of homogenised maximum daily gusts at Wellington Aero 

with NZCSM predictions at Cook Strait (Figure 2.13a), and at the Wellington Aero location (Figure 

2.13b). The RMSE values between the homogenised maximum daily gusts at Wellington Aero, and 

NZCSM predictions at Cook Strait and at the Wellington Aero location are 3.81 m s-1 and 

4.7 m s-1, respectively. It is clear that the overall trends of maximum daily gusts agree well, and 

NZCSM provides good predictions of maximum daily gust wind speeds here. 
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(a) 

 
(b) 

Figure 2.13. Comparison between the maximum daily gusts predicted by the high-resolution weather prediction 

model (NZCSM), and the homogenised daily gusts recorded at Wellington Aero for a period from 1 Jun 2014 to 28 

Feb 2018. The darker lines are 30-point moving averages. Comparing the homogenised maximum daily gusts for 

Wellington aero with NZCSM predictions at: (a) An exposed-over-sea point in Cook Strait. The correlation and 

RMSE values are 0.759 and 3.81 m s-1, respectively; (b) At the mast location of Wellington Aero. The correlation and 

RMSE values are 0.597 and 4.7 m s-1, respectively. 

 

2.6 Conclusions 

This chapter has described a homogenisation algorithm that compensates for the topography effects 

and the systematic errors affecting the anemometer measurements, using statistical approaches and 

high-resolution numerical simulations. The algorithm has been applied to homogenise the wind 

speeds recorded in the Cook Strait region of New Zealand and study the gust climatology of this 

region.  

The homogenisation process detected and eliminated all breakpoints in the time series resulting 

from changes in instrumentation and data acquisition procedures, site relocation, measurement 

height and local topography features. The directional effective roughness lengths were computed, 

showing that at a station the effective roughness could vary considerably by direction. As shown in 

this study, at Wellington Aero, despite the wind flowing over about one km of water from the 

westerly direction, the effective roughness is much higher than what can be estimated by looking at 
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the map, due to the effects of hills located around 2 km away from the mast. The calculated 

roughness lengths were therefore used to adjust the speeds to a standard Category 2 terrain 

roughness (AS/NZS 1170.2, 2011) that allowed a more realistic and accurate regional wind climate 

to be determined, which was free of artificial and local terrain effects. The homogenisation results 

showed that not correcting for the measuring system, surrounding roughness and topography and 

site relocation introduced errors on the order of 20 – 40%.  

The predictions of a high-resolution convection-resolving Numerical Weather Prediction Model 

(NZCSM) for the period 2014 to 2018, were compared and correlated to the homogenised data from 

the Wellington Aero station. Strong correlations between the homogenised data and NZCSM 

predictions were achieved, showing that NZCSM is capable of predicting the daily gusts with high 

accuracy, and also demonstrating that the homogenisation algorithm successfully removed all the 

local topography effects. Also, to ensure the consistency and representativeness of the obtained gust 

wind-speed trends, gust wind speeds were compared with the pressure field across the Cook Strait 

region, and also larger-scale NCEP/NCAR reanalysis pressure trends. 

The method of reconstruction and homogenisation algorithm can be applied to other sites in 

complex terrain to create synthetic gust climatologies from reanalysis datasets or to remove local 

terrain effects from existing observations in order to establish improved regional design-wind 

speeds and understand long-term wind speed trends. 

The method described in this chapter was employed to homogenise the long-term wind data records 

for many more stations across New Zealand. The homogenised data were used for extreme value 

analysis (Chapter 5) and long-term trends in magnitude and frequency of gust wind speeds (Chapter 

6).  

 

 

 

 

 



 

33 

 

 

 

 

 

Chapter 3  

Gust Duration and Anemometer 

Response Characteristics:  

Theory and Wind-Tunnel Experiments 

 

 

 

The use of wind speed data recorded using different measuring equipment (i.e. anemometers with 

different response characteristics) and different signal-processing procedures can introduce errors 

in the characterisation of surface wind speeds. As pointed out in Chapter 2, consideration of the 

gust duration and response characteristics of the measuring system is essential in the 

homogenisation process. Therefore, this chapter aims to:  

(i)  Assess the effects of a set of various moving average filter durations and turbulence 

intensities on the recorded maximum gust wind speeds (Section 3.1).  

(ii) Compare the response characteristics of anemometers used widely throughout New Zealand 

over the last five decades (Section 3.2).  

For the first objective, a series of wind-tunnel experiments was carried out on the widely-used 

Vaisala WAA151 cup anemometer. The variations of gust and peak factors, and turbulence 

intensities measured by the cup anemometer as a function of the averaging duration and turbulence 

intensity are presented. The wind-tunnel results are compared with values computed from a 

theoretical approach, namely random process and linear system theory, and the results are also 

validated against values reported in the literature where possible. The results show that the 
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maximum gust wind speeds measured using large averaging durations (e.g. 3 s or 5 s) lead to up to 

25% – 30% negative biases compared to high frequency measurements (e.g. 4 Hz unfiltered gust 

measurements). This result can strongly impact subsequent meteorological, climatological and wind 

engineering studies, as different gust definitions have been adopted by National Weather Services 

and institutions around the world. Lastly, a set of correction factors (i.e. gust factor ratios) have 

been proposed that allows measurements at a specific gust duration to be converted to equivalent 

measurements at specified particular gust durations of interest. 

Several types of cup anemometers with considerably different designs and recording systems have 

been used in New Zealand during various periods. The changes in instrumentation and observing 

practices have affected the recorded wind speeds and resulted in inhomogeneous historical data. 

Thus, for the second objective of the chapter, wind-tunnel tests were carried out to compare the 

response characteristics of three main cup anemometers utilised in New Zealand. It was generally 

found out that the Vector and Vaisala anemometers record 7%-13% and 9-15% higher gusts than 

those of the Mark II Munro anemometer, respectively, and applying the WMO 3-s moving average 

reduces these differences to about 1% to 6%. 

 

The first part of the chapter (i.e. objective 1) is based on a co-authored paper. The bibliographic 

details of the co-authored paper, including all authors, are: 

Amir Ali Safaei Pirooz, Richard G.J. Flay, Lorenzo Minola, Cesar Azorin-Molina, Deliang Chen, 

2020. Effects of sensor response and moving average filter duration on maximum wind gust 

measurements. Journal of Wind Engineering and Industrial Aerodynamics. 206, 104354.  

The second part of the chapter (i.e. objective 2) is based on a co-authored paper. The bibliographic 

details of the co-authored paper, including all authors, are: 

Amir Ali Safaei Pirooz, Richard G.J. Flay, 2018. Response characteristics of anemometers used 

in New Zealand. In: The 19th Australasian Wind Engineering Society Workshop, April 4-6, 

Torquay, Victoria. 
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3.1 Effects of Gust Duration on Maximum Wind Gust 

Measurements 

3.1.1 Introduction 

Fewer wind speed trend analyses have been conducted compared to other climate variables, due to 

the large variability of wind on all time scales and in three-dimensional space (Azorin-Molina et 

al., 2014). In addition, besides the effects of instrumentation, signal processing and response 

characteristics of anemometers, there are various external factors, such as the surrounding 

environment, anemometer height, ageing of the anemometer (Pindado et al., 2012), rough weather 

conditions, among others, influencing long-term wind data, which make the analyses more 

challenging (Azorin-Molina et al., 2017; Azorin-Molina et al., 2018; Safaei Pirooz et al., 2018b; 

Turner et al., 2019). For instance, towers and masts, on which the anemometers are mounted, can 

affect the recorded wind speed (Farrugia and Sant, 2013; Izumi and Barad, 1970; Kaimal and 

Wyngaard, 1990; Lubitz and Michalak, 2018; Maribo Pedersen et al., 1992; Orlando et al., 2011). 

It has been demonstrated that the mounting arrangement could cause the anemometer measurements 

to be dependent on the wind direction (Maribo Pedersen et al., 1992). Another factor affecting the 

measurements of cup anemometers is rough conditions, like ice around the sensor, deteriorating the 

performance of the cup anemometer (Bégin-Drolet et al., 2011; Bégin-Drolet et al., 2012). Using 

observed wind data in meteorological and climatological studies without correction can introduce 

significant errors and contaminate the results (Azorin-Molina et al., 2014; Masters et al., 2010; 

Powell et al., 1996; Safaei Pirooz et al., 2018b, Turner et al., 2019). This is particularly true for gust 

wind speeds, which are extremely sensitive to the anemometer response characteristics and to the 

duration of measurement (Azorin-Molina et al., 2019; Holmes and Ginger, 2012; Holmes et al., 

2014; Miller et al., 2013b; Safaei Pirooz and Flay, 2018b).  

Accurate knowledge on the climatology of wind gusts and gust information, including gust duration, 

is of great importance to various industries, such as the building industry, which needs accurate 

assessment of maximum load or fatigue on structures, and the wind energy industry for wind farm 

feasibility studies (Beljaars, 1987). The effects of gust duration on maximum gust wind speeds have 

been recognised by several researchers (Beljaars, 1987; Holmes and Ginger, 2012; Holmes et al., 

2014; Masters et al., 2010; Miller et al., 2013b; Safaei Pirooz and Flay, 2018b). An obvious way of 

characterising wind gusts is to define a gust duration related to the width of the spike in a wind 

speed time series causing the extreme wind in a T-second interval (e.g. 600 s) (Beljaars, 1987). 

Despite several definitions of the gust duration, the most well-known and universally-accepted 

definition is “an equivalent moving average” (Beljaars, 1987; Holmes et al., 2014). The same 
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definition has been adopted in the present study. Before the digital era, the effective gust duration 

of historical gust data from chart recorders (i.e. anemographs) and analogue instruments was only 

a function of the anemometer response (Holmes et al., 2014; Safaei Pirooz and Flay, 2018b). Since 

the 1990s, the World Meteorological Organisation’s (WMO) 3-s moving-average gust speed 

definition (World Meteorological Organisation, 2014) has been adopted by most National Weather 

Services and institutions across the world. However, the rationale behind the use of 3-s for the gust 

duration is rarely justified (Miller, 2007).  

It was generally believed that the effective gust duration of earlier generation analogue wind-

measuring systems was approximately 2 – 3 s, which was the basis of the 3-s gust definition in 

many wind-loading standards (Kwon and Kareem, 2014) and later was adopted by the WMO. 

However, some studies have proven that this assumption is not always valid. For instance, Kwon 

and Kareem (2014) using a theoretical approach demonstrated that the 3-s gust duration assumed 

in (ASCE7-95, 1995) to be approximately equivalent to a 1-s moving average and not 3-s. Also, the 

3-s gust initially assumed in the Australian/New Zealand standard (AS/NZS 1170.2, 2011) was later 

redefined to an equivalent moving average of 0.2 s based on the response characteristics of the 

pressure-based Dines anemometer system ( Holmes and Ginger, 2012; Holmes et al., 2014; Miller 

et al., 2013b). Furthermore, Miller (2007) demonstrated that applying a 3-s moving average to the 

instantaneous wind speed measurements, as recommended by WMO, without proper knowledge of 

the frequency response of the measuring system, could lead to serious issues, such as considerably 

higher effective gust durations, which in Miller’s case was 6.68 s, over twice as long as the 

corresponding gust duration of the anemometer response alone (Miller, 2007). This issue can have 

substantial implications in many applications, such as for the design wind speeds in building codes 

and standards. 

In addition, there are still meteorological stations where non-3-s gust durations are used; for 

instance, the Norwegian Meteorological Institute uses 3-s moving averages whereas the neighbour 

Swedish Meteorological Institute applies 2-s averages instead. Even assuming that most national 

meteorological agencies have adopted the 3-s gust definition, there is still an issue with the treatment 

of historical gust wind speed measurements as well as those that have been traditionally utilised in 

wind engineering for determining design wind speeds. On the other hand, it is often assumed that 

damaging wind gusts are those that completely cover the entire structure. Although long-duration 

gusts are important for large buildings and structures, in the case of smaller or light structures, short 

gusts can cause local damage (e.g. to windows) and it is essential that they are considered when 

computing wind loads. These changes in the response characteristics of instruments and signal-

processing methods can be expected to result in breakpoints and discontinuities in wind speed time 
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series (Azorin-Molina et al., 2018; Azorin-Molina et al., 2019; Masters et al., 2010; Safaei Pirooz 

et al., 2018b; Turner et al., 2019). 

Several gust models and formulations of the gust factor have been proposed by researchers, for 

example (Beljaars, 1987; Cook, 1985; Durst, 1960; Wieringa, 1973; Wieringa, 1976). However, 

there have been some issues and inconsistencies when these models were employed and applied to 

wind speed time series (e.g. see (Krayer and Marshall, 1992; Miller, 2007; Verkaik, 2000)). In 

addition, some of the studies in the literature used instruments and/or signal processing methods 

that are obsolete now (e.g. heavy-cup anemometers, pressure-based Dines anemometer, block 

averaging). Krayer and Marshall (1992) compared the gust factors for different gust durations 

computed from hurricane wind speed records with those proposed by (Durst, 1960) and (Cook, 

1985). Discrepancies were observed between some of the compared results. Later, Miller (2007) 

noted that the Krayer and Marshall's (1992) comparison failed to account for the fact that in 

hurricane and strong wind conditions, the measured values are based on an anemometer/chart 

recorder combination, which is expected to have an effective gust duration of 1 – 3 s (Miller, 2007), 

while the gust factor curve proposed by Durst (1960) is based on 5-s block averages, which has a 

considerably higher effective gust duration than the stated “5-s gust duration” term. Furthermore, 

regarding the same issue, Kwon and Kareem (2014) and Miller (2007) have discussed that the use 

of the Durst gust factor curve by  ASCE7-05 (2006) and ASCE7-95 (1995) for converting mean 

wind speeds to gust wind speeds and vice versa is problematic because of the same issue, i.e. 

different averaging schemes and gust durations. 

Recently, Shu et al. (2015) investigated the characteristics of gust factor through the analysis of 

wind data recorded during tropical cyclones, monsoons and thunderstorms. They demonstrated that 

the variation of gust factor is extremely sensitive to the mean wind speed as well as the terrain 

roughness and topographic features. Shu et al. (2015) also evaluated the correlation between gust 

factor and gust duration and showed that for tropical cyclones, the regression slope is steeper, 

compared to monsoon winds. Due to the fact that the time scales of thunderstorms are different 

from those of tropical cyclones and monsoon winds, the relationship between the gust factor of 

thunderstorms and gust duration could not be well represented based on monsoon and tropical 

cyclones time-dependence curves. Having analysed the gust factors of a very strong typhoon, Cao 

et al. (2015) concluded that typhoon gust factors are not considerably different from those of non-

typhoon winds. Lastly, they pointed out that the characteristics of the gust factors presented in their 

study are based on a storm-by-storm and location-by-location basis, and more field measurement 

and study of strong typhoons are required to fully understand the typhoon and non-typhoon gust 

factors. 
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Verkaik (2000) compared the performance and capability of two gustiness models developed by 

Wieringa (1976) and Beljaars (1987), both of which assume a Gaussian distribution for the 

fluctuations of the turbulent wind flow, in relating gustiness to surface roughness. Both models 

were examined at an airport station where an old measuring system was replaced with a fast-

response recorder. It was found out that both models were not able to correct for the change in the 

observed gust wind speeds. Beljaar’s model (Beljaars, 1987) provided exposure correction factors 

that were 0 – 10% smaller than those of the Wieringa model (Wieringa, 1976) for an observation 

period of 1 h. In the case of shorter observation periods, the difference was larger. Verkaik (2000) 

also discussed a theoretical objection against the Wieringa model resulting from applying a spectra 

transfer function on gusts occurring in the time domain. 

The response characteristics of a wind measuring chain, comprising anemometer, data logger and 

any additional post-recording process, play an essential role when considering the relationship 

between the true wind speed and the recorded wind speed (Miller, 2007). Each of the elements in 

the measuring chain act as a low-pass filter (Miller, 2007; Wieringa, 1976). Often, the response and 

filtering of the elements in the measuring chain on the recorded wind speeds are not considered 

(Miller, 2007). However, these effects can be substantial. Sparks (1997) investigated the frequency 

response of the UK’s standard Munro Mk IV cup anemometer utilised along with several different 

recording systems. He demonstrated that there were considerable differences between the 

measuring systems such that in some cases, the anemometer dominated the overall response of the 

system and in other cases, the recording device dominated and determined the gust duration. 

Therefore, it is of great importance to consider the filtering effect of the measuring system. With 

the continuous evolution of wind measuring systems, it is essential to carry out studies that 

investigate the response characteristics of the new systems and compare them with the previous 

instruments. This enables researchers to gain a better understanding of the new gust measurements 

as well as of the historical records and helps them to form homogenised wind speed time series. 

Prior to the development of fast-response anemometers and digital recording, it was not feasible to 

record high-resolution gust information. Thus, a compromise was required to measure gust with a 

duration that satisfy most applications (Beljaars, 1987). In addition, most theories used to correct 

the data for shorter or longer durations, are derived under ideal circumstances (e.g. Gaussian 

stationary turbulence), however, many extreme winds do not follow these conditions, resulting in 

quite large uncertainties in the corrections (Beljaars, 1987). For example, by analysing wind 

velocity data recorded during several Atlantic tropical cyclones, Balderrama et al. (2012) showed 

that there is a non-Gaussian behaviour in the peak factor and the skewness of velocity with 

increasing the turbulence intensity. In the case of slow measuring systems, the gust duration 
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produced as a result of the filtering and sampling of the measuring chain could be equated to a 

moving average filter (Beljaars, 1987). However, nowadays with fast anemometers and high 

sampling frequencies, and the fact that storing data is not difficult, applying a moving average filter 

results in filtering and losing gust information with short durations, which, as pointed out above, 

are useful in many fields. 

In several recent studies (Holmes and Ginger, 2012; Holmes et al., 2014; Kwon and Kareem, 2014; 

Masters et al., 2010; Miller et al., 2013b), the response characteristics of two wind measuring 

systems were compared by assuming characteristic parameters for the anemometer (e.g. distance 

constant or time constant) and using random process and linear systems theory (Davenport, 1964) 

along with a spectral model (e.g. von Karman). However, in this study, wind-tunnel experiments 

were carried out to consider the real response characteristics of the anemometer and recording 

system, as opposed to assuming the distance constant and applying mathematical transfer functions 

to replicate the anemometer response. Furthermore, power spectral densities were obtained using 

wind speed time series measured in the wind tunnel, instead of employing a spectral model. In 

addition, several parameters, such as gust and peak factors, standard deviations and maximum wind 

speeds were obtained as a function of both gust duration and turbulence intensity, and errors 

resulting from applying the moving average filter have been quantified. For comparison and 

validation purposes, the wind-tunnel results from the current study have been compared with 

theoretical results, using the properties of the full-scale wind flow, and also with some values 

reported in the literature (Holmes and Ginger, 2012; Miller et al., 2013b). The real frequency 

response of the measuring chain is considered in the wind tunnel tests and the equivalent moving 

average filter, corresponding to the unfiltered measurement, is reported so that the results of the 

current paper can be applied to other measuring systems that have a similar frequency response. 

Following the above discussion, the objectives of the present study are summarised as follows:  

• Quantitatively compare and validate the gust factor ratios and effects of various gust 

durations and turbulence intensities on different parameters obtained from wind tunnel 

experiments with a theoretical approach.  

• Compute a set of correction factors as a function of turbulence intensity to enable gust 

measurements obtained with one gust duration to be converted to another specified gust 

duration.  

• Emphasise the importance of high-resolution wind speed measurements and quantify the 

amount of gust information lost through applying moving average filters of various 

durations to recorded wind data.  



 

40 

 

• Report results so they can be applied to other measuring systems, with similar frequency 

response characteristics, to determine the effects of the various recording and data 

processing methods.  

Gaining a better understanding of the order of the differences and errors that can be caused by the 

use of different gust duration values and turbulence intensities is essential for future studies. For 

example, it allows wind data time series from different regions to be compared when wind data are 

recorded using different measuring procedures. The non-climatic effects of gust duration changes 

on measured wind series can also be addressed, and actual long-term trends of peak wind gusts can 

be accurately estimated (Azorin‐Molina et al., 2016). Also, knowing the gust factors corresponding 

to different gust durations and terrain categories allows one to examine the potential changes in 

vertical gust and mean wind speed profiles as a result of changes in the measuring system and 

associated gust duration. Therefore, this is of great interest for meteorologists, climatologists and 

the wind engineering community. 

 

3.1.2 Methodology 

In spite of the great development of more accurate and sophisticated wind-measurement 

instruments, cup anemometers still remain today as the most common and popular instruments used 

in measuring wind speeds at meteorological stations and in wind energy industry (Abiven et al., 

2011; Palma et al., 2008; Ramos-Cenzano et al., 2019) as well as other field measurements and 

research works, e.g. wind speed measurements in urban areas and at pedestrian level (Murakami 

and Fujii, 1983; Ohba et al., 1988; Sanada et al., 1980; Yoshie et al., 2007); vertical profiles of 

horizontal wind speed and field measurements (Giannoulis et al., 2010; He et al., 2016; Shu et al., 

2017; Wills, 1992); and wind flow measurements over complex terrain (Flay et al., 2019; Tan et 

al., 2016). In addition, almost all the available long-term wind speed time series across the world 

have been recorded by cup anemometers (Azorin-Molina et al., 2018; McVicar et al., 2012). The 

Vaisala WAA151 cup anemometer was used for the present tests. It is a light-cup anemometer with 

a relatively small distance constant and has been widely used in many different applications; 

specifications can be found in Table 1 and here https://www.vaisala.com/ 

sites/default/files/documents/WAA151_User_Guide_in_English.pdf (last accessed 17 July 2020). 

The tests were carried out in the boundary-layer wind tunnel at the University of Auckland, New 

Zealand. This boundary-layer wind tunnel is a closed-circuit wind tunnel with two fans, a maximum 

wind speed of 20 m s‒1, and a large cross-section of 3.6 m × 2.5 m (width × height). An in-house 

built data logger utilising an Arduino microcontroller was used to record the output pulse rate of 

https://www.vaisala.com/sites/default/files/documents/WAA151_User_Guide_in_English.pdf
https://www.vaisala.com/sites/default/files/documents/WAA151_User_Guide_in_English.pdf
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the Vaisala anemometer at a sampling frequency of 4 Hz, a suitable sampling frequency for most 

meteorological applications according to WMO (World Meteorological Organisation, 2014). The 

data logger measures both the number of pulses and the time between the pulses to compute the 

frequency of pulses over a specified time period. The performance and accuracy of the data logger 

has been evaluated previously and was also checked against the raw pulse output of the anemometer 

(Safaei Pirooz and Flay, 2018b) and is known to be reliable. 

 

3.1.2.1 Calibration   

The cup anemometer was calibrated in the empty wind tunnel, which has a relatively low turbulence 

intensity of about 1% – 1.5%. The calibration was carried out according to the recommendations of 

(ASTM D5096-02, 2017) at wind speeds ranging from 0.5 m s‒1 to 20 m s‒1. The output of the 

anemometer (pulses s‒1) is related to the wind speed (𝑈𝑓) using Eq. 3-1.  

𝑈𝑓 = 𝑎𝑅 + 𝑏 , (3-1) 

where R is the output pulse rate of the anemometer, and a and b are the calibration constants. By 

using the response curve of the anemometer to determine the time constant (𝜏), the distance constant 

(D) can be obtained using Eq. 3-2.  

𝐷 = 𝑈𝑓𝜏 . (3-2) 

A 3D Cobra1 wind sensor was used as the reference sensor for the calibration. The Cobra sensing 

head is 2.6 mm in diameter, divided into 4 angled triangular faces, each with centrally positioned 

pressure taps connected to fast response pressure transducers. It is able to measure flow fields within 

a range of ±45° at frequencies of more than 2000 Hz, making it ideal for the measurement of 

turbulent flow fields, including the three components of wind speed and all six Reynolds stresses 

through pressure measurement. The manufacturer states that it remains relatively accurate for 

turbulence intensities in excess of 30%, which makes it a very commonly used instrument in wind 

tunnels, and ideal for the present experiment. Its only real competitor, an X-wire constant 

temperature anemometer can only measure up to ±45°, and then only in one plane, as each wire 

responds to wind speed normal to its axis. The sampling frequency of the Cobra wind sensor was 

set to 1000 Hz. The main specifications of both the cup anemometer and the reference Cobra wind 

sensor are summarised in Table 3.1.  

 

 
1 https://www.turbulentflow.com.au/Products/CobraProbe/CobraProbe.php; last accessed 17 July 2020 

https://www.turbulentflow.com.au/Products/CobraProbe/CobraProbe.php
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Table 3.1. Specification of the cup anemometer and reference wind sensor. 
 

Vaisala WAA151 Cobra 

Measuring range (m s‒1) 0.5 – 75  2 – 100  

Accuracy (m s‒1) ± 0.5 ± 0.3 

Output 14 pulses per rev Pressure  

Sampling Frequency (Hz) 4 1000 

The calibration was performed at wind speeds ranging from 0.5 m s‒1 to 20.0 m s‒1. The calibration 

equation is given in Eq. 3-3. 

𝑈 = 0.0965 𝑅 + 0.2176 , (3-3) 

where R is the pulse rate output of the anemometer in Hz. A linear relationship, with an R2 value of 

0.999, was achieved between the Cobra reference sensor and the WAA151 wind speeds. In addition, 

the distance constant obtained for the anemometer was 1.27 ± 0.21 m, using the recommended 

approach of (ASTM D5096-02, 2017). 

 

3.1.2.2 Wind-Tunnel Setup 

Turbulence-inducing elements, such as grids and blocks, were used in the wind tunnel to replicate 

the random fluctuations of wind in nature. The tests were conducted at various turbulence intensities 

and wind speeds. The incoming wind flow parameters simulated in the wind tunnel are summarised 

in Table 3.2. The values tabulated below were measured by the reference Cobra sensor.  

Table 3.2. Parameters of test conditions measured by the reference Cobra sensor, along with full-scale 𝜆 (Cook, 1985) 

Run # Speed (m s‒1) u (m s‒1) v (m s‒1) w (m s‒1) 𝑰𝒖 (%) WT 𝝀 (m) FS 𝝀 (m) 

1 11.15 10.13 2.81 −1.31 36.7 0.097 53 

2 3.97 3.64 0.07 −0.34 33.3 0.132 53 

3 10.04 9.20 0.14 −0.96 32.4 0.125 54 

4 6.18 5.72 0.19 −0.60 29.9 0.163 58 

5 3.18 3.01 0.10 −0.23 26.6 0.165 59 

6 14.93 13.76 0.65 −1.51 26.2 0.111 63 

7 8.24 7.81 0.30 −0.67 25.6 0.162 65 

8 3.10 3.01 0.07 −0.20 20.0 0.206 68 

9 7.72 7.49 0.15 −0.52 19.7 0.184 68 

10 7.68 7.55 0.39 −0.57 13.4 0.200 70 

11 3.10 3.05 0.15 −0.22 13.2 0.230 75 

12 7.75 7.66 0.25 −0.56 11.1 0.251 80 

13 9.34 9.20 0.51 −0.65 11.0 0.272 80 

14 3.09 3.06 0.08 −0.22 11.0 0.302 80 

The runs in Table 3.2 are sorted from the highest turbulence intensity (𝐼𝑢), i.e. Run #1, to the lowest 

turbulence intensity, i.e. Run #14. In Table 2, u, v and w are the three wind speed components in 

the x (longitudinal), y (lateral) and z (vertical) directions, respectively. 
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The high turbulence intensities (i.e. Runs 1 – 7) broadly replicate turbulence in urban areas (Terrain 

Categories 3 and 4 (AS/NZS 1170.2, 2011)), and low turbulence intensities (Runs 8 – 14) are similar 

to those of exposed open-country and sea surface terrains (Terrain Categories 1 and 2 (AS/NZS 

1170.2, 2011)). However, it should be noted that the turbulence integral length scales (𝜆) inside the 

wind tunnel are smaller than those of the atmospheric boundary layer (ABL) because of the presence 

of the wind tunnel walls that limit the size of the eddies. To address this shortcoming (i.e. smaller 

𝜆  in the wind tunnel compared to the ABL), a theoretical approach has also been employed (Section 

3.1.2.3) where the corresponding full-scale turbulence integral length scales were used to compute 

expected gust factors (GF) and other parameters, and to compare them with the wind-tunnel results. 

The turbulence integral length scales obtained in the wind tunnel (WT 𝜆) and the corresponding 

full-scale length scales (FS 𝜆) at 10 – m height (Cook, 1985) (based on the turbulence intensity) are 

also given in Table 3.2. 

 

3.1.2.3 Analyses and Theoretical Approach 

Random process and linear system theory (Davenport, 1964) can be used to predict the wind gust 

factors (GF) recorded by different types of anemometers in a turbulent wind of known intensity and 

spectral density. In addition, the effects of a moving average filter on the gust factor can be 

investigated using this theory. (Davenport, 1964) defined the mean GF occurring over some time 

period T as defined in Eq. 3-4. 

𝐺𝐹 =
�̂�

�̅�
= 1 + g

𝜎𝑢

�̅�
 , (3-4) 

where, �̂� is the gust speed, g is a peak factor, 𝜎𝑢 is the standard deviation of the along-wind speed 

fluctuations about the mean wind speed during period T, and �̅� is the mean speed. g can be 

calculated using the formula for Gaussian random processes (Davenport, 1964) (Eq. 3-5), 

g = √2 ln(𝜐𝑇) +
0.5772

√2 ln(𝜐𝑇)
 , (3-5) 

where 𝜐 is the cycling rate, which is a characteristic frequency, representing an average frequency 

of a random process, and can be utilised for estimating the expected peak values of the process (Eq. 

3-5) (Holmes and Ginger, 2012) and is computed using Eq. 3-6. 

𝜐2 =
∫ 𝑓2𝑆𝑢(𝑓)𝑑𝑓
∞

0

∫ 𝑆𝑢(𝑓)𝑑𝑓
∞

0

 , (3-6) 
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where f is frequency and Su(f) is the power spectral density of the longitudinal velocity component. 

The standard deviation, 𝜎𝑢, is calculated using Eq. 3-7. 

𝜎𝑢
2 = ∫ 𝑆𝑢(𝑓)𝑑𝑓

∞

0

 , (3-7) 

In this study, the power spectral density Su(f) was obtained from the wind-tunnel measurements, 

and then, by substituting the spectra into the above equations, the peak factor and gust factor were 

calculated.  

In order to be able to quantify the effect of gust duration, a parameter (𝜀) was defined  

(Eq. 3-8), which gives the difference in a measured parameter by the anemometer (e.g. GF, g, 𝜎𝑢, 

𝐼𝑢) at two different gust durations. The percent error (𝜀) is defined in Eq. 3-8. The terms “error” and 

“bias” in this chapter have been used to address the “difference” between the unfiltered 

measurements and filtered (i.e. applying moving average) values. 

𝜀 =
𝜑𝑑1 − 𝜑𝑑2

𝜑𝑑1
× 100 , (3-8) 

where 𝜑 is the parameter of the interest, and d1 and d2 indicate the gust durations. For example, for 

comparing the results of 2-s and 3-s gust durations 𝑑1 = 2 𝑠 and 𝑑2 = 3 𝑠. 

Another important and practical factor is defined as the ratio between the gust factors for different 

gust durations, called gust factor ratio (R), expressed in Eq. 3-9. 

𝑅 =
𝐺𝐹𝑑1
𝐺𝐹𝑑2

 , (3-9) 

where, d1 and d2 are shorter and longer gust durations, respectively. This ratio can be used to convert 

gust measurements with a specific gust duration to equivalent gust measurements at particular gust 

durations of interest. This ratio plays an essential role in eliminating breakpoints in wind-speed time 

series caused by changes in the instrumentation and signal processing. 

Holmes and Ginger (2012) and Miller et al. (2013) compared the response characteristics of 

Synchrotac cup anemometer and the Dines pressure anemometer using random process and linear 

system theory. They proposed correction factors for converting 0.2-s gust measurements from the 

Dines to 3-s gust measurements of the cup anemometer. Their results have been compared with the 

results of the present study. 

Here, following Holmes and Ginger (2012) and Miller et al. (2013b), a theoretical approach, based 

on random process and linear system theory (Davenport, 1964), was also utilised to compare 𝜀 and 

𝑅 obtained from the wind-tunnel tests and the theory. For this purpose, the response characteristics 

of the cup anemometer to wind gusts were taken into account by utilising a transfer function 
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(|𝐻(𝑓)|2) (whose details are described below) and multiplying the power spectral density 

by |𝐻(𝑓)|2 (Holmes and Ginger, 2012; Miller et al., 2013b). 

For this method, any appropriate model for the power spectral density can be used. In the present 

study the von Karman spectrum was used, which is written as in Eq. 3-10. 

𝑓𝑆(𝑓)

𝜎𝑢2
=

4(
𝑓𝜆
�̅�
)

[1 + 70.8 (
𝑓𝜆
�̅�
)
2

]

5 6⁄
 . (3-10) 

To account for the filtering of wind gust measurements caused by the response characteristics of 

the cup anemometer and also by the signal processing, the wind spectrum Eq. 3-10 must be 

multiplied by |𝐻(𝑓)|2. Thus, Eqs. 3-6 and 3-7 become Eqs. 3-11(a and b), respectively. 

𝜐2 =
∫ 𝑓2𝑆𝑢(𝑓)|𝐻(𝑓)|

2𝑑𝑓
∞

0

∫ 𝑆𝑢(𝑓)|𝐻(𝑓)|2𝑑𝑓
∞

0

 , (3-11a) 

𝜎𝑢
2 = ∫ 𝑆𝑢(𝑓)|𝐻(𝑓)|

2𝑑𝑓
∞

0

 . (3-11b) 

|𝐻(𝑓)|2 is defined in Eq. 3-12 and comprises three terms. 

|𝐻(𝑓)|2 = |𝐻1(𝑓)|
2. |𝐻2(𝑓)|

2. |𝐻3(𝑓)|
2. (3-12) 

|𝐻1(𝑓)|
2 accounts for the filtering of the power spectral density at low frequencies resulting from 

computing the mean wind speed over a non-infinite time period T (Miller et al., 2013b).  

|𝐻1(𝑓)|
2 = 1 − [

sin(𝑇𝜋𝑓)

𝑇𝜋𝑓
]

2

 (3-13) 

The transfer function that accounts for the effect of the distance constant (D) of a cup anemometer 

is given in Eq. 3-14, 

|𝐻2(𝑓)|
2 =

1

1 + (
2𝜋𝑓𝐷
�̅�

)
2 . (3-14) 

Lastly, the effect of a moving average filter on the wind signal is accounted for by applying Eq. 

3-15. 

|𝐻3(𝑓)|
2 = [

sin(𝜏𝜋𝑓)

𝜏𝜋𝑓
]

2

 (3-15) 

where 𝜏 is the moving average period (i.e. gust duration). 
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In this study, different gust parameters have been determined for various gust durations including 

1s, 2s, 3s and 5s. These gust durations are compared with raw measurements (i.e. the 4 Hz sampled 

wind speeds). The raw measurements and their corresponding gust durations are only a function of 

the anemometer and data-logger response characteristics. In the theoretical approach, the raw 

measurement data was replicated by neglecting |𝐻3(𝑓)|
2 (since there was no moving average used) 

and by considering only the sampling duration effect (|𝐻1(𝑓)|
2) and the anemometer response 

characteristic (i.e. D, |𝐻2(𝑓)|
2). In the theoretical method, the wind gust parameters were obtained 

in the following conditions. A wind speed range of 20.0 m s‒1 to 50.0 m s‒1, the same turbulence 

intensities as the wind tunnel tests, and the full-scale length scales tabulated in Table 3.2. For the 

theoretical approach, at each turbulence intensity, the parameters were calculated for various wind 

speeds ranging from 20.0 m s‒1 to 50.0 m s‒1, and the averages of the parameters are presented and 

discussed in the following section. 

 

3.1.3 Results and Discussion 

3.1.3.1 Comparisons and Validation 

In the theoretical approach, hereafter referred to as full-scale (or FS, Theory FS), the same 

turbulence intensities as the wind tunnel (WT) tests (Table 3.2) were used. Although the numerical 

values of turbulence intensities of the approach flow are the same in both WT and FS, due to the 

fact that in the WT the generated turbulence and vortices are at higher frequencies and 𝜆 is smaller, 

the WT spectrum has much of its energy at higher frequencies compared to the FS spectrum, as 

illustrated in Figure 3.1. Note that in Figure 3.1, the FS and WT von Karman power spectral 

densities are normalised by the respective squares of the mean velocities (Eq. 3-16).  

Normalised Spectrum =
𝑓𝑆(𝑓)

�̅�2
 . (3-16) 

The area under each graph is equal to the turbulence intensity squared (𝐼𝑢
2), as long as the abscissa 

is natural-log scale. Therefore, to calculate the area under the normalised spectrum, Eq. 3-16 is 

integrated with respect to Ln𝑓. 

When placing a cup anemometer, a relatively slow-response wind sensor, in a wind tunnel flow 

with a same 𝐼𝑢 as a full-scale flow (determined say from a hot-wire anemometer), the cup 

anemometer measures a smaller 𝐼𝑢 compared to what it would measure in the field, because of the 

high-frequency fluctuations in the wind tunnel, which a cup anemometer is not capable of 

measuring. However, in the ABL, the broadband turbulence contains both low and high frequency 
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turbulence, resulting in higher 𝐼𝑢 measured by a cup anemometer. This becomes more pronounced 

when the cup anemometer sampling frequency is high. At high sampling frequencies, the high-

frequency fluctuations can be captured (subject to the distance-constant of the anemometer). Thus, 

applying a moving average filter to such a wind tunnel time series would result in a larger area of 

the spectrum being removed compared to what would be removed from the full-scale broadband 

spectrum. 

However, in the case of the present cup anemometer measurements, the sampling frequency is 

relatively low, in the range of 1 – 4 Hz. Therefore, as shown in Figure 3.1, the very high frequency 

fluctuations cannot be measured in both FS and WT. Consequently, when a moving-average filter 

is applied to such wind speed time series, an approximately similar area of each spectrum is 

removed from both the FS and WT measurements. This is shown in Figure 3.1 by the grey and pink 

dotted and hatched areas, which are the differences between the raw and filtered (1-s moving 

average) measurements (= ∆𝐼𝑢
2). As can be seen, the areas are approximately similar.  

 
Figure 3.1. Comparison of normalised von Karman spectra for full- and wind-tunnel scale turbulence. The effect of 

applying a 1-s moving average filter on the spectra are also shown. The dotted and hatched areas show the differences 

between the raw and filtered measurements for the FS and WT spectra, respectively. 

For two cases of high and low turbulence intensities (Runs 2 and 14, respectively) the normalised 

spectra (raw and 1-s moving-averaged) obtained from the wind tunnel and corresponding FS 

measurements, with 𝜆 of 53 m and 80 m (high and low 𝐼𝑢, respectively), are shown in Figure 3.2. 

As explained in Section 3.1.2.3, in the theoretical method, the von Karman spectrum was multiplied 

by the transfer functions, but to replicate the raw measurements in the theoretical approach,  
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|𝐻3(𝑓)|
2 was neglected. For these two cases, the reduction in the areas under the normalised power 

spectral densities resulting from applying a 1-s moving average filter to both the FS and WT 

measurements is also shown in Figure 3.2. It equals the difference between the squared turbulence 

intensities (i.e. 𝑎𝑟𝑒𝑎 = 𝐼𝑢
2) of the unfiltered and filtered data (∆= (𝑰𝒖

𝟐)𝒖𝒏𝒇𝒊𝒍𝒕𝒆𝒓𝒆𝒅 − (𝑰𝒖
𝟐)𝒇𝒊𝒍𝒕𝒆𝒓𝒆𝒅). As 

can be seen, the magnitudes of the area reduction of FS and WT measurements, from applying the 

moving-average filter are approximately similar. It should be noted that the term “unfiltered” used 

in the present paper means that no moving-average filter was applied to the measured signal, and 

the gust duration is only a function of the response characteristic of the measuring chain, including 

the cup anemometer and the fast-response Arduino-based data logger. 

  
(a) (b) 

Figure 3.2. Normalised power spectral densities obtained from unfiltered and 1-s moving average wind speed 

measurements in WT flow, and the corresponding FS von Karman spectra: (a) High turbulence intensity of 33% (𝜆 =

53 𝑚 in FS); (b) Low turbulence intensity of 11% (𝜆 = 80 𝑚 in FS). The magnitudes of the reductions in the 

respective areas (∆) are also shown. 

As mentioned above and as can be seen in Figure 3.2, the cup anemometer in the wind tunnel 

measures lower turbulence intensities compared to what it would measure in FS broadband 

turbulence, due to the relatively larger contribution from high-frequency fluctuations and the 

smaller turbulence integral length scale in the wind tunnel. However, the area under the spectra that 

is removed by applying the same 1-s moving average filter is almost equal for both the WT and FS 

measurements. To quantitatively investigate the magnitude of the turbulence intensities being 

removed by applying a moving average filter with different durations, the results from applying the 

same moving average filter to three turbulence conditions, namely high (#2), medium (#8) and low 

(#14), are shown in Figure 3.3. The difference in 𝐼𝑢 for a given filter duration compared to a 1-s 

longer moving filter duration is defined by Eq. 3-17. 
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Diff = (𝐼𝑢)𝑑𝑖 − (𝐼𝑢)𝑑𝑖−1 ,                   {
𝑖 = 1, 2, 3, 5

𝑑0 = raw measurement (4 Hz)
 (3-17) 

 
Figure 3.3. Comparison of the turbulence intensity values (𝐼𝑢) and differences (Diff) for a range of filter durations 

obtained from the WT tests, with the theoretical approach (FS) for three different turbulence intensities, namely 33% 

(Run #2), 20% (Run #8) and 11% (Run #14). 

As illustrated in Figure 3.3, the values of the turbulence intensities in FS (black dashed lines) are 

about two times greater than the WT values (solid black lines). However, it should be noted that the 

trends of reducing turbulence intensity with an increase in the gust duration, are almost identical for 

both the FS and WT flows. Also, it can be seen in Figure 3.3 that the amount of turbulence intensity 

reduction from increasing the gust duration (i.e. red dashed and solid lines) is very similar for both 

the FS and WT results, with differences being less than 0.5%. The largest difference evident is for 

the high-turbulence case (Run 2), where the WT and FS results differ by up to 1.5% for the 1-s and 

5-s durations. 

According to Eq. 3-4, another important parameter affecting the gust factor value is the peak factor. 

The peak factor (Eq. 3-5) is a function of the sampling time (T) and cycling rate (Eq. 3-6). T was 

assumed to be the same (i.e. 600 s) for both the wind tunnel data and the theory, thus only the 

difference in the cycling rate between the wind tunnel and theory could cause a difference in the 

final peak factor values computed from either approach. 

Peak factor values for the three turbulence levels obtained from the WT measurements and the 

corresponding FS spectra, along with the differences (Eq. 3-8) are shown in Figure 3.4. As it is 

evident, there is a consistent difference (∆) between the WT and the theoretical FS results for all 

the gust durations. The differences range from 4% to 12%. Again, similar trends (red lines) can be 
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seen in the reduction in the peak factor due to an increase in the gust duration for the WT and the 

theoretical FS results. It is also noteworthy that the peak factor, unlike gust factor, is less sensitive 

to the turbulence intensity of the incoming wind. However, its value decreases quite considerably 

with an increase in the gust (moving average) duration. As shown in Figure 3.4, for the raw 

measurement (i.e. 4 Hz) and shorter gust durations, the computed peak factors for the cup 

anemometer are about 3.65 for the wind tunnel flow and 3.52 from theoretical approaches, all of 

which agree well with peak factors reported in (Deaves and Harris, 1978; Holmes et al., 2014; 

Holmes, 2015). However, as the gust duration increases, the peak factor decreases monotonically. 

The errors in both the high and low turbulence intensities are about the same, reaching a maximum 

of 14% for the WT and 16% for the FS for a 5-s gust duration. 

 

Figure 3.4. Comparison of the peak factor values (g) and variations (𝜀, Eq. 3-8) at different gust durations obtained 

from the WT tests and theoretical approach (FS) for three different turbulence intensities, namely 33% (Run #2), 20% 

(Run #8) and 11% (Run #14).  

Considering that the peak factors for both the FS and WT are approximately similar (4% – 12% 

difference), and that the turbulence intensities of the FS flows are much higher than those from the 

WT flows, then according to Eq. 3-4, the FS gust factors should be higher than the gust factors 

obtained from the WT experiment. The FS and WT gust factor values are compared in Figure 3.5a 

for three different turbulence intensities. As can be seen, the theoretical FS (dashed lines) values 

are higher than the WT (solid lines) gust factors, as expected. 

However, it should be noted that the main purpose of this study is to investigate the magnitude of 

the changes in the gust factors resulting from applying moving average filters of different durations 
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(i.e. error and gust factor ratio, Eqs. 3-8 and 3-9, respectively). Thus, the absolute values of the gust 

factors are of secondary interest. The trend of gust factor reduction from gust duration increase in 

both the FS and WT results are quite similar as shown in Figure 3.5a. Consequently, the FS and 

WT gust factor ratios (Eq. 3-9) are comparable. By way of example, one case is illustrated in Figure 

3.5a. a and a1 are the ratios between the 2-s gust duration and the raw measurements of FS and WT, 

respectively, and as is evident, the two values from the WT data and the FS theory are almost the 

same.  

It can be seen in Figure 3.5a that the gust factor decreases from both an increase in the gust duration 

or a decrease in the turbulence intensity. Thus, as evident in Figure 3.5a the gust factor has much 

higher values for the raw measurements (i.e. 4 Hz output of the anemometer without applying a 

moving average) compared to the longer gust durations. Based on the definition of the gust factor 

(Eq. 3-4), since the mean wind speed does not change with the gust duration, at lower effective gust 

durations anemometers obviously record higher gust speeds.  

  
(a) (b) 

Figure 3.5. Comparison between the wind tunnel results and corresponding FS conditions for three different 

turbulence intensities, namely 33% (Run #2), 20% (Run #8) and 11% (Run #14): (a) gust factor values (GF); (b) gust 

factor variations (𝜀, Eq. 3-8) both as functions of gust duration.  

To further investigate the change in gust factor with gust duration, the percent reduction in gust 

factor for each gust duration with respect to the raw unfiltered measurements are shown in Figure 

3.5b. The maximum difference between the WT and FS results was observed for the high-turbulence 

condition (i.e. Run #2) with a value of 3.5% for a 2-s gust duration. For the low- and moderate-

turbulence conditions (i.e. Run #14 and 8, respectively), the difference between the FS and WT 

results was negligible (less than 0.5%). As can be seen, excellent agreement is achieved between 

the values calculated from the WT measurements and the theoretical FS approach, meaning that the 

ratios and errors found in the present WT experiments can be applied directly to FS measurements. 
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As can be seen in Figure 3.5b, the differences in gust factor due to changing the moving average 

duration from 0 to 5 s vary from 10% to over 25% and from 5% to 12% under high and low 

turbulence conditions, respectively. This result demonstrates that the gust factor is highly sensitive 

to both the gust duration and the turbulence level of the approaching airflow. 

From a related point of view, applying a moving average filter reduces the area under the wind 

spectrum (Figure 3.6a), which consequently reduces the standard deviation and influences the 

cycling rate (Eqs. 3-6 and 3-7, respectively). These changes in 𝜎𝑢 and 𝜐 cause the peak factor and 

gust factor to vary with the gust duration. Figure 3.6b demonstrates how the fluctuations of the 

recorded wind speeds are smoothed when a moving average filter is applied to the signal. 

Consequently, all the peaks (for both the maximum and minimum wind speeds) are reduced with 

an increase in the effective gust duration.  

  
(a) (b) 

Figure 3.6. Effect of applying moving average to the wind speed recorded by a WAA151 anemometer in a turbulent 

wind with 𝐼𝑢=32.4% and 𝑈 =10.1 m s‒1: (a) Power spectral densities; (b) Wind speed time series. 

There are a few studies that report gust factor ratios for some specific applications. For example, 

Holmes and Ginger (2012) and Miller et al. (2013) attempted to find correction factors to convert 

the measurements from the Dines anemometer with an effective gust duration of 0.2-s to equivalent 

measurements from a heavy-cup Synchrotac 706 anemometer with a 3-s gust duration, and vice 

versa. They used a similar approach to the theoretical method employed in the current study. 

Although Holmes and Ginger (2012) and Miller et al. (2013) used different instruments from the 

present study, their results can be used for comparison purposes. This is due to the fact that the 

heavy effect of the WMO-recommended 3-s moving average filter suppresses the lighter filtering 

from the anemometer response characteristics. In addition, the light cup anemometer used in the 

present study in conjunction with the 4 Hz sampling frequency has performance that is relatively 
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comparable to that of the 0.2-s gust duration measurements of the Dines anemometer, as 

demonstrated in Figure 3.7. Following the method employed by (Kwon and Kareem, 2014), Figure 

3.7 compares normalised wind spectra obtained from the wind-tunnel measurements using the 

Vaisala cup anemometer, and using the von Karman spectra (i.e. theoretical approach) by utilising 

the response characteristics (i.e. distance constant) of the anemometer and different moving average 

durations. As can be seen, the 0.25-s moving average filter agreed well with the 

anemometer/recording system. However, the 1- and 3-s moving average filters significantly 

underestimated the spectrum. 

  
(a) (b) 

Figure 3.7. Comparison of unfiltered wind spectra obtained from the measurements of Vaisala anemometer in WT 

with filtered von Karman spectra with different moving average durations for two cases of: (a) medium (#5) and (b) 

low (#14) turbulence intensities. 

Holmes and Ginger (2012) and Miller et al. (2013) reported gust factor ratios that convert the 3-s 

Synchrotac gust measurements to equivalent 0.2-s gust measurements of the Dines anemometer, for 

turbulence intensities of 25%, 20%, 15% and 10%. These turbulence intensities broadly correspond 

to the present wind tunnel runs 5, 8, 11 and 14, respectively. The present results from both the WT 

experiment and theoretical FS approach, along with those of (Holmes and Ginger, 2012) and (Miller 

et al., 2013b) are shown in Figure 3.8. Excellent agreement was achieved between the gust factor 

ratios obtained from the wind tunnel and from the theory, and those reported by (Holmes and 

Ginger, 2012) and (Miller et al., 2013b). For the low- and moderate turbulence intensities (i.e. 10%, 

15% and 20%), the difference between the gust factor ratio results (Figure 3.8) of the present study 

and those reported in (Holmes and Ginger, 2012; Miller et al., 2013b) is less than 1.5%. The 

difference becomes slightly larger for the high-turbulence case (i.e. 25%) and reaches about 3.5%. 
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Figure 3.8. Comparison between the gust factor ratios (Eq. 3-9) obtained from WT tests and the theoretical approach 

(i.e. FS conditions), and those reported by (Holmes and Ginger, 2012) and (Miller et al., 2013b). 

The differences between the theoretical FS approach and the WT results can be attributed to several 

factors, as outlined below. In addition, the advantages and disadvantages of each method are 

described.  

• In the theoretical FS approach, the response characteristics of the anemometer are not 

described thoroughly. For instance, the |𝐻2(𝑓)|
2 transfer function is not able to take into 

account the over-speeding issue of cup anemometers (Miller et al., 2013b). Over-speeding 

is one of the most significant and most well-known issues with cup anemometers that 

introduces errors in the wind speed measurements (Busch and Kristensen, 1976; Hyson, 

1972; Kristensen, 1998; Wyngaard, 1981). Over-speeding of a cup anemometer not only 

depends on the type and response characteristics of the anemometer, but also on the 

magnitude of the fluctuations of the lateral component of the incoming wind (Kristensen, 

1998; Miller et al., 2013b) and on the turbulence intensity of the wind, and the shape of the 

power spectral density (Busch and Kristensen, 1976). Thus, simplifying the real response 

characteristics of the anemometer in the theoretical approach could influence the results. On 

the other hand, in WT experiments, the true response characteristics of both the anemometer 

and the data logger are accounted for automatically by the instrument, along with the 

turbulence properties of the wind, without any simplification assumptions. 



 

55 

 

• Compared with the ABL, the replicated turbulence in the WT is at higher frequencies and 

contains much smaller turbulence integral length scales. However, for the theoretical FS 

approach, the turbulence length scales corresponding to the FS ABL can be used. It was 

demonstrated that although the absolute values of the gust factors obtained from the WT 

flow were lower than those of the ABL (i.e. theory), the trend of gust factor reduction with 

increase in the gust duration, and most importantly the gust factor ratios (Eq. 3-9) are 

comparable in both approaches.  

• The wind speed range and the level of the generated turbulence intensity in the WT are 

limited and are dependent on the available facilities. However, in the theoretical FS 

approach, any values of meaningful wind speed and turbulence intensity, can be used.  

• An alternative approach is to conduct field experiments, as they do not require any 

assumptions and simplifications in both the anemometer response characteristics and the 

ABL turbulence. However, in this approach the experiments are less controllable compared 

to the WT. Field measurements would probably provide the most reliable and accurate 

results, in terms of comparing different types of anemometers and signal processing 

methods, when the anemometers are exposed to the same wind field. Future work will 

attempt to develop a field intercomparison of the impact of anemometers and moving 

average filter duration on gust wind speed measurements. 

 

3.1.3.2 Application and Example 

The main objective of the present work is to emphasise the effects of gust duration on gust wind 

speed measurements, and to quantitatively assess the effect of the filtering caused by applying a 

moving average. In addition, knowing gust factor ratios (Eq. 3-9) is of great importance and is of 

much practical use in many research areas, such as the homogenisation of historical gust records of 

a country, the comparison of gust climatologies of two or more countries where different gust 

durations have been adopted, the validation of weather prediction models with observed wind 

speeds at meteorological stations, and so on. These ratios allow gust measurements recorded with 

a certain moving average duration to be converted to equivalent measurements with particular 

specified gust durations of interest. Therefore, this section presents and discusses the values of gust 

factor ratios for several different gust durations, which are being used in several ongoing research 

programmes. The gust factor ratios (Eq. 3-9) and errors (Eq. 3-8) obtained from the WT experiment 

and the theoretical FS approach for four sets of gust durations at various turbulence intensities are 

shown in Figure 3.9. 
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In the nearby countries Sweden and Norway, gust speeds are recorded using different gust 

durations, namely 2- and 3-s, respectively. This difference makes the direct comparison of gust 

speed observations, or predicted gust speeds using weather prediction models very challenging for 

the two countries. Therefore, the gust factor values obtained for the 2-s and 3-s gust durations are 

compared in detail in Figure 3.9a. It is evident from Figures Figure 3.4 and Figure 3.5 that increasing 

the gust duration from 2-s to 3-s decreases both the gust and peak factors, meaning that lower gust 

wind speeds are recorded when employing 3-s gust duration compared to a shorter 2-s gust 

durations.  

As can be seen in Figure 3.9a, at high turbulence intensities (37%), the gust factor ratios (R) and 

errors (𝜀) range from 1.033 to 1.044 and 3% to 4.5%, respectively. As 𝐼𝑢 reduces to 11%, R and 𝜀 

drop to around 1.016 and 1.5%, respectively. This means that at high turbulence intensities, 3-s gust 

wind speeds are about 4% lower than 2-s gust speeds, given the same incoming flow. It is also 

evident in Figure 3.9a that the R values obtained from the WT are within 1% of those calculated 

from the theory (1% error bars are shown in the figure), and the WT 𝜀 values are only about 0.3% 

to 0.6% less than the theoretical FS results. 

  
(a) (b) 

  

(c) (d) 

Figure 3.9. Gust factor ratios (Eq. 3-9) and errors (Eq. 3-8) between: (a) 3-s and 2-s gusts; (b) 3-s and 1-s gusts;  

(c) 3-s and raw measurements (4 Hz); (d) 5-s and raw measurements (4 Hz). 
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Although not shown here, the difference in gust wind speeds (i.e. maximum wind speed) measured 

by 2-s and 3-s definitions, have a similar trend to the gust factor ratios. At high 𝐼𝑢, the maximum 

wind speeds differ by 3% – 7% between 3-s and 2-s gust durations, and at low 𝐼𝑢, the differences 

decrease to 1% – 3 %. 

Some recent studies on the analysis of historical wind data across New Zealand (Safaei Pirooz and 

Flay, 2017; Safaei Pirooz et al., 2018a,b; Safaei Pirooz and Flay, 2018b; Safaei Pirooz et al., 

2019b,c; Turner et al., 2019) have demonstrated that two of the main factors that have significantly 

affected the gust wind speed time series recorded in New Zealand were changes in instrumentation 

and gust duration. These took place during the implementation of the Automatic Weather Stations 

(AWS) and the adaptation of the WMO – recommended (World Meteorological Organisation, 

2014) 3-s moving average gust definition in the 1990s. 

The heavy Mark II Munro cup anemometer with a chart recorder was the primary wind speed-

recording instrument in New Zealand until it was replaced by light Vector A101 and Vaisala 

WAA151 cup anemometers with digital recorders in the 1990s. Significant differences between the 

old and new systems, in terms of the response characteristics of the instruments, and observation 

practice and signal processing methods, considerably affected the historical wind data over the 

period of the record. Figure 3.10, by way of example, shows the discontinuities in the Auckland 

and Wellington annual maximum gust wind speeds that occurred in the 1990s.  

The effective gust duration before the use of digital recording systems was a function of the 

anemometer response. Holmes et al. (2014) showed that for a cup anemometer, 𝜏𝑒𝑞𝑢𝑖𝑣 can be 

approximated by 2(𝐷/�̅�), and earlier analogue data recorded directly from anemometers generally 

had an equivalent gust duration of less than 1s, although, since the 1990s, the WMO-recommended 

3-s moving average definition has (rather unfortunately) been applied to the data recorded by 

meteorological stations across New Zealand. Thus, in Figure 3.9b the gust factor ratios for 

converting 3-s to 1-s gust measurements, and vice versa, are provided. Results such as these have 

helped homogenise the wind speed time series and to eliminate breakpoints (Figure 3.10) in New 

Zealand wind data records. The value of R varies from 1.130 at high turbulence intensities to 1.047 

at low turbulence intensities, which correspond to errors of 11.7% and 4.5%, respectively. 1% error 

bars around the theoretical values shown in Figure 3.9 verify that the WT results are within 1% of 

the theoretical FS results, or less. 
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(a) (b) 

Figure 3.10. Annual maximum gust wind speeds recorded at: (a) Auckland airport (Safaei Pirooz and Flay, 2017);  

(b) Wellington airport (Safaei Pirooz et al., 2018b, Turner et al., 2019). 

Gust factor ratios to convert 3-s and 5-s gust measurements to 4 Hz gust measurements are shown 

in Figure 3.9c and d, respectively. In Australia, similar to New Zealand, the wind speed measuring 

system was changed in the 1990s, in Australia’s case, from Dines anemometers to Syncrotech cup 

anemometers. The former instrument had a short gust duration of about 0.2-s (Holmes and Ginger, 

2012), whereas after the 1990s the 3-s moving average gust definition was applied to the recorded 

data. Holmes and Ginger (2012) and Miller et al. (2013) provide gust factor ratios that convert  

0.2-s gust measurements to 3-s measurements, using the random process and linear system theory 

approach, which are also shown in Figure 3.9c along with the results of the present study. As can 

be seen, excellent agreement is achieved between the values reported in the literature and the present 

WT and theoretical FS results. At high and low turbulence intensities, gust factor ratios of about 

1.25 – 1.30 and 1.10 – 1.13 are required to convert 3-s gust records to equivalent 4 Hz raw 

measurement gust wind speeds, respectively. Also, applying a 3-s moving average filter results in 

up to a 25% and 10% reduction in the values of gust speeds compared to the 4 Hz gust speeds at 

high and low turbulence intensities, respectively.  

As the gust duration increases, the gust factor reduces further, and this can be seen in Figure 3.9d, 

where the gust factor ratios between 4 Hz raw and 5-s gust speeds are shown. The gust factor ratios 

(and errors) reach around 1.41 (25% – 30%) and 1.16 (10% – 15%) at high and low turbulence 

intensities, respectively.    

As discussed in detail above, the error and gust factor ratio values resulting from applying a moving 

average filter can be very significant, which, if not taken into account when analysing wind data, 

can contaminate the subsequent analyses and result in misleading conclusions. The gust factor ratios 

presented in the current study can be used by researchers from various research fields and industries 

to homogenise, compare, and study the gust wind speeds. 
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3.2 Response Characteristics of Anemometers Used in New Zealand 

As explained in the previous section, several types of cup anemometers with considerably different 

designs and recording systems have been used in New Zealand during various periods. In this study, 

wind-tunnel tests were carried out to compare the response characteristics of three main cup 

anemometers utilised in New Zealand, namely Munro MKII, hereafter referred to as MK II, Vector 

A101 and Vaisala WAA151 cup anemometers.  

The heavy MKII anemometer with a chart recorder was the primary wind speed recording 

instrument in New Zealand until it was replaced by light Vector A101 and Vaisala WAA151 cup 

anemometers with digital recorders in the 1990s. Significant differences between the old and new 

systems, in terms of the response characteristics of the instruments, observation practice and signal 

processing methods, considerably affected the historical wind data over the period of the record. 

For example, Figure 3.10 illustrated these effects on daily and annually recorded wind speeds at 

several meteorological stations in New Zealand. In addition, the adoption of the (World 

Meteorological Organisation, 2014) (WMO) 3-s moving average gust speed, which was introduced 

into New Zealand in the 1990s, has further affected the historical data. 

Same wind-tunnel setup and analysis method explained in Sections 3.1.2.2 and 3.1.2.3 were 

employed to compared the three measuring systems.  

The cup anemometers were calibrated and tested in the boundary-layer wind tunnel at the University 

of Auckland. The calibration was performed based on the recommendations of (ASTM D5096-02, 

2017) and using a Pitot-tube sensor as the reference. In addition, the distance constant (D) of each 

anemometer was determined according to the procedure explained in (ASTM D5096-02, 2017). 

Table 3.3 summarises the calibration equations and distance constants of the anemometers. In the 

calibration equations, the measured wind speed (𝑈) is expressed as a function of output pulse rate, 

f (Hz).  

Table 3.3. Calibration equations and distance constants 

Anemometer Calibration Equation  Distance constant D (m) 

MKII Munro 𝑈 = 0.5012𝑓 + 0.3388 14.26 ± 0.31 

Vector A101 𝑈 = 0.0983𝑓 + 0.1515 2.37 ± 0.2 

Vaisala WAA151 𝑈 = 0.0965𝑓 + 0.2176 1.27 ± 0.21 

An in-house Arduino-based data logger was used to record the output pulse rates of the Vector and 

Vaisala anemometers at a sampling frequency of 8 Hz. The AC output voltage of the MK II 

anemometer was initially converted to pulse outputs and then sampled at a frequency of 4 Hz, due 
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to the low number of pulses per revolution and the variability effects observed at higher sampling 

frequencies. Different values of turbulence intensities were generated in the wind tunnel by using 

grids and other roughness elements. In addition, a Cobra sensor, recording the three components of 

velocity and turbulence, was placed next to the cup anemometers as a reference instrument. In all 

cases, the mean wind speed was calculated by averaging the wind speeds recorded over a period of 

10 minutes. 

 

3.2.1 Results and Discussion 

Unlike both the Vector and Vaisla cup anemometers, the MK II has heavy cups and consequently 

higher inertia, resulting in slower response to wind speed fluctuations, and thus measuring lower 

standard deviations. Figure 3.11 compares the frequency response of these three anemometers in a 

turbulent wind with a mean wind speed of 13 m s-1 and turbulence intensity (𝐼𝑢) of 14.5%.  As can 

be seen, at low frequencies all the cup anemometers respond quite similarly to the wind speed. 

However, at high frequencies, the spectra decay faster for anemometers with larger distance 

constants. The Vector and Vaisala anemometers, because of their similar structure and cup 

dimensions, show a comparable frequency response at high frequencies, with slight differences.    

 
Figure 3.11. Comparison of power spectral densities from three cup anemometers and Cobra probe exposed to a 

turbulent wind field with 𝐼𝑢 = 14.5% and 𝑈 = 13 𝑚 𝑠−1. 

The effects of applying a moving-average filter on the measured wind speed were demonstrated in 

Section 3.1. Here, the influence of the moving average filter with various durations on the peak and 

gust factors measurements of the three anemometers are shown in Figure 3.12. 
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(a) (b) 

Figure 3.12. Effect of applying a moving average to the recorded wind speed on: (a) Peak factor; (b) gust factor 

As Figure 3.12 shows, for shorter gust durations all the tested cup anemometers show a nearly equal 

peak factor, about 3.7 to 3.8, which agrees with the peak factor of 3.7 reported by (Deaves and 

Harris, 1978). However, as the gust duration increases, the peak factors decrease monotonically, 

with the MK II showing the lowest values at all gust durations. Regarding the gust factor, the Vector 

and Vaisala anemometers exhibit a similar trend due to their comparable design and recording 

systems, thus they are quite equally sensitive to wind fluctuations. However, the MK II, due to its 

heavy cups and slow response to gusts, has much smaller gust factors compared to those of the 

Vector and Vaisala.  

In order to be able to compare the gust speeds recorded in New Zealand by the heavy-duty MK II 

anemometer prior to 1993 with the new measurements, gust factor ratios (Eq. 3-9)) between each 

two of the instruments should be obtained. Here we consider two cases for calculating these gust 

factor ratios: first, the anemometer response alone, without applying any filter to the output of 

anemometers; second, 3-s moving average filter was applied to the outputs of the Vector and Vaisala 

anemometers. The results are summarised in Table 3.4. 

In calculating the gust factors for the first case, “anemometer alone”, the gust duration is only a 

function of the response characteristics of the anemometers. The results show that when comparing 

the recordings of the anemometers directly, the Vector and Vaisala anemometers record gust values 

that are 7%-13% and 9-15% higher than those of recorded using the MK II, respectively. However, 

when applying the 3-s moving average filter to the outputs of the Vector and Vaisala anemometers, 

these differences drop to 2%-6% and 1%-6% for the Vector and Vaisala, respectively. The results 

of the gust factor ratios can also be interpreted from Figure 3.12b. 
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Table 3.4. Average expected gust factor ratios between pairs of anemometers 

 Vector/MK II Vaisala/MK II Vector/Vaisala 

𝐼𝑢 (%) 
Mean wind speed  

(m/s) 

Anemometer  

alone 

WMO-3s 

 gust 

Anemometer  

alone 

WMO-3s 

 gust 

Anemometer  

alone 

WMO-3s 

 gust 

8 13.4 1.08 1.02 1.11 1.01 0.97 1.00 

8.6 11.3 1.07 1.02 1.10 1.01 0.98 1.00 

9.6 4.6 1.08 1.05 1.09 1.03 0.99 1.02 

14.3 13.1 1.09 1.03 1.15 1.02 0.93 1.01 

15 10.8 1.12 1.03 1.14 1.04 0.96 1.00 

16 4.2 1.13 1.06 1.15 1.06 0.98 1.01 

 

3.3 Conclusions  

The chapter aimed at:  

1) Assessing the effects of a set of various moving average filter durations and turbulence 

intensities on the recorded maximum gust wind speeds (Section 3.1).  

2) Comparing the response characteristics of anemometers widely used in New Zealand over 

the last five decades (Section 3.2).  

To investigate the first objective, Wind-tunnel experiments were conducted to study the effects of 

the effective gust (moving average) durations on measured maximum gust wind speeds, and also to 

quantify the errors rising from applying a moving average filter to a wind signal. A theoretical 

approach, which uses the properties of the full-scale wind in the atmospheric boundary layer, was 

also employed, and its results were compared with those from the wind tunnel. Excellent agreement 

was achieved between the differences and gust factor ratios computed from the wind-tunnel tests, 

the theoretical approach, and values reported in the literature. To summarise, the major findings of 

this experimental study are: 

• The results show that increasing the effective gust duration reduces both the gust and peak 

factors, resulting in an underestimation of maximum gust wind speeds and an overestimation 

of minimum gust wind speeds. 

• The maximum difference between gust factors obtained for high (e.g. 3-s to 5-s) and low 

(raw, unfiltered measurements) gust durations reached values of 25% – 30% for the high 

turbulence conditions, and up to 5% – 10% for low turbulence intensities.  

• Gust factor ratios, an important parameter that allow the measurements from a specific gust 

duration to be converted to other gust durations of interest, are reported for various gust 

durations as a function of turbulence intensity.  
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• The differences and gust factor ratios computed in this study can be applied directly to full-

scale measurements, and can be used in several research areas, including analysing and 

homogenisation of historical wind speed time series, comparing gust climatologies of 

countries where different gust durations have been adopted, and so on. These factors clearly 

play an essential role in meteorological, climatological and wind engineering studies. 

The results of the present study are being used in several ongoing research projects by the authors, 

such as the assessment of the predictions of a weather forecast model in comparison with observed 

wind speeds over Sweden and Norway; the prediction of New Zealand design wind speeds, and 

long-term trends in magnitudes and frequencies of extreme wind speeds. 

To further investigate the wind records in New Zealand, the most widely used anemometers and 

recording systems over the last five decades in New Zealand were tested in a wind tunnel to study 

their response characteristics, and also to compute factors that allow the measurements from one 

instrument to be converted to other measuring systems, and vice versa. The results show that on 

average the Vector and Vaisala anemometers record gust values that are 7% - 13% and 9 - 15% 

higher than those recorded using the MK II, respectively, and when the WMO-recommended 3-s 

moving average is applied to the outputs of the Vector and Vaisala, these differences drop to 2% - 

6% and 1% - 6% for the Vector and Vaisala, respectively. 
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Chapter 4  

Effects of Local Topography:  

CFD and Wind-Tunnel Investigations 

 

 

 

As discussed in Chapter 2, local topography can significantly affect the wind flowing above it. 

Therefore, where wind speed measurements have been influenced by local topography, the speed-

up effect should be removed from the recorded wind speeds prior to any subsequent analyses. In 

addition, gaining a better understanding of the wind speed-ups over hills is of great importance to 

accurately estimate the wind loads on structures constructed on the top of hills, such as 

communication towers, transmission lines, etc.  

In this chapter, the accuracy of the speed-up provided in several wind-loading standards is evaluated 

by comparison with wind-tunnel measurements and numerical predictions, carried out at a nominal 

scale of 1:500 and full-scale, respectively. Airflows over two- and three-dimensional bell-shaped 

hills are modelled numerically using the Reynolds-averaged Naveier-Stokes (RANS) method with 

a pressure-driven atmospheric boundary layer and three different turbulence models. The effects of 

grid size on the speed-up and flow separation are investigated in detail, as well as the resulting 

uncertainties in the numerical simulations. Good agreement is obtained between the numerical 

prediction of speed-up, as well as the wake region size and location, with that according to large-

eddy simulations (LES) and the wind-tunnel results. The numerical results demonstrate that RANS 

has the ability to predict the airflow over a hill with good accuracy with considerably less 

computational time than for large-eddy simulation. Numerical simulations for a three-dimensional 

hill show that the speed-up and the wake region decrease significantly when compared with the 
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flow over two-dimensional hills due to the secondary flow around the sides of three-dimensional 

hills. Different hill slopes and shapes are simulated numerically to investigate the effect of hill 

profile on the speed-up. In comparison with more peaked hill crests, flat-topped hills have a lower 

speed-up at the crest up to heights of about half the hill height, for which none of the standards give 

entirely satisfactory values of speed-up. Overall, the latest versions of the National Building Code 

of Canada and the Australian and New Zealand Standard give the best predictions of wind speed 

over isolated hills.  

The RANS method does not simulate fluctuations in wind speed. Thus, gust speed-ups cannot be 

computed. For this reason, in the last section of this chapter, a hybrid RANS/LES approach is 

employed to investigate airflow over single and multiple sinusoidal hills.  

 

The first part of the chapter (i.e. the RANS method) is based on the co-authored paper:  

Amir Ali Safaei Pirooz, Richard G.J. Flay, 2018. Comparison of Speed-up Over Hills Derived 

from Wind-Tunnel Experiments, Wind-Loading Standards, and Numerical Modelling. Journal of 

Boundary-Layer Meteorology, 168:213-246, DOI: 10.1007/s10546-018-0350-x.  

The last part of the chapter (i.e. Hybrid RANS/LES) is based on the co-authored paper: 

Amir Ali Safaei Pirooz, Richard G.J. Flay, Bahare Jahani, 2019. Wind Flow over Complex 

Terrain: Comparison of RANS and Hybrid RANS/LES Simulations. In: International Conference 

on Wind Engineering (ICWE 15), Beijing, China, Sep 2019. 

 

 

Other related publications:  

Dustin Parkinson, Amir Ali Safaei Pirooz, Richard G.J. Flay, 2018. Investigation of speed-up in 

atmospheric boundary layer flow over two-dimensional complex terrain. In: 21st Australasian Fluid 

Mechanics Conference, Adelaide, Australia, Dec 10-13, 2018 

Amir Ali Safaei Pirooz, Richard G.J. Flay, 2017. A comparison of wind tunnel, AS/NZS1170.2, 

and CFD wind speed-ups over a rounded hill. In: 13th Americas Conference on Wind Engineering 

(ACWE 2017), Gainesville, Florida USA, 21-24 May, 2017 
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4.1 Introduction  

4.1.1 Airflow over Complex Terrain  

Changes in the surface elevation of the Earth, such as the presence of hills or mountains, force large-

scale changes in the pressure field within the atmospheric boundary layer (ABL), and exert a drag 

force on the atmospheric flow above (Kaimal and Finnigan, 1994). Airflow over hilly terrain is a 

complex problem with important implications in many fields. Due to the practically infinite number 

of situations, the approach to this problem must be carried out starting from simple configurations 

and standard types of flow, proceeding to more complex situations (Ferreira et al., 1991). Estimating 

the wind forces on structures, the utilisation of wind power, observations at meteorological stations, 

the dispersion of pollutants and many other phenomena are significantly affected by the airflow 

over hills. In practical situations, these effects need to be predicted, with any improvement requiring 

a better understanding and improved observations of the flow over hills (Jackson and Hunt, 1975). 

Wind speeds above different topography and wind loads on structures are usually estimated by 

using wind-loading standards or codes, in which it is important to ensure that values and methods 

given are as accurate as possible. Topographic features, such as hills and ridges, can significantly 

increase the effects of extreme weather, such as cyclones and hurricanes, by increasing near-surface 

wind speeds, which consequently results in larger wind loads on structures. Miller et al. (2013a) 

show that even the low-lying topography of the Bermuda Islands, which rises to a maximum 

elevation of 76 m, was a significant factor in damage during Hurricane Fabian on 5 September 2003 

by increasing the near-surface wind speeds. In this event, the underlying topography increased the 

local wind speed, reaching Category 4 strength on the Saffir-Simpson hurricane wind scale, while 

the over-water strength was only Category 2. Apart from the increase in wind speed in hilly terrain, 

hills affect the local wind direction, which subsequently distorts the directional variation of the wind 

climate (Cook, 1985). 

For airflow over hills, the velocity, direction, and turbulence quantities vary, and the mechanisms 

affecting these variations arising from the unpredictable behaviour of the flow are not well 

understood. One of the first approximate analytical solutions to describe the flow over low hills by 

(Jackson and Hunt, 1975) shows how the size and shape of the hill and surface roughness affect the 

wind speed and surface shear stress. They compared their analytical results with wind-tunnel 

measurements and observations, and demonstrated that the theory is useful in predicting the effects 

of shallow hills on the airflow. Another numerical model of flow over an isolated two-dimensional 

hill with gentle topography by (Taylor and Gent, 1974) shows the effects of surface roughness and 

hill height. The influence of gentle topography on the surface pressure, surface shear stress and 



 

68 

 

wind speed was illustrated, and it was shown that the wind speed and wall shear stress are greater 

on the upwind side of the hill. Bowen (1983) collected a wide range of experimental data from full-

scale observations, wind-tunnel measurements and numerical studies and compared them in non-

dimensional form with the results from a theoretical model. He concluded that, when velocity data 

above the crest are presented as a non-dimensional incremental velocity, the wind speed and speed-

up only depend on the overall hill shape, and the turbulence behaves in a coherent and predictable 

manner. Moreover, for a bell-shaped hill, the speed-up is a maximum at the surface above the crest.  

The first numerical and theoretical studies (Bowen, 1983; Hunt et al., 1988; Jackson and Hunt, 

1975; Teunissen, 1983) that investigated the effects of low topography on airflow relied on the 

techniques of asymptotic matching applied to the flow over hills, for which the equations of motion 

are linearised (Kaimal and Finnigan, 1994). However, on steep hills, the assumptions of linear 

theory are inapplicable, so that solution of the non-linear equations is required to fully describe the 

flow field (Kaimal and Finnigan, 1994). Therefore, numerical models should be employed to 

investigate flow separation and other significant changes in flow characteristics. 

Hewer (1998) used a non-linear model described by Wood and Mason (1993) to simulate the flow 

over an isolated hill of moderate slope, and compared the simulation results with observations and 

available linear methods. The results show that the non-linear model predicts the lee-slope wind 

speed significantly better than the linear models, though the non-linear model still overestimates 

the leeside wind speed compared with the observed values. Wood (1995) numerically studied the 

flow over two- and three-dimensional hills using a linear approach to determine the critical slopes 

of hills at which the separation occurs, and found that the critical slopes for two- and three-

dimensional hills are 0.31 and 0.63, respectively. Although the approach was not strictly rigorous 

as the author claimed, good agreement was achieved with other numerical and experimental results. 

Kim et al. (1997) carried out experimental and numerical investigations of flow over two-

dimensional single and continuous double hills with slopes of 0.3 and 0.5, concluding that, for a 

single hill, flow separation occurs for a hill slope of 0.5. They also investigated the effects of the 

neighbouring hills on the velocity profiles.  

To investigate the flow over different hill geometries, including shallow sinusoidal hills, steep 

sinusoidal hills, consecutive hills and irregularly-shaped hills, Carpenter and Locke (1999) 

performed extensive wind-tunnel measurements, comparing the wind-tunnel results with 

computational fluid dynamics (CFD) simulations using a k – ɛ turbulence model. They found that 

the highest measured mean speed-up occurs at a height of 5 m above the hill crests for single shallow 

and steep hills. Although the maximum speed-up is usually expected to occur above the crest at the 

surface (Bowen, 1983), it was shown by Carpenter and Locke (1999) that these wind-speed 
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amplifications vary significantly at different heights above the crests, and at different upstream and 

downstream locations. In the case of consecutive hills, it was shown that the turbulence generated 

by the first hill increases the gust speed-up considerably over the second hill. The CFD results are 

comparable with measurements over the shallow hills, but for the steep hills, a higher speed-up is 

predicted compared with that obtained from the wind-tunnel study.   

By using an object-oriented approach, Bitsuamlak et al. (2004) developed a CFD model to 

investigate the effects of topography on design wind loads and speed-up, claiming that their CFD 

model results compared well with wind-tunnel results. Balogh et al. (2012) modelled a neutral ABL 

by using an enhanced k – ɛ turbulence model with a wall function, and used this homogeneous ABL 

to simulate the flow over complex terrain and hills. As a result, the potential of their proposed 

methodology and the satisfactory performance of the open source CFD software OpenFOAM were 

demonstrated. Chaudhari et al. (2014) used large-eddy simulation (LES) to investigate the turbulent 

flow over a two-dimensional hill and complex terrain. Subsequently, they used the LES approach 

to investigate the flow over real wind-farm topography.  

(Moreira et al., 2012) compared the performance of various Reynolds-averaged Navier-Stokes 

(RANS) turbulence models in simulating the airflow over and around Askervein Hill. The 

experimental data were used to validate the simulation results, and the inlet velocity profile was 

defined based on regression adjustments to those data. They modelled domains with resolutions of 

2 m and 10 m, with results showing that, for the 2-m resolution domain, the Reynolds-stress 

turbulence models (Speziale–Sarkar–Gatski and Baseline models) provide good wind-speed 

predictions, but poor predictions of the turbulence kinetic energy (TKE) on the leeside of the hill.  

Recently, to evaluate the accuracy of three-dimensional steady RANS models in simulating the 

airflow over natural complex terrain, Blocken et al. (2015) carried out a CFD study, and validated 

the results with field measurements. The complex terrain consisting of an irregular succession of 

hills and valleys surrounding a narrow entrance channel was simulated by using the CFD package 

ANSYS Fluent 6.3 with the k – ɛ turbulence model for 12 wind directions. They used the Richards 

and Hoxey's (1993) velocity and turbulence profiles at the inlet, the equivalent sand-grain size at 

the surface, zero static pressure at the outlet, and slip-wall boundary conditions at the sides and top 

of the domain. Their results demonstrate that the three-dimensional steady RANS approach 

provides a reasonably accurate assessment of the mean airflow pattern over natural complex terrain, 

with the predicted mean wind-speed within 10–20% of the field measurements.  

In hilly countries such as New Zealand, the hill-shape multiplier is a very important factor in 

calculating the design wind speed to achieve a safe level of structural design for buildings. Recently, 
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Flay et al. (2012) attempted to improve the method of analysing design speed-ups over the rugged 

Belmont Hills in Wellington, New Zealand using three different methods, including field 

measurements, wind-tunnel measurements, and CFD modelling with the program Gerris (Popinet, 

2003) and the commercial software WAsP (Wind Atlas Analysis and Application Program) (Troen 

and Petersen, 1989). The results from all methods are similar, with the worst agreement for the 

WAsP results. It was found that the current method provided in the (AS/NZS 1170.2, 2011) wind-

loading standard to estimate the speed-up does not account for the effects of land features on the 

scales of tens to hundreds of metres, and this method can seriously underestimate the wind speeds 

needed for design purposes in complex terrain. Figure 4.1a compares the measured wind speeds 

over a particular hill from the wind-tunnel study of the Belmont Hill complex terrain with estimates 

from (AS/NZS 1170.2, 2011).  

 

(a) 

 

(b) 

Figure 4.1. Gust speed-up calculated using (AS/NZS 1170.2, 2011) assuming the hill abuts the sea and is a local 

feature compared with the measured gust speed-up from a wind-tunnel investigation (Flay et al., 2013); (b) Belmont 

Hill topographic factors calculated from the procedures in several different wind-loading standards (Flay et al., 2015). 

Although using the local hill slope in the (AS/NZS 1170.2, 2011) approach works well at very low 

heights, it does not work well above a height of 10 m when it begins to considerably overestimate 

the speed-up. If the upstream location of the start of the hill is far away (where the slope < 0.05), 

Figure 4.1a shows that (AS/NZS 1170.2, 2011) gives good predictions at a height of 100 m 

compared with the wind-tunnel measurements, but this approach also underestimates the speed-up 

at low heights, and overestimates it for greater heights. The profile of Belmont Hill for the wind 

direction studied is shown in Figure 4.1b. In the Belmont Hill study (Flay et al., 2012; Flay et al., 

2015), apart from (AS/NZS 1170.2, 2011), six other international wind-loading standards were also 

reviewed and their methods used to predict the speed-up over the Belmont Hill. However, since all 

of them use similar approaches to estimate the speed-up, the results from the standards are similar, 
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and none of them are able to provide adequate factors to correctly predict the changes in the wind 

speed in this complex terrain containing multiple crests and valleys (Figure 4.1b). 

Our primary motivation here is the investigation of the differences observed between the calculated 

and measured speed-up in the Belmont Hill study (Flay et al., 2012; Flay et al., 2013; Flay et al., 

2015), as well as with the values given in several wind-loading standards. As can be seen in Figure 

4.1b, at several locations, the wind-loading standards overestimate, while at other points, 

underestimate the measured speed-up factors. Thus, our aim is to investigate which aspects are not 

taken into account in the wind-loading standards, and which aspects contribute to providing 

inaccurate hill multipliers when compared with the real situation. 

 

4.1.2 Numerical Modelling of Airflow in the Atmospheric Boundary Layer 

The use of CFD models, particularly commercial CFD packages, has become widespread for 

modelling airflow in the ABL. However, reliable predictions of flow characteristics, such as speed, 

direction and turbulence properties, rely upon accurate modelling results. Despite the fact that the 

CFD packages are widely available, well-developed, and broadly verified and validated, several 

authors (Blocken et al., 2007; Hargreaves and Wright, 2007; O’Sullivan et al., 2011; Richards and 

Hoxey, 1993) have demonstrated that these commercial CFD packages are not entirely suitable for 

modelling ABL flow using their default functionality, including the turbulence models, sand-grain 

wall-function models, and the assumption of neutral conditions, implying CFD packages must be 

used with care.  

Many computational wind-engineering problems are sensitive to the approaching flow velocity and 

turbulence property profiles, and Richards and Hoxey (1993) recommended that the ABL should 

be modelled as horizontally homogeneous. This assumption ensures that the velocity and turbulence 

profiles are maintained throughout the domain in the absence of streamwise gradients in the vertical 

profiles. Despite the importance of simulating a horizontally-homogeneous boundary layer in 

numerical models, most of the studies carried out on the ABL still do not implement a horizontally-

homogeneous boundary layer (Hargreaves and Wright, 2007), which induces the velocity and 

turbulence quantities to change significantly upstream of the structures or hills. Unintended 

differences, even minor changes, between the inlet, approach, and outlet flows can affect the CFD 

simulations and thus contaminate the investigation, such as the perturbation in wind speed due to 

the hill alone. Successful CFD modelling of the ABL has been reported by Hargreaves and Wright 

(2007) and Richards and Hoxey (1993), who used the k – ɛ turbulence model to propose a suitable 

set of boundary conditions to ensure a homogeneous boundary layer. However, it was later 
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demonstrated by Hargreaves and Wright (2007) that the profiles proposed by Richards and Hoxey 

(1993) are not sufficient by themselves to generate a horizontally-homogeneous ABL in the CFD 

packages, so that additional modifications to the wall and top boundary conditions are needed to 

produce a consistent ABL.  

Several combinations of boundary conditions have been investigated and discussed by various 

authors to produce a horizontally-homogeneous ABL. Blocken et al. (2007) identified problems 

that arise from the use of sand-grain roughness wall functions, and suggested several modifications 

to minimise the inhomogeneity errors. When the upstream mean velocity is more important than 

the upstream turbulence quantities or downstream profiles, several recent studies (Blocken and 

Carmeliet, 2004; Blocken and Carmeliet, 2006; Blocken et al., 2007) recommend using artificial 

modifications of the inlet TKE and surface-roughness coefficients. Needless to say, changing the 

inlet turbulence properties produces errors downstream in the computational domain (Hargreaves 

and Wright, 2007). 

In comparison with the depth of the ABL, the height of the computational domain is often 

considerably smaller, such that a constant shear stress can be assumed and Coriolis effects neglected 

(O’Sullivan et al., 2011; Richards and Hoxey, 1993). However, unlike Richards and Hoxey's (1993) 

recommendation to apply a constant shear stress at the top boundary, many researchers use a zero-

gradient boundary condition, which is not consistent with the Richards and Hoxey profiles, and 

prevents the airflow from exiting and re-entering the domain, which consequently results in 

artificial acceleration above obstructions (Franke et al., 2007; O’Sullivan et al., 2011). If a 

symmetry boundary condition is intended to be applied at the top boundary, the Richards and Hoxey 

profiles cannot be used, and, instead, the newer inlet profiles recently proposed by Richards and 

Norris (2015) for a pressure-driven ABL should be implemented. O’Sullivan et al. (2011) proved 

that using inconsistent zero-gradient boundary conditions at the top of the domain produces errors 

in the streamwise velocity component, which are the most severe in the lowest part of domain, 

which is also the main zone of interest to wind engineers.  

The TKE (k) profile proposed by Richards and Hoxey (1993) has constant values with height, 

though according to wind-tunnel and full-scale measurements, k decreases with height. With regard 

to this, Yang et al. (2009) proposed new inflow turbulent boundary conditions that take into account 

the decrease in k with height, and also showed that the Richards and Hoxey profiles of k and the 

turbulence eddy dissipation rate (ɛ) are a special case of their proposed turbulence profiles. Richards 

and Norris (2011) extended the work of (Richards and Hoxey, 1993) for the k – ɛ turbulence model 

to provide similar results for other turbulence models, and described new profiles for these 

turbulence models and their application within the commercial CFD code CFX 12.0.  
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Here, we aim to simulate flow over two- and three-dimensional bell-shaped hills in the CFD 

package ANSYS CFX 17.0 (ANSYS Inc., 2011) by using the pressure-driven ABL approach 

proposed by Richards and Norris (2015). The results are compared with wind-tunnel measurements, 

and various wind-loading standards. Initially, a homogeneous boundary layer is produced and the 

effects of the hill on the airflow are investigated. Three different turbulence models, namely the 

standard k – ɛ model of (Launder and Spalding, 1974), the k – ω model (Wilcox, 1993) and the 

blending of these in the shear-stress transport (SST) model (Menter, 1994), are used to simulate the 

flow over the hills. By comparing the simulation results with those from the wind tunnel, we 

determine the turbulence model with the most accurate prediction of speed-up, and the best estimate 

of the location and extent of flow separation. After validating the numerical model, different hill 

slopes and shapes are modelled using the ANSYS CFX 17.0 software to better understand the 

significant effects of the hill shape on the hill speed-up multiplier. 

 

4.2 Methodology and Formulation 

4.2.1 Wind-Loading Standards 

4.2.1.1 Airflow over a Hill According to (AS/NZS 1170.2, 2011) and (AS 1170.2, 1989)   

If the structure under consideration is located within a local topographic zone, the topographic 

multiplier is obtained from an appropriate wind-loading standard, which in New Zealand is 

(AS/NZS 1170.2, 2011). In this current version, the hill-shape multiplier is based on gust wind 

speeds. Figure 4.2a shows a schematic diagram of a bell-shaped hill from (AS/NZS 1170.2, 2011). 

(a) 
 

(b) 
Figure 4.2.  Hills and ridges: (a) AS/NZS 1170.2 (2011); (b) Australian Standard 1170.2 (AS 1170.2, 1989) 

In wind-loading standards, the slope of hills is usually defined as half the hill height H/2 divided by 

the horizontal distance upwind from the crest of the hill to a level half the height below the crest 

𝐿𝑢. In (AS/NZS 1170.2, 2011), it is assumed that the flow separation occurs for slopes > 0.45, and 
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also that the speed-up effect is independent of slope for values of 𝐻 (2𝐿𝑢)⁄ > 0.45. The speed-up 

multiplier (𝑀ℎ) is defined as Eqs. 4-1(a-d). 

𝑀ℎ = 1.0                                               
𝐻

𝐿𝑢
< 0.05 ,  (4-1a) 

𝑀ℎ = 1 + (
𝐻

3.5(𝑧+𝐿1)
) (1 −

|𝑥|

𝐿2
)          0.05 ≤

𝐻

2𝐿𝑢
≤ 0.45,  (4-1b) 

𝑀ℎ = 1 + 0.71 (1 −
|𝑥|

𝐿2
)                    

𝐻

2𝐿𝑢
> 0.45 within the separation zone (Figure 4.2a), (4-1c) 

𝑀ℎ = 1 + (
𝐻

3.5(𝑧+𝐿1)
) (1 −

|𝑥|

𝐿2
)         

𝐻

 2𝐿𝑢
> 0.45 elsewhere, (4-1d) 

where H, 𝐿𝑢 and x are shown in Figure 4.2a, and z is the height above the local ground level. The 

length scales 𝐿1 and 𝐿2 are defined as follows: 𝐿1 is used to determine the vertical variation of 𝑀ℎ 

and is taken as the greater of 0.36𝐿𝑢 and 0.4H; 𝐿2 is used to determine the horizontal variation of 

𝑀ℎ, and is taken as 4𝐿1 upwind for all terrain types, and downwind for hills and ridges, or 10𝐿1 

downwind for escarpments. Figure 4.2a shows the expected separation zone for steep hills starting 

at the crest, and extending for a distance H/4 downstream. 

In contrast, in a previous version of the Australian Standard (AS 1170.2, 1989), the speed-up 

multiplier, Eqs. 4-2(a,b) and 4-3(a-c) and Figure 4.2b, was defined with respect to mean wind speeds 

as  

𝑀𝑡 = 1.0              𝜙 < 0.05, (4-2a) 

�̅�𝑡 = 1 + (𝑘𝑡𝑠𝜙
′), (4-2b) 

where 𝜙 is the effective upwind slope of a hill, 

𝜙 = 𝐻 (2𝐿𝑢)⁄ , (4-3a) 

𝜙′ = min(𝜙, 0.3), (4-3b) 

and 𝑘𝑡 is a type factor for topography, 

𝑘𝑡 = 1.4 + 36(𝜙𝑑 − 0.05), (4-3c) 

with a maximum of 3.2 for hills and ridges. In the above, s is a position factor for topography effects 

and is defined as 
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𝑠 =

{
 
 

 
 (1 −

|𝑥|

1.5𝐿∗
) (1 −

𝑧

𝐿𝑢
)      for 𝜙 ≤ 0.3,

(1 −
|𝑥|

1.5𝐿∗
) (1 −

0.6𝑧

𝐻
)      for 𝜙 ≥ 0.3,

 (4-3d) 

where 𝐿∗ is the hill-shape length parameter that defines the boundaries of the local topographic zone 

(Figure 4.2b). For negative values of x, 𝐿∗ = 1.67𝐻  for 𝜙 ≥ 0.3, and for positive values of x, 𝐿∗ =

max(𝐿𝑢, 1.67𝐻) for hills and ridges; 𝜙𝑑 is the average downward slope of a hill or ridge, measured 

from the crest of a hill to the ground level at a distance of 5H (Figure 4.2b). 

 

4.2.1.2 Airflow over a Hill According to (ASCE-7, 2016)   

Another wind-loading standard used for comparison purposes can be found in (ASCE-7, 2016), 

where it is deemed that the speed-up due to the presence of hills affects a gust wind-speed multiplier. 

In (ASCE-7, 2016), 𝐾𝑧𝑡 is the required multiplier to account for the effects of topography on the 

dynamic pressure defined as  

𝐾𝑧𝑡 = (1 + 𝐾1𝐾2𝐾3)
2, (4-4) 

where 𝐾1, 𝐾2 and 𝐾3 are factors accounting for the shape of the topographic feature, the reduction 

in speed-up with horizontal distance upwind and downwind of the crest, and the reduction in speed-

up with height above the local terrain, respectively. Therefore, to consider the effects of the 

topography on the design gust speed, the basic wind speed should be multiplied by 𝐾𝑧𝑡
1/2

. Values of 

the factors used in Eq. 4-4 for different topographies, such as two-dimensional ridges and 

escarpments and three-dimensional axisymmetrical hills are provided in (ASCE-7, 2016). The 

equations for 𝐾2 and 𝐾3 are written as 

𝐾2 = (1 − |𝑥|/𝜇𝐿𝑢), (4-5a) 

𝐾3 = exp(−𝛾𝑧/𝐿𝑢), (4-5b) 

respectively, where 𝜇 and 𝛾 are horizontal and height attenuation factors, respectively, whose values 

for different hill shapes can be found in (ASCE-7, 2016). This standard assumes that the maximum 

speed-up occurs near the crest, and that hills with slopes < 0.1 are unlikely to cause significant 

speed-up. For slopes > 0.25 (or 𝐻/𝐿𝑢 > 0.5), the topography multiplier 𝐾𝑧𝑡 takes on a constant 

value. ASCE-7 (2016) does not specifically mention the expected separation and wake region 

generated by hills, and their effects on the speed-up. 



 

76 

 

4.2.1.3 Airflow over a Hill According to National Building Code of Canada (NBC, 2015) 

As with (ASCE-7, 2016), the National Building Code of Canada (NBC, 2015) takes into account 

the topographic effects on the dynamic pressure. However, unlike (ASCE-7, 2016), NBC (2015) 

provides a topographic multiplier that affects the mean wind speed, stating that topographies with 

slopes < 0.1 are unlikely to produce a significant speed-up, and for the hills with slopes > 0.25, the 

topography multiplier takes a constant value. The topographic factor, which is applied to the 

reference dynamic pressure, is defined as 

𝐶𝑡 = (1 +
∆𝑆

𝐶𝑔
) (1 + ∆𝑆), (4-6a) 

where 𝐶𝑔 is the gust-factor effect, and  

∆𝑆 = ∆𝑆𝑚𝑎𝑥 (1 −
|𝑥|

𝑘𝐿𝑢
)exp(−𝛼𝑧/𝐿𝑢), (4-6b) 

where ∆𝑆𝑚𝑎𝑥 is a relative speed-up factor at the crest near the surface, 𝛼 is a decay coefficient for 

the decrease in speed-up with height, and k is a constant. The values of these parameters depend on 

the shape and slope of the topography, with values for two- and three-dimensional hills and two-

dimensional escarpments provided in (NBC, 2015). Therefore, according to (NBC, 2015), the mean 

speed-up over a hill or escarpment is obtained from 

𝐶𝑡,𝑣 =
𝑈(𝑧) + ∆𝑆. 𝑈(𝑧)

𝑈(𝑧)
, (4-6c) 

where 𝑈(𝑧) is the reference wind speed at height z above the flat terrain. 

 

4.2.1.4 (Eurocode 991-1-4, 2005) + (BS National Annex, 2010) and (BS6399-2, 1997) 

In the Euro Code and UK National Annex, hereafter BS-EN (2005-2010), the orographic factor 𝐶0 

is defined as the increase in mean wind speed over isolated hills and cliffs, but not over undulating 

and mountainous regions. BS-EN (2005-2010) considers the effects of the topographic multiplier 

when the topography leads to an increase in the wind speed by more than 5%, and states that these 

effects can be neglected when the average slope of the upwind terrain < 3°. Also, for slopes > 0.3, 

𝐶0 takes a constant value. The method used in BS-EN (2005-2010) is similar to the approach used 

in (BS6399-2, 1997). The orographic factor 𝐶0 for different ranges of hill slopes is defined as 

                                  𝐶0 = 1,                   for        𝜙 < 0.05 (4-7a) 



 

77 

 

                                      𝐶0 = 1 + 2𝑠𝜙,        for       0.05 < 𝜙 < 0.3 (4-7b) 

                                      𝐶0 = 1 + 0.6𝑠𝜙     for       𝜙 > 0.3, (4-7c) 

where 𝜙 is the upwind hill slope, and s is the orographic location factor, which for hills and ridges 

is written as  

𝑠 = 𝐴 exp (𝐵
𝑋

𝐿
), (4-8) 

where L is the actual length of the hill slope. For calculating the parameters A and B, BS-EN (2005–

2010) considers two cases for hills, 

a) Upwind section, for the ranges −1.5 ≤
𝑥

𝐿𝑢
≤ 0 and 0 ≤

𝑧

𝐿𝑒
≤ 2;  

𝐴 = 0.1552 (
𝑧

𝐿𝑒
)
4

− 0.8575 (
𝑧

𝐿𝑒
)
3

+ 1.8133 (
𝑧

𝐿𝑒
)
2

− 1.9115 (
𝑧

𝐿𝑒
)
 

+ 1.0124, (4-9a) 

𝐵 = 0.3542 (
𝑧

𝐿𝑒
)
2

− 1.0577 (
𝑧

𝐿𝑒
)
 

+ 2.6456, (4-9b) 

where 𝐿𝑢 is the actual length of the upwind slope and 𝐿𝑒 is the effective length that takes the value 

𝐻/0.3 for steep hills (𝜙 > 0.3).  

b) Downwind section, for the ranges 0 ≤
𝑥

𝐿𝑑
≤ 2 and 0 ≤

𝑧

𝐿𝑒
≤ 2, where A is calculated as in 

Eq. 4-9a, and B is written as  

𝐵 = −0.3056 (
𝑧

𝐿𝑒
)
2

+ 1.0212 (
𝑧

𝐿𝑒
)
 

− 1.7637. (4-10) 

When 𝑥 𝐿𝑢⁄  and 𝑧 𝐿𝑒⁄  are outside of the above-mentioned ranges, s takes a value of zero. More 

details on the variables and also the calculation of 𝐶0 for escarpments are provided in BS-EN (2005–

2010). 

 

4.2.2 Modelling of the Atmospheric Boundary Layer with Computational 

Fluid Dynamics models 

As discussed above, there are two approaches commonly used for modelling the ABL: wall-shear 

driven and pressure driven. Here, the results from the CFD modelling are compared with wind-

tunnel results and predictions from the wind-loading standards. In the wind tunnel and in the ABL, 

the airflow is mainly generated by horizontal pressure differences. Therefore, for a better 

comparison, it was decided to use the pressure-driven CFD approach. For the pressure-driven ABL, 

the mathematical model of (Deaves and Harris, 1978) is used to derive the mean wind-speed inlet 

profiles (Richards and Norris, 2015),  
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𝑈(𝑧) =
𝑢∗

𝜅
(ln (

𝑧

𝑧0
) + 5.75 (

𝑧

ℎ
) − 1.875 (

𝑧

ℎ
)
2

− 1.333 (
𝑧

ℎ
)
3

+ 0.25 (
𝑧

ℎ
)
4
), (4-11) 

where 𝑧0 is the aerodynamic roughness length, 𝑢∗ is the friction velocity, 𝜅 is the von Karman 

constant (= 0.4), and h is the gradient height defined as 

ℎ =
𝑢∗

6𝑓
 , 

(4-12) 

where 𝑓 = 2𝛺 sin𝜙 is the Coriolis parameter, 𝛺 is the rate of rotation of the earth (72.9×10-6  

rad s-1), and 𝜙 is the latitude assumed to be 45°. The details and derivation of equations for the 

pressure-driven ABL are elaborated in (Richards and Norris, 2015). Considering the dominance of 

synoptic winds in New Zealand (See Chapter 5), only neutral ABL profiles are simulated here. 

 

4.2.2.1 Boundary Conditions and Solver Settings  

The symmetry boundary condition is used at the top boundary and the pressure-outlet boundary 

condition with zero gauge pressure applied at the outlet of the domain. The inlet mean wind speed 

U and turbulence profiles for the standard k – ɛ, k – ω, and SST turbulence models are (Richards 

and Norris, 2015). 

𝑈(𝑧) =
𝑢∗

𝜅
(ln (

𝑧

𝑧0
) + 𝐶𝑈1 (

𝑧

𝐻
) + 𝐶𝑈2 (

𝑧

𝐻
)
2

+ 𝐶𝑈3 (
𝑧

𝐻
)
3

+ 𝐶𝑈4 (
𝑧

𝐻
)
4
), (4-13) 

𝑘(𝑧) = 𝑢∗
2 (𝐶𝑘1 + 𝐶𝑘2 (1 −

𝑧

𝐻
)
2

+ 𝐶𝑘3 (1 −
𝑧

𝐻
)
4

+ 𝐶𝑘4 (1 −
𝑧

𝐻
)
6
), (4-14) 

𝜀(𝑧) =
𝐶𝜇𝑘(𝑧)

2

𝜅𝑢∗𝑧
(1 + (1 + 𝐶𝑈1) (

𝑧

𝐻
) + (1 + 𝐶𝑈1 + 2𝐶𝑈2) (

𝑧

𝐻
)
2

+ (1 + 𝐶𝑈1 + 2𝐶𝑈2 +

3𝐶𝑈3) (
𝑧

𝐻
)
3
), 

(4-15) 

𝜔(𝑧) =
𝑘(𝑧)

𝜅𝑢∗𝑧
(1 + (1 + 𝐶𝑈1) (

𝑧

𝐻
) + (1 + 𝐶𝑈1 + 2𝐶𝑈2) (

𝑧

𝐻
)
2

+ (1 + 𝐶𝑈1 + 2𝐶𝑈2 +

3𝐶𝑈3) (
𝑧

𝐻
)
3
). 

(4-16) 

The values of the coefficients used in Eqs. 4-13 to 4-16 in Table 4.1 have been calculated by semi-

analytical and CFD methods (Richards and Norris, 2015).  

Table 4.1. Polynomial coefficients (Richards and Norris, 2015) 

 𝑪𝒌𝟏 𝑪𝒌𝟐 𝑪𝒌𝟑 𝑪𝒌𝟒 𝜿 𝑪𝑼𝟏 𝑪𝑼𝟐 𝑪𝑼𝟑 𝑪𝑼𝟒 

𝒌 − 𝜺 0.921 3.533 −1.926 0.805 0.4 0.528 0.385 −1.090 0.243 

𝒌 −𝝎 0.810 4.046 −2.623 1.100 0.4 0.333 −0.666 0.465 −0.349 

SST 1.056 2.814 −0.834 0.297 0.4 0.280 −0.331 −0.334 0.096 
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Assuming 𝑧0 = 0.02 m (Category 2 (AS/NZS 1170.2, 2011) and a reference wind speed of  

10 m s-1 (at a height of 10 m), 𝑢∗ and ℎ can be calculated for each turbulence model by using Eqs. 

4-13 to 4-16. In addition, the wall shear stress can be obtained using  

𝜏 = 𝜌𝑢∗
2, (4-17) 

where 𝜌 is the density of air assumed to be 1.225 kg m-3, with the results shown in Table 4.2. 

Table 4.2.  Boundary-layer parameters 

 𝒖∗ (𝐦 𝐬
−𝟏)  h (m) 𝝉 (Pa) 

𝒌 − 𝜺 0.641 1036 0.503 

𝒌 −𝝎 0.642 1037 0.505 

SST 0.642 1037 0.505 

It is essential to ensure that the inlet boundary conditions are combined with an appropriate rough-

wall treatment. Due to the fact that many CFD packages use an equivalent sand-grain size 𝑘𝑠,𝐴𝐵𝐿, it 

is important to find the relationship between z0 and 𝑘𝑠,𝐴𝐵𝐿. Blocken et al. (2007) discussed this 

relationship, and defined it as 

𝑘𝑠,𝐴𝐵𝐿 =
9.793 𝑧0

𝐶𝑠
, (4-18a) 

𝑘𝑠,𝐴𝐵𝐿 = 29.6 𝑧0 (4-18b) 

for the Fluent and CFX packages, respectively, where 𝐶𝑠 is the roughness constant. According to 

(Blocken et al., 2007), the four requirements to be satisfied simultaneously when the aerodynamic 

roughness is expressed by an equivalent sand-grain size are 

1) high mesh resolution near the surface; 

2) the relationship between sand-grain size and aerodynamic roughness; 

3) a horizontally-homogeneous ABL; 

4) the physical roughness height lies within half of the wall-adjacent cell (𝑦𝑝 > 𝑘𝑠). 

The second and third requirements were discussed above in reference to Eq. 4-18 and Eqs. 4-13 to 

4-16, respectively. The first requirement is essential in all computational simulations, however, it 

should be borne in mind that the first-layer thickness must be large enough to satisfy the last 

requirement. The effects of grid size on the numerical results are discussed later.   

For the ground, the scalable wall function and automatic near-wall treatment, which follow Launder 

and Spalding (1974), are applied for the standard k – ɛ, and k – ω and SST models, respectively. 

The two- and three-dimensional steady RANS equations are solved with the commercial CFD code 

ANSYS CFX 17.0 (ANSYS Inc. 2011) using a cell-based finite-volume method. For both the 
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advection and turbulence terms of the governing equations, a high-resolution discretization scheme 

is used. 

 

4.2.2.2 Computational Domain and Grid  

Franke et al. (2004) recommended that the inlet and the lateral and top boundaries should be at least 

5H away from the obstacle, where H is the maximum height of the obstruction, and the outlet should 

be 15H behind the obstacle to allow for flow development. Therefore, as shown in Figure 4.3a, the 

dimensions of the computational domain are chosen in such a way that the flow becomes fully-

developed both upstream and downstream of the hill. Also, in the three-dimensional simulation, the 

width of the computational domain is set to 1600 m. The dimensions of the full-scale hill modelled 

in the CFX package are also shown in Figure 4.3a. 

 
(a) 

 
(b) 

Figure 4.3. (a) Schematic diagram of the computational domain, boundary conditions and full-scale hill; (b) 

computational mesh. 

Due to the importance of the mesh size, particularly close to the surface, a fine mesh is generated 

near to the surface, and the mesh size gradually increases towards the top of the domain. The effects 

of the mesh size on different variables, such as wind speed and wake regions behind the hill, are 

discussed in detail below. 
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4.2.2.3 Uncertainty and Mesh-Refinement Investigations 

To estimate the uncertainty of the present simulation, grid independence is investigated by using 

the method of the grid-convergence index described by Celik et al. (2008). Initially, iterative 

convergence is achieved with at least seven orders of magnitude reduction in the normalized 

residuals for all the solved governing equations. Then, with three computational grids (𝑁𝑓𝑖𝑛𝑒 ,

𝑁𝑚𝑒𝑑𝑖𝑢𝑚 and 𝑁𝑐𝑜𝑎𝑟𝑠𝑒), the values of a quantity of interest (𝜙𝑓𝑖𝑛𝑒 , 𝜙𝑚𝑒𝑑𝑖𝑢𝑚 and 𝜙𝑐𝑜𝑎𝑟𝑠𝑒) are obtained 

by which the apparent order of accuracy p of the method, extrapolated values 𝜙𝑒𝑥𝑡, relative errors 

(𝑒𝑎
𝑚𝑒𝑑𝑖𝑢𝑚−𝑓𝑖𝑛𝑒

) and extrapolated relative errors (𝑒𝑒𝑥𝑡
𝑚𝑒𝑑𝑖𝑢𝑚−𝑓𝑖𝑛𝑒

) can be calculated. As recommended 

by Celik et al. (2008), the grid-refinement factor r is maintained > 1.3. The apparent order, 

extrapolated value, and grid-convergence index are defined as  

𝑝 =
1

ln(𝑟21) 
|ln|𝜀32/𝜀21|| + ln (

𝑟21
𝑝
−𝑠

𝑟32
𝑝
−𝑠
),  (4-19a) 

𝜙𝑒𝑥𝑡
21 =

𝑟21
𝑝𝜙1 − 𝜙2

𝑟21
𝑝 − 1

, (4-19b) 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21 =

1.25𝑒𝑎
21

𝑟21
𝑝
−1
,  (4-19c) 

respectively, where subscripts and superscripts 1, 2 and 3 refer to the fine, medium and coarse grid 

sizes, respectively, and 𝜀32 = 𝜙3 − 𝜙2, 𝜀21 = 𝜙2 − 𝜙1, and 𝑠 = sign(𝜀32/𝜀32). 

The grid-sensitivity analysis is performed for all the considered cases (i.e. empty domain, two- and 

three-dimensional simulations, and all turbulence models), with the results presented below. 

In addition, the inhomogeneity error relative to the inlet profile for each of the variables U, k, 𝜀 and 

ω as a function of downstream distance is calculated from  

𝑒 = 100 |
𝜑(𝑥) − 𝜑(𝑥=0)

𝜑(𝑥=0)
|, (4-20) 

where  𝜑 is the quantity of interest.  

 

4.2.3 Wind-Tunnel Set-up 

Measurements were made in the boundary-layer wind tunnel at the University of Auckland at a 

nominal scale of 1:500. The model tested was two-dimensional, extending across the full-width of 

the wind tunnel perpendicular to the flow. The wind-tunnel test section is 20 m long, 2.5 m high, 

and 3.6 m wide, and the reference wind-tunnel speed at a height of 20 mm (10 m in full-scale) above 

the floor is 6.56 m s-1. The ground roughness terrain category 2 (𝑧0 = 0.02 m, open grassland) from 
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AS/NZS 1170.2 (2011), which is similar to surface roughness category C defined in ASCE-7 

(2016), was replicated in the wind tunnel at a scale of 1:500. The wind tunnel was arranged for 

measuring the vertical wind-speed profile using a Cobra probe, with the hill model shown in Figure 

4.4a. In addition, 62 Irwin probes (Irwin, 1981) were used to measure the wind speed at different 

locations over the surface of the hill (Figure 4.4b). The Irwin probes consist of two concentric 

pressure taps, with one flush with the surface, and the other protruding about 4 mm above the 

surface. The calibration equation of these sensors is written as  

𝑈 = 𝛼 + 𝛽√∆𝑃, (4-21) 

where 𝛼 and 𝛽 are constants found from calibration, and ∆𝑃 is the pressure difference between the 

two taps. Furthermore, to estimate and visualize the flow separation and reattachment locations, 

some tufts were attached to the leeward side of the hill, as shown in Figure 4.4b. 

 
Figure 4.4. The wind-tunnel set-up. (a) Velocity-profile measurement (looking upstream); (b) Irwin probes and tufts 

for estimating the separation and reattachment (top view); (c) velocity and turbulence intensity Iu profiles; (d) velocity 

profile for a semi-logarithmic scale. 

(a) 
 

(b) 

 
(c) 

 
(d) 

 1 

z0 
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Initially, to ensure that the replicated terrain was capable of producing the target profiles of velocity 

and turbulence intensity Iu, vertical profiles were measured in the absence of the hill model at the 

longitudinal location of the hill crest at the centreline and either side of the centreline, and compared 

with recommended values from AS/NZS 1170.2 (2011). These velocity and turbulence intensity 

profiles are shown in Figure 4.4c and d where agreement with the target profiles is good. In addition, 

although not shown here, the profiles measured either side of the centreline showed excellent lateral 

uniformity of the flow. 

The equations shown in Figure 4.4d are exponential expressions of the best-fit lines, which are 

straight lines on a semi-logarithmic plot, with intercepts with the vertical axis giving the 

aerodynamic roughness lengths, which are about 0.05 mm model-scale or 0.025 m full-scale, and, 

therefore, close to the target value of 0.02 m. The logarithmic velocity profile is defined as 

𝑈

𝑢∗
=
1

𝜅
ln (

𝑧

𝑧0
) , (4-22a) 

which can be recast as  

𝑧 = 𝑧0 exp (
𝜅𝑈

𝑢∗
) . (4-22b) 

The mean speed-up presented below is simply the ratio of the mean wind speed above the hill 

divided by the reference wind speed at the same local height above the ground. Moreover, all 

dimensions are expressed as metres at nominal full-scale (e.g., the 200-mm model hill height is 

equivalent to a full-scale hill height of 100 m). 

 

4.3 Results of RANS Method and Wind-Tunnel  

4.3.1 Horizontally-Homogeneous Atmospheric Boundary Layer 

In Richards and Norris (2015), the ABL was modelled using the CFD package ANSYS CFX. We 

initially intended to implement the proposed profiles in the CFD package of ANSYS Fluent, but 

observed a significant inhomogeneity in the velocity and turbulence property profiles, as well as a 

decrease in the wall shear stress in the downstream direction1.  

By using the profiles generated by the CFX package, a horizontally-homogeneous ABL was 

produced, as shown in Figure 4.5(a-d). The peak in the k profile at low levels is due to discretisation 

 
1 Therefore, for future work, before applying the proposed profiles in Fluent, it is essential to understand the differences 

in wall treatment between the Fluent and CFX packages, and to modify the profiles in such a way that they produce a 

homogeneous ABL in the Fluent software. 
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errors in the near-wall region (Richards and Norris 2011). Hargreaves and Wright (2007) note that 

this spike occurs in the second cell from the wall and, hence, is a recognised feature of the 𝑘 − 𝜀 

model. In addition, the wall shear stress obtained from the simulation (Figure 4.5d) is in good 

agreement with the expected value calculated from theory (Table 4.2). 

 
Figure 4.5. Horizontally-homogeneous ABL modelled by using the CFX software and k – ε model: (a) wind speed; 

(b) TKE; (c) turbulence eddy dissipation rate; (d) pressure and wall shear stress 

The effects of grid size on the results of the simulated empty domain were investigated by using the 

procedure explained in Section 4.2.2.3 and with three different grid sizes. According to Eq. 4-18b, 

the equivalent sand-grain size is equal to 0.592 m. Therefore, to satisfy the fourth requirement 

mentioned earlier (𝑦𝑝 > 𝑘𝑠), the minimum first-layer thickness must be > 1.184m. For the grid-

sensitivity analysis for the fine, medium and coarse grids, the first-layer thickness was set to 1.2 m, 

1.5 m, and 2.5 m, respectively. The results for the 𝑘 − 𝜀 model are given in Table 4.3. 

As mentioned, the high-resolution scheme was used for all the governing equations, with Table 4.3 

showing the observed apparent order in good agreement with the formal order of the scheme used 

 
(a) 

 
(b) 

 
(c)  

(d) 

 1 
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(second order or higher is expected when the high-resolution scheme is used). On the one hand, it 

is evident that the wind speed at the surface is influenced by the grid size, particularly the first-layer 

thickness. On the other hand, the wind speed at other heights, for example, at a height of 10 m, is 

almost independent of the grid size. Furthermore, for this analysis, values of the variables are 

presented at three different horizontal locations, namely the inlet, middle and outlet of the 

computational domain, with the magnitude of the errors consistent throughout the domain. 

Table 4.3.  Results of the grid-sensitivity analysis for the empty domain using the k – ε turbulence model 

 

𝝓 = 𝑼 

at surface 

(inlet) 

𝝓 = 𝑼 

at surface 

(mid) 

𝝓 = 𝑼 

at surface 

(outlet) 

𝝓 = 𝑼 

at z = 10 m 

(inlet) 

𝝓 = 𝑼 

at z = 10 m 

(mid) 

𝝓 = 𝑼 

at z = 10 m  

(outlet) 

𝑵𝟏, 𝑵𝟐, 𝑵𝟑 50000, 26720, 15000 

𝒓𝟐𝟏, 𝒓𝟑𝟐 1.37 , 1.33 

𝝓𝟏 (m s-1) 4.05 4.16 4.09 9.98 9.90 9.85 

𝝓𝟐 (m s-1) 4.41 4.53 4.46 9.98 9.88 9.83 

𝝓𝟑 (m s-1) 5.18 5.33 5.26 9.97 9.83 9.77 

P 2.89 2.92 2.89 6.55 3.95 2.79 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 3.81 3.91 3.83 9.98 9.90 9.87 

𝒆𝒂
𝟐𝟏 (%) 8.90 8.91 9.14 0.01 0.16 0.26 

𝒆𝒆𝒙𝒕
𝟐𝟏  (%) 6.44 6.34 6.62 0.00 0.07 0.18 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 7.56 7.45 7.77 0.00 0.08 0.23 

The inhomogeneity errors calculated between the inlet and outlet (5000 m away from the inlet) are 

shown in Figure 4.6 (H = 100 m), where all the turbulence models give similar magnitudes of 

inhomogeneity errors, with the 𝑘 − 𝜀 model error less near the wall. Although not shown here, the 

inhomogeneity errors between the inlet and middle of the 2500-m computational domain were 

found to remain constant throughout the domain. 

 

Figure 4.6. Inhomogeneity error for the (a) k – ε, (b) k – ω and (c) SST models 

 
(a) 

 
(b) 

 
(c) 

 1 
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4.3.2 Computational Fluid Dynamics Results 

4.3.2.1 Two-Dimensional Modelling 

The CFD predicted speed-up at the crest of the two-dimensional hill and the generated wake region 

is presented here. The speed-up is equal to the ratio of the mean wind speed above the crest of the 

hill divided by the reference wind speed at the same local height above the ground. The two-

dimensional full-scale hill was modelled in the CFX package with a hill height H = 100 m, as shown 

in Figure 4.3.  

The mesh refinement investigation used the grid-convergence index for four variables. For the grid-

sensitivity analysis for the fine, medium and coarse grids, the first-layer thicknesses were set to  

1.2 m, 1.8 m, and 2.5 m, respectively, and the results from all the turbulence models are shown in 

Table 4.4. 

Table 4.4. Results of the grid-sensitivity analysis for the two-dimensional hill 

𝑵𝟏, 𝑵𝟐, 𝑵𝟑 65000, 37530, 20000 

𝒓𝟐𝟏, 𝒓𝟑𝟐 1.32 , 1.37 

𝒌 − 𝜺 

 
𝜙 =Speed-up 

at surface 

𝜙 = Speed-up 

at z = 10 m 
𝜙 = Separation point 𝜙 = Reattachment point 

𝝓𝟏, 𝝓𝟐, 𝝓𝟑 (m s-1) 2.24, 2.0, 1.94 1.82, 1.82, 1.83 51, 53, 65 479, 475, 450 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 2.30 1.84 50.44 480.1 

𝒆𝒂
𝟐𝟏 (%) , 𝒆𝒆𝒙𝒕

𝟐𝟏  (%) 10.46, 2.64 0.18, 0.59 3.92, 1.12 0.84, 0.22 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 3.39 0.74 1.38 0.28 

𝒌 − 𝛚 

 
𝜙 =Speed-up 

at surface 

𝜙 = Speed-up 

at z = 10 m 
𝜙 = Separation point 𝜙 = Reattachment point 

𝝓𝟏, 𝝓𝟐, 𝝓𝟑 (m s-1) 2.44, 2.62, 2.64 1.89, 1.93, 1.93 97, 99, 105 415, 344, 338 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 2.42 1.89 95.6 419 

𝒆𝒂
𝟐𝟏 (%) , 𝒆𝒆𝒙𝒕

𝟐𝟏  (%) 7.48, 0.71 1.78, 0.03 2.06, 1.47 17.11, 0.97 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 0.88 0.04 1.81 1.22 

𝑺𝑺𝑻 

 
𝜙 =Speed-up 

at surface 

𝜙 = Speed-up 

at z = 10 m 
𝜙 = Separation point 𝜙 = Reattachment point 

𝝓𝟏, 𝝓𝟐, 𝝓𝟑 (m s-1) 2.38, 2.59, 2.65 1.90, 1.95, 1.96 90, 93, 100 410, 405, 340 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 2.34 1.89 86.7 410.6 

𝒆𝒂
𝟐𝟏 (%) , 𝒆𝒆𝒙𝒕

𝟐𝟏  (%) 8.88, 1.96 2.35, 0.46 3.33, 3.72 1.22, 0.15 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 2.41 0.57 4.49 0.19 

Table 4.4 shows all relative errors to be in an acceptable range, with the highest numerical 

uncertainty observed for the reattachment point estimated in the k – ω model. The speed-up at the 

surface is evidently more affected by the grid size compared with the speed-up at other heights. The 

extrapolated values are in good agreement with the values found by using the fine grid size. Also, 

as the relative extrapolated errors are very small, the results of the fine grid size are used for the 

further analysis.  
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Figure 4.7(a–c) compares the separation and reattachment points of the flow on the leeward side of 

the hill estimated by the different turbulence models. The 𝑘 − 𝜔 and SST models show a similar 

wake region behind the hill. In contrast, the wake region produced by the 𝑘 − 𝜀 model is 

significantly larger, while the separation point is more comparable with the separation zone shown 

in AS/NZS 1170.2 (2011) (Figure 4.2a) at the hill crest. Nonetheless, all models predict much larger 

separation regions than suggested in AS/NZS 1170.2 (2011), which is a result compared with wind-

tunnel measurements below. 

 
Figure 4.7. Two-dimensional modelling predictions of separation and reattachment points for the (a) 𝑘 − 𝜀,  

(b) 𝑘 − 𝜔 and (c) SST models, and (d) the results of the mean modelled speed-up compared with  

that from wind-loading standards. 

The mean speed-up above the crest of the hill obtained from two-dimensional CFD modelling is 

compared with AS 1170.2 (1989), NBC (2015) and BS-EN (2005-2010) in Figure 4.7d, illustrating 

that all the turbulence models predict a higher mean speed-up near the surface than those of the 

former 1989 Australian Standard. The other issue with the former standard is that it has a linear 

variation of speed-up with height, unlike both the CFD results and the wind-tunnel measurements. 

In addition, it can be seen that the 𝑘 − 𝜔 and SST models give similar predictions for all heights, 

and give slightly greater speed-ups near the surface than those of the 𝑘 − 𝜀 model. The prediction 

from AS 1170.2 (1989) is, however, conservative over the height range 20–120 m, but 

underestimates the speed-up for low and high buildings. NBC (2015) slightly underestimates the 

speed-up near the surface at the crest up to an elevation 𝑧/𝐻 ≈ 0.05, while above this height up to 

 
(a) 

 

 
(d) 

 
(b) 

 
(c) 
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𝑧/𝐻 ≈ 0.8, its predictions agree well with the CFD results. For heights 𝑧/𝐻 > 0.8, NBC (2015) 

provides slightly smaller hill-shape multipliers than those of the CFD predictions. In contrast, BS-

EN (2005-2010) significantly underestimates the speed-up from the crest surface to a height of 

around 𝑧/𝐻 = 0.4. 

 

4.3.2.2 Three-Dimensional Modelling 

Although two-dimensional models have been used by most wind-loading standards for deriving 

speed-up multipliers in order to be conservative, in real situations, two-dimensional hills with 

smooth curves are rare. Therefore, a three-dimensional hill was also simulated to compare both 

calculated speed-up and separation zone with that of the two-dimensional model, as well as 

predictions from the different standards. The secondary flows around the hill (see Figure 4.8a,b) 

generally lead to a reduced speed-up and smaller wake region with respect to over two-dimensional 

hills.  

Table 4.5. Results of the grid-sensitivity analysis for the three-dimensional hill 

𝑵𝟏, 𝑵𝟐, 𝑵𝟑 1981268, 849195, 352134 

𝒓𝟐𝟏, 𝒓𝟑𝟐 1.33 , 1.34 

𝒌 − 𝜺 

 
𝜙 =Speed-up 

at surface 

𝜙 = Speed-up 

at z = 10 m 
𝜙 = Separation point 𝜙 = Reattachment point 

𝝓𝟏, 𝝓𝟐, 𝝓𝟑 (m s-1) 2.15, 2.12, 2.10 1.59, 1.60, 1.60 83, 85, 100 260, 238, 230 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 2.21 1.59 82.7 271.2 

𝒆𝒂
𝟐𝟏 (%) , 𝒆𝒆𝒙𝒕

𝟐𝟏  (%) 1.17, 2.95 0.19, 0.07 2.41, 0.42 8.46, 4.14 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 3.80 0.09 0.52 5.40 

𝒌 − 𝛚 

 
𝜙 =Speed-up 

at surface 

𝜙 = Speed-up 

at z = 10 m 
𝜙 = Separation point 𝜙 = Reattachment point 

𝝓𝟏, 𝝓𝟐, 𝝓𝟑 (m s-1) 2.64, 2.42, 2.25 1.62, 1.61, 1.61 107, 115, 120 235, 222, 190 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 2.95 1.63 95.6 244.8 

𝒆𝒂
𝟐𝟏 (%) , 𝒆𝒆𝒙𝒕

𝟐𝟏  (%) 8.32, 10.26 0.61, 0.53 7.48, 11.95 5.53, 4.03 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 14.29 0.66 13.35 5.25 

𝑺𝑺𝑻 

 
𝜙 =Speed-up 

at surface 

𝜙 = Speed-up 

at z = 10 m 
𝜙 = Separation point 𝜙 = Reattachment point 

𝝓𝟏, 𝝓𝟐, 𝝓𝟑 (m s-1) 2.54, 2.47, 2.30 1.67, 1.67, 1.66 103, 113, 118 230, 225, 215 

𝝓𝒆𝒙𝒕
𝟐𝟏  (m s-1) 2.60 1.67 93.98 235.5 

𝒆𝒂
𝟐𝟏 (%) , 𝒆𝒆𝒙𝒕

𝟐𝟏  (%) 2.79, 1.98 0.18, 0.19 9.71, 9.60 2.17, 2.35 

𝑮𝑪𝑰𝒇𝒊𝒏𝒆
𝟐𝟏  (%) 2.53 0.23 10.95 3.01 

The grid-sensitivity analysis was first carried out for the three-dimensional model using the method 

explained above, for which the first-layer thicknesses were set to 1.2 m, 3 m and 4 m for the fine, 

medium and coarse grids, respectively. The 𝑘 − 𝜀 model gives the smallest errors compared with 
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the 𝑘 − 𝜔 and SST models (see Table 4.5). The comparability of the extrapolated values with the 

fine grid size led us to use the results of the fine grid size in the analysis. 

 
(a) 

 
(b) 

Figure 4.8.  Results of the k – ε model showing (a) secondary flows around the sides of a three-dimensional hill, and 

the (b) wake region and secondary flows (top view). 

The speed-up above the crest of the hill as seen in Figure 4.9d shows that all three turbulence models 

used in the three-dimensional modelling predict a reduced speed-up with respect to the two-

dimensional modelling. The three-dimensional results show good agreement for the 𝑘 − 𝜔 and SST 

models for all heights, with both overestimating the speed-up with respect to the 𝑘 − 𝜀 model, 

particularly close to the ground.  

 
Figure 4.9. Three-dimensional modelling predictions of separation and reattachment points in a longitudinal plane 

through the crest in the (a) k – ε, (b) k – ω and (c) SST models, and (d) the comparison of mean speed-up from the 

two- and three-dimensional CFD model predictions with different wind-loading standards. 

 
(a) 

 

 
(d) 

 
(b) 

 

 
(c) 
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The wake region is considerably smaller in the results of the three-dimensional models due to the 

flow around the hill being able to penetrate the wake (compare Figure 4.7 and Figure 4.9(a-c)). As 

evident in Figure 4.2a, AS/NZS1170.2 (2011) specifies a small separation zone starting at the crest 

with a length of H/4 (= 25 m herein) downstream of the crest. However, in both the two- and three-

dimensional modelling results, the flow does not separate in this region, but much further 

downstream, and for a much longer distance. Therefore, the prediction of AS/NZS1170.2 (2011) 

for the separation zone needs further review and possible modification. 

Figure 4.9d shows the predictions of NBC (2015) for the speed-up over a three-dimensional 

axisymmetric hill, which agrees well with the CFD results for heights 𝑧/𝐻 = 0.05 − 0.6 , but 

slightly underestimates the speed-up above.  

The results of wind-tunnel (Ishihara et al., 1999) and LES studies (Liu et al., 2016) are compared 

with the size of the wake regions obtained from the two- and three-dimensional CFD results. 

Ishihara et al. (1999) built a three-dimensional hill at a nominal scale of 1/1000, with a cosine-

squared cross-section similar to the hill shape investigated here, and with a slope of about 32° (about 

0.6), H = 40 mm and L = 100 mm, with the model tested in a return-circuit wind tunnel. Although 

the hill tested in (Ishihara et al., 1999) was steeper than the three-dimensional model simulated here, 

the separation and reattachment points, and size of the wake region are similar to our results (Figure 

4.9(a–c)). 

The LES study was carried out by Liu et al. (2016) to investigate the airflow over three- and two-

dimensional smooth hills with the same dimensions and hill shape as studied in (Ishihara, et al. 

1999), and with results in good agreement with the wind-tunnel measurements reported by Ishihara 

et al. (1999) and Ishihara et al. (2001). Their results for the speed-up and separation regions show 

a wake region for the two-dimensional hill considerably larger than for the three-dimensional hill 

(see Figure 4.10a, b: red solid lines Liu et al. (2016); blue solid lines: present study (SST results)). 

Liu et al. (2016) estimated that, for the two-dimensional hill, the airflow separates at 1.2H and 

reattaches to the surface at 4.7H; for the three-dimensional hill, the wake region starts at 0.9H and 

ends at 2.5H, and downstream of the crest. Furthermore, another LES and experimental study on 

the flow over a three-dimensional hill was carried out by Diebold et al. (2013), whose results 

regarding the separation and reattachment points are quite similar to Liu et al. (2016).  

Comparison of the more sophisticated and expensive LES results of the wake region (Liu et al. 

2016) with our results (Figure 4.7, Figure 4.9(a-c), and Figure 4.10(a-b)) reveals reasonably 

equivalent and accurate results for simple separated flows even when using RANS models. The 

approach used here provides accurate predictions of the flow separation and reattachment to within 
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10% and 20% for the three- and two-dimensional modelling, respectively. However, the two-

dimensional k – ε model overestimates the separation point by 58%. 

  
(a) (b) 

 
(c) 

 
(d) 

Figure 4.10. Comparison between the wind speedup and wake region (blue line: present study; red line: Liu et al. 

(2016)) obtained using RANS method in the present study (SST results) against LES results of Liu et al. (2016) for 

(a) 2D and (b) 3D hills; (c) velocity vectors and flow pattern around the three-dimensional hill – top view (Ishihara 

and Hibi, 2002); (d) flow patterns behind a steep three-dimensional hill (Ishihara and Hibi 2002) 

To summarise the differences between the LES results and our modelling approach, consider the 

following factors: 

• Smooth hills were simulated in Liu et al. (2016) and Diebold et al. (2013), while a surface 

roughness was applied to the hill surface here. Cao et al. (2012) compared the airflow over 

a smooth and rough hill using LES modelling to show that the surface roughness affects the 

wake region significantly, particularly the reattachment point.  

• In Liu et al. (2016), a small hill of H = 40 mm and L = 100 mm was modelled, while we 

simulated the full-scale hill. A small hill size means a smaller Reynolds number, which 

consequently affects the wake region. The effects of the Reynolds number on the pressure 

distribution over hills and the wake region has been demonstrated by Ferreira et al. (1991) 
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and Breuer et al. (2009), respectively. The effects of Reynolds number on the wake region 

are further elaborated upon in Appendix A.2. 

• Large-eddy simulation is inherently superior to both steady and transient RANS in terms of 

physical modelling and it is very suitable for simulating the turbulent and non-linear nature 

of flow over complex terrain (Blocken et al., 2015). However, LES requires powerful 

processors and significantly more computational time.   

Therefore, our approach used enables the estimation of the flow characteristics over a hill with 

reasonable accuracy and considerably less computational time than for an LES approach. 

By comparing the wake generated at the leeside of the two- and three-dimensional hills (Figure 4.7 

and Figure 4.9(a-c)), it is evident that closed and open streamlines are generated in the two- and 

three-dimensional wakes, respectively, which Ishihara and Hibi (2002) have also noted (Figure 

4.10(c, d)). Although all the turbulence models used here simulate the open wake regions in the 

three-dimensional case, the k – ε model exhibits a superior prediction of the open-wake region of 

the three-dimensional model, as shown in Figure 4.9a. In addition, the reattachment point estimated 

by the k – ε model (Figure 4.9a) is in a good agreement with the results of Ishihara and Hibi (2002) 

(Figure 4.10d). The reason for the flow-pattern change in the two- and three-dimensional wake 

regions is explained by referring to the continuity equation as elaborated in (Ishihara and Hibi, 

2002). To satisfy the continuity equation for two-dimensional separation, a circulating flow must 

be formed, while in the three-dimensional case, the existence of the spanwise flow enables 

continuity to be satisfied without a circulating flow (Ishihara and Hibi 2002). 

 

4.3.3 Wind-Tunnel Results 

Figure 4.11a shows the approximate locations of the separation and reattachment points observed 

in the wind tunnel from tuft visualization. Comparison of observations with the two-dimensional 

CFD results shows that, for the two-dimensional simulations, the 𝑘 − 𝜔 and SST models provide 

better predictions of the separation and reattachment points, as well as the wake region, compared 

with the k –  model, which produces an earlier separation for a longer distance consistent with 

previous studies (Bilal et al., 2015; Loureiro et al., 2008; Ramechecandane and Gravdahl, 2012). 

However, for the three-dimensional case, the k –  model gives apparently better estimations of the 

separation and, particularly, reattachment points compared with the studies of Liu et al. (2016) 

(Figure 4.10b) and Ishihara and Hibi (2002) (Figure 4.10(c, d)). 
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In Figure 4.11b, the mean and gust speed-up profiles obtained from the wind-tunnel measurements 

at the crest of the hill are compared with the former and current AS/NZS Standards, ASCE-7 (2016), 

NBC (2015) and BS-EN (2005-2010). Similar to the mean speed-up, the gust speed-up is defined 

as the ratio of the gust speed above the hill divided by the gust speed for the reference profile at the 

same local height above the ground. 

 
Figure 4.11. Wind-tunnel results: (a) separation and reattachment points; (b) mean and gust speed-ups 

As explained above, the prediction for the mean speed-up in AS 1170.2 (1989) shows a linear 

variation with height, which differs from the non-linear variation evident in the measurements and 

modelling results. However, the linear variation given in the standard is conservative for heights 

z/H < 1.4. The gust speed-ups recommended in AS/NZS 1170.2 (2011) are in good agreement with 

the ratios measured in the wind tunnel. The NBC (2015) profile slightly underestimates (about 4%) 

the mean speed-ups very close to the crest, but agrees well with the wind-tunnel measurements for 

heights up to z/H ≈ 1. The profiles of gust speed-up from ASCE-7 (2016) are similar to those from 

AS/NZS170.2 (2011), and wind-tunnel measurements for heights from the surface up to z/H = 0.12 

and z/H = 0.4, respectively. However, the ASCE-7 (2016) profile underestimates the gust speed-

ups for heights above 𝑧/𝐻 ≈ 0.5. Lastly, the BS-EN (2005-2010) profile significantly 

underestimates the mean speed-up from the surface at the crest to a height of about z/H = 0.5. 

 
(a) 

 
(b) 

 1 
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As noted by Carpenter and Locke (1999), the maximum speed-up may occur at points other than 

directly at the surface above the crest. However, the hill multiplier equations provided in the wind-

loading standards specify the maximum increase in wind speed to be at the surface above the crest. 

Figure 4.11b shows that the maximum mean and gust speed-ups from the wind-tunnel results occur 

at a height of 5 m above the crest, corresponding to 2.25 and 1.74, respectively, although they are 

not much higher than the speed-ups at a height of 3 m. This small variation is probably good 

justification for having speed-up profiles in the wind-loading standards decreasing with height from 

the surface. Among the turbulence models, the k –  model predicts the maximum speed-up above 

the crest more accurately, as shown in Figure 4.7d and Figure 4.12. 

 

4.3.4 Comparison of Wind-Tunnel and Numerical Results 

The mean speed-up profiles obtained at the crest of the hill from the wind-tunnel measurements and 

the two-dimensional CFD modelling are compared in Figure 4.12. At higher levels, all CFD 

turbulence models predict almost the same values. However, very close to the surface, the 𝑘 − 𝜀 

model provides a slightly closer correspondence to the wind-tunnel results. 

As mentioned earlier, the predictions of the separation zone from the k – ω and SST models are 

quite similar to the wind-tunnel results. However, the separation regions from all the CFD 

predictions and from the wind-tunnel flow visualization are different from that provided in AS/NZS 

1170.2 (2011), with separation zones further downstream and much longer than suggested in 

AS/NZS 1170.2 (2011). 

 
Figure 4.12. Comparison between wind-tunnel and CFD mean speed-up profiles. 
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4.3.5 Effect of Different Hill Slopes and Shapes 

Having validated the CFD modelling results with the wind-tunnel measurements, different cases 

may be investigated using the CFD models with confidence, such as the effects of different hill 

slopes and shapes on the speed-up and separation-zone locations and sizes. As explained in Section 

4.2.1, there is an upper limit for the maximum speed-up effect specified in wind-loading standards, 

which assume a constant speed-up for slopes greater than a certain value. In addition, 

AS/NZS1170.2 (2011) states that flow separation occurs for slopes > 0.45. To consider these issues, 

bell-shaped hills with three different slopes of 0.3, 0.45 and 0.6 were modelled for a constant hill 

height of 100 m, while the hill length was varied to achieve the desired value of 𝐿𝑢. Figure 4.13 

compares the speed-up and flow-separation zones for these hills. In addition, the profiles of mean 

speed-up from NBC (2015) and BS-EN (2005-2010) are shown for hill slopes > 0.25 and > 0.3, 

respectively. As discussed in the previous sections, the 𝑘 − 𝜀 model provides superior profiles of 

the speed-up, while the 𝑘 − 𝜔 model predicts the wake region more accurately in the two-

dimensional simulation. Therefore, the 𝑘 − 𝜀 and 𝑘 − 𝜔 models are used for analysing the speed-

up and wake regions, respectively. For comparison purposes, the results of the 𝑘 − 𝜔 model for 

speed-ups are also shown in Figure 4.13d. 

 
Figure 4.13. Two-dimensional modelling results of the separation and reattachment points for hills with slopes of (a) 

0.3; (b) 0.45; (c) 0.6; and (d) mean speed-ups for three different hill slopes. 

In contrast to the predictions of AS/NZS1170.2, Figure 4.13d illustrates that, for a slope of 0.6, the 

speed-up increases considerably close to the crest. However, for heights 𝑧/𝐻 > 0.02, the mean 

 

 
(a) 

 
 (d) 

 

 
(b) 
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speed-up for this slope is less than for the slopes of 0.3 and 0.45. Note that AS/NZS1170.2 (2011) 

provides the gust speed-up, while in the CFD modelling, the mean speed-up is calculated. However, 

it is expected that when the mean speed-up changes significantly, the gust speed-up changes 

accordingly. An approximation for deriving the gust speed from the mean speed on the crest of a 

two-dimensional hill is given by Miller et al. (2013) as 

𝑈𝑔𝑢𝑠𝑡 = 𝑈(1 + g𝐼𝑢(9/5 − 4𝑆/5)
0.5), (4-23) 

where g is a peak factor, 𝐼𝑢 is the turbulence intensity, and S is the mean speed-up. Since the gust 

speed is proportional to mean speed according to Eq. 4-23, it is reasonable to expect that the gust 

speed-up increases if the mean speed-up increases. Therefore, the assumption of a constant speed-

up for hills with slopes greater than a certain value in the wind-loading standards requires further 

consideration.  

As demonstrated above, the 𝑘 − 𝜔 turbulence model provides superior predictions of the flow-

separation zone with respect to the wind-tunnel observations than the other two CFD turbulence 

models. Therefore, the separation and reattachment locations for different hill slopes are considered 

for this turbulence model. While AS/NZS 1170.2 states that slopes < 0.45 have insignificant 

separation from the hill surface, the CFD results indicate a small wake region at the leeward side of 

the hill for the slope of 0.3 (see Figure 4.13a), with the separation point moving upstream, as well 

as the separated region becoming longer as the slope increases. For all cases, the separation zones 

are rather different from the separation zones recommended in AS/NZS 1170.2 (Figure 4.2a).  

In real situations and complex terrain, it is unlikely that a wind-loading design would involve two-

dimensional symmetric hills with smooth curves similar to those contained in most standards and 

codes. Therefore, a wind-loading standard would generally be unable to give precise predictions in 

real situations, e.g., such as the complex terrain of Belmont Hill in Wellington (Flay et al., 2012). 

Hence, safety concerns in such complicated situations dictates that predictions be conservative. 

The hill-multiplier equation defined in wind-loading standards is simply based on two dimensions 

of the hill, namely the height H and horizontal distance upwind from the crest at the half-height 𝐿𝑢. 

Details of the hill shapes and the effects of asymmetric hill shapes have not been taken into 

consideration because standards are a compromise between realistic results and simplicity. 

Furthermore, as found by Bowen (1983), speed-up data from a variety of hill shapes are collapsed 

adequately when plotted in an appropriate dimensionless manner. 

Figure 4.14d illustrates that, for hills with the same slope of 0.45 (as defined in standards by 

𝐻 (2𝐿𝑢)⁄ ), the different hill shapes result in significantly different profiles of mean speed-up, 



 

97 

 

particularly for z/H < 0.4. Therefore, while standards must be relatively simple to use, the amount 

of simplification used in the Australian/New Zealand wind-loading standard may be too great. It 

has been found from the CFD investigation that effects such as hill shape and slope, and modelling 

a two- or three-dimensional hill have produced results somewhat different from the profiles 

specified by AS/NZS 1170.2.  

 
Figure 4.14. Cross-sections of the hill shapes used in the CFD investigations: (a) standard; (b) Case 2; (c) Case 3; and 

(d) CFD profiles of mean speed-up for the three different hill shapes investigated. 

 

4.3.6 Comparison of Speed-up at Different Locations over a Hill 

According to the numerical results, the maximum speed-up very close to the surface consistently 

occurs slightly before the crest at about −1 < 𝑥/𝐻 < 0 for all slopes and turbulence models, with 

the speed-up results of the 𝑘 − 𝜀 model for three slopes shown in Figure 4.15a. As the flow 

approaches the hill, the wind speed first reduces at the beginning of the hill, before increasing 

gradually towards the crest, after which separation occurs as the wind speed decreases significantly. 

To investigate the validity of this result, more wind-tunnel experiments were carried out to measure 

the wind speeds over the hill surface by use of Irwin probes. The wind-tunnel results for the hill 

with a slope of 0.45 are compared with numerical results in Figure 4.15b, where a good agreement 

is achieved between the experimental and two-dimensional CFD results.  

Figure 4.15c compares our results with the predictions of different wind-loading standards for the 

speed-up over the surface of the hill, where all standards except BS-EN (2005-2010) predict a linear 

speed-up either side of the crest at the surface. Although NBC (2016) estimates the mean speed-up 

quite accurately at the crest, it underestimates the speed-up upwind of the hill, and overestimates 

the ratio downwind of the crest.  

 
(a) 

 
(d) 

 
(b) 
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Figure 4.15. Speed-up over the surface of the hill: (a) CFD results for the hill with slopes of 0.3, 0.45 and 0.6 

according to the k – ε model; (b) wind-tunnel and CFD results for the hill with 0.45 slope; (c) comparing CFD and 

wind-tunnel results with the standards NBC (2015), BS-EN (2005-2010) and AS 1170.2 (1989); (d) speed-up over the 

hill at different heights for a slope of 0.45; (e) speed-up over the Askervein Hill 10 m above ground level (Kim and 

Patel 2000). 
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The mean speed-up provided by AS 1170.2 (1989) underestimates the speed-up on the surface from 

around 𝑥/𝐻 = −1 to 𝑥/𝐻 = 0.2, while BS-EN (2005-2010) significantly underestimates the 

speed-up over the entire hill surface. In addition, the CFD results show that, as the distance from 

the surface increases, the location at which the maximum speed-up occurs becomes closer to the 

crest (Figure 4.15d). That the maximum speed-up over a hill may occur before the crest is also 

evident in the results of (Kim and Patel, 2000) and (Raithby et al., 1987) in simulations of the flow 

over the Askervein Hill at a height of 10 m above the surface (Figure 4.15e). However, the authors 

neither mentioned nor discussed this aspect in their results and discussions. 

 

4.4 Comparison of RANS and Hybrid RANS/LES Simulations  

As discussed, the RANS method does not provide wind speed fluctuations. On the other hand, some 

wind-loading standards, e.g. AS/NZS 1170.2 (2011) and ASCE-7 (2016), define the wind speed-up 

based on gust wind speeds. Therefore, to be able to compare the gust wind speed-ups, in this section, 

the performance of two numerical approaches, namely RANS and hybrid RANS/LES, in simulating 

wind flow over isolated and consecutive hills was evaluated. The results of the hybrid simulation 

were compared with those of RANS, and also for two hill slopes, namely 0.2 and 0.45, the results 

were validated against wind-tunnel results. A hybrid RANS/LES model has been used here as it 

reduces computational time (compared to a full LES simulation), and unlike RANS simulations, 

provides gust data, which are important for structure design purposes. 

As shown in Figure 4.16, airflow over two sets of hills, namely single and multiple, with various 

slopes were simulated. The C1 configuration is a simplified shape the Belmont hills (Flay et al., 

2019), and was included as an attempt to better understand the airflow over the complex terrain of 

the Belmont hills. Heights of the hills in I(1-3) and both hills in C2 are 100 m, and in C1 the 

upstream (0.45) and downstream (0.2) hills have heights of 50 m and 100 m, respectively. 

 
Figure 4.16. Configuration of hills considered in this study: (left) single hills with; (right) consecutive, multiple hills 

In both RANS and Hybrid approaches, pressure-driven ABL (Richards and Norris 2015) with the 

SST model was used for the RANS part, which was explained in Section 4.2.2. Figure 4.17 shows 
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a schematic diagram of the computational domain along with the velocity and turbulence profiles 

at the inlet for the hybrid approach. In this study, SST model (Menter, 1994) was used in 

combination with a LES model. Forcing terms are applied into the momentum equations that allow 

the model to switch to unsteady mode within the defined LES boundaries (more details are available 

in (Menter et al., 2010)). The inlet mean wind speed (U) and turbulence profiles (i.e. turbulent 

kinetic energy (TKE) and turbulence eddy frequency (ω) for SST model are defined in Eqs. 4-13 to 

4-16 (details on profiles and boundary conditions can be found in Section 4.2.2.1 and (Richards and 

Norris, 2015; Safaei Pirooz and Flay, 2018a)).  

 
Figure 4.17. Schematic diagram of the computational domain showing the RANS and LES regions and inlet profiles 

Initially, an empty domain was simulated to ensure that the numerical model is capable of 

replicating the ABL and corresponding turbulence and length scale accurately. Many researchers 

(e.g. (Richards and Norris, 2015; Richards and Norris, 2019; Safaei Pirooz and Flay, 2018a)) have 

discussed the importance of modelling a horizontally homogeneous ABL, which was discussed in 

detail in Section 4.1.2. 

  

(a) (b) 

Figure 4.18. (a) Comparison between power density spectrum obtained from CFD (i.e. LES region) and von Karman; 

(b) Comparison of velocity profiles from wind tunnel and CFD simulations for the empty domain 
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To evaluate the accuracy of the turbulence generated in the LES region, spectral analysis was 

performed for a velocity time series at a point 300 m high above the ground. At this height, the 

integral length scale is about 220 m (Cook, 1985). Figure 4.18a compares the normalised spectra  

(= 𝑓𝑆𝑢 𝜎2⁄ ) obtained from the CFD with a von Karman spectrum with a length scale of 220 m. As 

can be seen, the CFD results agree well with the von Karman spectrum, although at high 

frequencies, the LES spectrum decays faster which could be partly due to the mesh resolution, and 

limitations of the LES model in simulating high-frequency fluctuations. However, considering that 

the field gust measurements are a 3-s moving average, the simulated spectra and accurate 

fluctuations up to about 6 Hz are adequate for analysing gust records. 

In addition, in Figure 4.18b, the velocity profile replicated in the wind tunnel is compared with the 

velocity profiles simulated in the both RANS and LES regions. For the LES region two averaged 

velocity profiles (T1 and T2) over a 3-s period are shown. The height (Z) and velocity are 

normalised by dividing by 300 m and velocity at Z=300 m, respectively. As can be seen, good 

agreement was achieved between the wind-tunnel results and CFD simulations (both RANS and 

LES regions). 

 

4.4.1 Validation: CFD against Wind-Tunnel 

The validation was conducted by comparing the numerical results with wind-tunnel results for 2D, 

single isolated hills with two slopes, namely 0.2 and 0.45. Figure 4.19 and Figure 4.20 show the 

validation results for the 0.2 and 0.45 hills, respectively. For the visualisation of the wake region, 

smoke and tufts were used for the 0.2 and 0.45 hills, respectively. 

 
Figure 4.19. Comparison of RANS, Hybrid RANS/LES and wind-tunnel results for a 2D, single isolated hill with a 

slope of 0.2. Velocity field and wake region obtained from: (a) Hybrid RANS/LES; (b) RANS; (c) wind tunnel. (d) 

Mean speed-ups estimated from Hybrid and RANS approaches and wind-tunnel; (e) Gust speed-ups estimated from 

the Hybrid approach, wind-tunnel experiment and two wind-loading standard, namely AS/NZS 1170.2 (2011) and 

ASCE-7 (2016). H = 100 m and error bars in the graphs are 5% errors around the wind-tunnel measurements.  
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As illustrated in Figure 4.19(a-c), the size of the wake region estimated by the RANS and Hybrid 

methods are similar. However, the Hybrid method predicts the separation point slightly closer to 

the hill peak, which agrees with the wind-tunnel results. The mean speed-ups obtained from the 

RANS and Hybrid simulations as well as wind-tunnel tests are compared in Figure 4.19d. Very 

close to the surface wind-tunnel and Hybrid results show higher mean speed-ups compared with the 

RANS method. However, above the surface the results from all the three methods agree well. 

Regarding the gust speed-ups, Figure 4.19e, the Hybrid method slightly overestimates the speed-up 

close to the surface. However, excellent agreement was achieved for gust speed-ups above the 

surface and Hybrid results are within 5% of wind-tunnel estimates. The predictions of two wind-

loading standards, AS/NZS 1170.2 (2011) and ASCE-7 (2016), are also shown in Figure 4.19e, and 

as can be seen, both standards underestimate the gust speed-up close to the surface. Above the 

surface, AS/NZS 1170.2 (2011) provides values that agree with wind-tunnel and Hybrid results, 

however, ASCE-7 (2016) underestimate the speed-ups at all heights.  

Similarly, validation results for a hill with a slope of 0.45 are shown in Figure 4.20. The wake region 

results (Figure 4.20(a-c)), demonstrate that both RANS and Hybrid methods estimates the 

separation point similarly, which is slightly closer to the hill peak compared with the wind-tunnel 

result. Mean speed-ups obtained from the three methods (Figure 4.20d) agreed well at all heights. 

Regarding gust speed-ups (Figure 4.20e), the Hybrid method, slightly overestimates the speed-up 

very close to the surface, however, at other heights the simulation results agree with the wind-tunnel 

and are with 5% of the experimental results. Similar to the 0.2-hill results, ASCE-7 (2016) 

underestimates the gust speed-ups, while AS/NZS 1170.2 (2011) provides good estimations.  

 

Figure 4.20. Comparison of RANS, Hybrid RANS/LES and wind-tunnel results for a 2D, single isolated hill with a 

slope of 0.45. Velocity field and wake region obtained from: (a) Hybrid RANS/LES; (b) RANS; (c) wind tunnel. (d) 

Mean speed-ups estimated from Hybrid and RANS approaches and wind-tunnel; (e) Gust speed-ups estimated from 

the Hybrid approach, wind-tunnel experiment and two wind-loading standard, namely AS/NZS1170.2 (2011) and 

ASCE-7 (2016). H = 100 m and error bars in the graphs are 5% errors around the wind-tunnel measurements.  
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4.4.2 Comparison RANS vs Hybrid RANS/LES: Wake Region 

Wake region sizes as well as flow separation and reattachment points for single and multiple hills 

are shown in Figure 4.21 and Figure 4.22, respectively. Generally, it can be seen that the Hybrid 

method estimated separation points closer to the single hill peaks (Figure 4.21) compared with the 

RANS estimates. The sizes of the wake regions are relatively comparable between the methods, 

with the greatest difference observed for the 0.6 single hill (Figure 4.21a), where the Hybrid method 

shows a considerably larger wake region. For 0.45 and 0.2 single hills (Figure 4.21(b,c)), the wake 

regions estimated by both methods are similar. It should be noted that, AS/NZS 1170.2 (2011) 

suggests that there is no flow separation for a hill with 0.2 slope, however, both numerical methods 

as well as wind-tunnel results (Section 4.4.1) clearly show flow separation for this slope. 

 

Figure 4.21. Wake region comparison obtained from the RANS (left column) and Hybrid RANS/LES (right column) 

approaches for 2D single isolated hills with slopes of: (a) 0.6; (b) 0.45; (c) 0.2. 

The wake region results for the multiple hills considered in this study (Figure 4.22), suggest that for 

the C1 configuration (Figure 4.22a), when the upstream hill has height smaller (in this case half) of 

the downstream hill, the upstream hill has no significant impact on the flow separation and wake 

region of the downstream hill. On the other hand, increasing the height of the upstream hill (in this 

case same height as the downstream hill), makes the wake region behind the downstream hill 

smaller and moves the separation point farther down the downstream hill. It should be also noted 
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that increasing the height of the hill while keeping the slope constant (i.e. upstream hills in C1 and 

C2), results in a larger wake region also separation occurs farther from the hill peak.  

From Figure 4.22 it is evident that the wake region sizes and separation locations estimated by both 

approaches generally agree well, except for the C2 configuration, where RANS was unable to 

predict the wake region behind the downstream hill. In addition, the Hybrid method shows slightly 

larger wake regions for other configurations. 

 

Figure 4.22. Wake region comparison obtained from the RANS (left column) and Hybrid RANS/LES (right column) 

approaches for 2D multiple hills. The upstream and downstream hills have slopes of 0.45 and 0.2, respectively. (a) C1 

configuration; (b) C2 configuration. 

 

4.4.3 Comparison RANS vs Hybrid RANS/LES: Mean Speed-up 

Mean speed-up ratios obtained from the RANS and Hybrid approaches for single and multiple 

consecutive hills are compared in Figure 4.23. As can be seen, for heights above the surface the 

agreement between the two approaches are excellent. Close to the surface, for steep hills (i.e. 0.6 

and 0.45 in Figure 4.23(a,b)), and upstream hills in consecutive hills (named C1-1 and C2-2 in 

Figure 4.23(d and e), respectively), the mean speed-up predictions of the numerical methods agree 

well. However, for the shallow hill (i.e. 0.2), Figure 4.23c and downstream hills (named C1-2 and 

C2-2) in Figure 4.23(d and e), respectively), the Hybrid method provides larger values.  

It can also be seen in Figure 4.23(d,e) that when the upstream hill is smaller (at least by half, Figure 

4.23d) than the downstream hill, there is no effect on the mean speed-ups produced by the 

downstream hill. However, increasing the height of the upstream hill (Figure 4.23e) results in a 

visible effect on the mean speed-up of the downstream hill.  
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Figure 4.23. Comparison of mean speed-ups estimated using RANS and Hybrid RANS/LES approaches for single 

and multiple hills: (a) I1; (b) I2; (c) I3; (d) C1; (e) C2. H = 100 m. 

 

4.4.4 Comparison RANS vs Hybrid RANS/LES: Gust Speed-up 

RANS and Hybrid Gust speed-up estimates for single and multiple hills, as well as AS/NZS 1170.2 

(2011) and ASCE-7 (2016) predictions are provided in Figure 4.24. In the case of single hills (Figure 

4.24(a-c)), it is obvious that ASCE-7 (2016) underestimates the gust speed-ups, particularly above 

the surface, while AS/NZS 1170.2 (2011) accurately predicts the gust speed-ups above the surface. 

For single hills with slopes of 0.6 and 0.2 (Figure 4.24(a,c)), the Hybrid simulation provides speed-

ups close to the surface that are greater than those of AS/NZS 1170.2 (2011).  

Similarly, in the case of consecutive multiple hills (Figure 4.24(d,e)), the numerical simulation 

predicts higher gust speed-ups close to the surface. Also, it can be seen that, when the height of the 

upstream hill increases (Figure 4.24e), the speed-up above the downstream hill decreases. However, 

in the case of smaller upstream hill (Figure 4.24d), the upstream hill has negligible effect on the 

downstream hill. 
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Figure 4.24. Comparison of gust speed-ups estimated using RANS and Hybrid RANS/LES approaches for single and 

multiple hills: (a) I1; (b) I2; (c) I3; (d) C1; (e) C2. H = 100 m. 

 

4.5 Conclusions   

As explained in detail in Chapter 2, hills and local topography can significantly influence the 

historical wind records, and their effects must be removed from the data prior to any subsequent 

analyses to ensure that the wind data reflects the real wind climate, as opposed to artificial speed-

ups due to the presence of topography. In addition, gaining a better understanding of how hills and 

other local topography affect the airflow is of great importance in the computation of the final wind 

load on structures built on the top of hills or in complex terrain.  

Therefore, in this chapter, the effects of single isolated hills (2D and 3D) and consecutive multiple 

hills (2D) on wind flowing over them were investigated using numerical simulations and wind-

tunnel tests. Due to the fact that the hill multipliers are often estimated using wind-loading 

standards, the accuracy of these multipliers and guidelines provided in several international wind-

loading standards were also studied and discussed in detail. 
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For investigating the effects of a simple bell-shaped hill on the airflow in open terrain, numerical 

and wind-tunnel studies were carried out at full-scale and at a nominal scale of 1:500, respectively. 

The k – ɛ, k – ω and shear-stress transport models were used to simulate the horizontally-

homogeneous ABL, and to compute and estimate the speed-up and locations of flow separation.  

For the numerical modelling, the pressure-driven approach was used to simulate a horizontally-

homogenous ABL. The recently proposed profiles for this approach as derived for the commercial 

CFD code ANSYS CFX were found to be inconsistent in the CFD package ANSYS Fluent. In future 

work, further modification of the Fluent package is needed to maintain a constant velocity, 

turbulence and wall shear stress throughout the computational domain.  

The mean speed-up on the crest predicted from NBC (2015) for both two- and three-dimensional 

hills agrees well with the CFD results and wind-tunnel measurements except very close to the 

surface where NBC (2015) slightly underestimates the speed-up effect. The former Australian wind-

loading standard (1989) predicts a linear mean speed-up, with poor agreement with both the CFD 

and wind-tunnel results, although it is generally conservative. The ASCE-7 (2016) standard 

underestimates the gust speed-up compared with both the wind-tunnel measurements and 

AS/NZS1170.2 (2011) for heights above z/H = 0.4 and z/H = 0.12, respectively. The BS/EN (2005-

2010) mean speed-up is considerably underestimated from the surface up to z/H = 0.5, and also over 

the hill surface either side of the crest. The mean speed-up obtained by using the k – ɛ turbulence 

model is closer to the values calculated from the wind-tunnel measurements than those of the k – ω 

and SST models. In contrast, the separation and reattachment locations estimated by the k – ω and 

SST models in the two-dimensional simulations are in a good agreement with the wind-tunnel 

results and previously published studies. However, in the three-dimensional modelling, the k – ɛ 

model provides a more accurate prediction of the wake region. In addition, it appears that the 

recommended separation zone length in AS/NZS1170.2 (2011) is underestimated. The estimations 

of the RANS models for the wake regions were compared with other LES studies, showing that 

RANS models provide accurate predictions of the flow separation and reattachment to within 10% 

and 20% according to the three- and two-dimensional modelling results, respectively, and with 

considerably less computational time compared with the use of an LES model. 

Results from the three-dimensional modelling reveal that the speed-up is considerably smaller than 

for the two-dimensional modelling due to the secondary flows around the hill in the three-

dimensional case, which result in a lower speed-up and smaller wake region. Furthermore, open 

and closed streamlines are generated in the three- and two-dimensional wake regions, respectively. 
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Both numerical and experimental results show that close to the surface of the hill, the maximum 

speed-up occurs upstream of the crest. As the distance from the surface increases, the location of 

maximum speed-up occurs closer to the crest, which is consistent for the three different hill slopes 

and turbulence models considered.  

The wind-tunnel gust speed-ups were compared with values from AS/NZS1170.2 (2011) and gave 

good agreement with the two-dimensional model tested in the wind tunnel. However, this model 

does not represent the real situation, and the full-scale comparative study carried out for the complex 

Belmont Hill in Wellington showed that AS/NZS 1170.2 (2011) is not capable of predicting 

accurate hill-shape multipliers for real three-dimensional complex terrain. In addition, for slopes > 

0.45, AS/NZS 1170.2 (2011) underestimates the speed-up close to the hill surface. The three 

different hill shapes with the same slope of 0.45 were simulated and found to give different results 

at lower heights in contradiction with AS/NZS1170.2 (2011), which uses very simplified 

descriptors for the hill shape and slope.  

Thus, a new and more accurate method is required in wind-loading standards to provide more 

accurate predictions of the speed-up and wake regions in complex terrain.  

Lastly, a Hybrid RANS/LES approach was employed to obtain wind fluctuations and gust wind 

speed-ups over single and multiple hills with various slopes. The wake regions estimated by the two 

CFD approaches generally agreed with one another. However, the hybrid method provides more 

detailed flow behaviour over the hills and in the wake region. In addition, in the case of steep hill 

and multiple hills, the hybrid method estimates larger wake regions. Regarding the estimation of 

mean speed-ups, both numerical approaches provided similar results, particularly for heights farther 

above the surface. Close to the surface, the Hybrid method provides greater mean speed-ups for 

shallow hills. Based on the limited cases studied here, it is demonstrated that in the case of multiple 

hills, when the height of the upstream hill is smaller than the half of the downstream hill, the 

upstream hill may not have a significant effect on the speed-ups and the wake region generated by 

the downstream hill. However, increasing the height of the upstream hill to the same height of the 

downstream hill affects both speed-ups and the wake region in the downstream. More cases and 

scenarios of multiple hills need to be investigated to fully understand the airflow characteristics and 

speedups over complex terrain. 
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Chapter 5  

New Zealand Design Wind Speed, 

Directional and Lee Multipliers 

Proposed for AS/NZS 1170.2:2021 

 

 

 

The study aims to estimate design wind speeds and associated directional multipliers, also lee-zone 

multipliers for New Zealand through the analysis of historical wind data recorded at meteorological 

stations and also by utilising a high-resolution convection-resolving numerical weather prediction 

model (New Zealand Convective-Scale Model (NZCSM)) analyses. New Zealand’s historical wind 

data have not been analysed in the past two decades for design wind-load purposes. In addition, no 

attempt has been made to thoroughly homogenise the mean and gust wind speed data recorded prior 

to the 1990s and to convert them to equivalent Automatic Weather Stations (AWS) records. 

Furthermore, lee zones (areas affected by the wind speed-up due to the presence of mountains) can 

significantly influence the design wind loads Thus, it is crucial to estimate the spatial extent and 

magnitude of lee multipliers accurately. In this study, the wind data were initially subjected to a 

robust homogenisation algorithm (Chapter 2) and then they were separated into synoptic and non-

synoptic events to gain a better understanding of New Zealand’s gust climatology and sources of 

extreme events. It is demonstrated that synoptic events dominate the design wind speeds at most 

locations throughout New Zealand. For extreme value analysis, three different extreme value 

distributions were used, namely Type I (using Gumbel, Gringorten and BLUE fitting methods), 

Type III (using maximum likelihood and probability weighted moments methods), and the Peaks-
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Over-Threshold (POT) approach. In addition, the predictions of NZCSM along with historical wind 

speeds were used to identify the lee zones, which confirms existing zones and provides evidence to 

support introducing new zones, and to obtain estimates of their lee-multipliers. Substantial changes 

have been proposed for the next version of the Australian/New Zealand wind-loading standard 

(AS/NZS1170.2) based on the results of this study. The changes include adding a new wind region 

to New Zealand, refinements of wind zone boundaries, revising all regional wind speeds and 

directional multipliers, and modifying the lee-zone regions and multipliers. 

 

This chapter is based on a co-authored paper. The bibliographic details of the co-authored paper, 

including all authors, are: 

Amir Ali Safaei Pirooz, Richard G.J. Flay, Richard Turner, 2020. New Zealand Design Wind 

Speeds, Directional and Lee-Zone Multipliers Proposed for AS/NZS 1170.2:2021. Journal of Wind 

Engineering and Industrial Aerodynamics.  

 

 

Other related publications:  

Amir Ali Safaei Pirooz, Richard G.J. Flay, Richard Turner, 2019. New Zealand Design Wind 

Speeds. In: International Conference on Wind Engineering (ICWE 15), Beijing, China, Sep 2019. 

Amir Ali Safaei Pirooz, Richard G.J. Flay, 2019. Design wind speeds and long-term wind speed 

trends in New Zealand. In: International Workshop on Wind Effects on Buildings and Urban 

Environment, Tokyo, Japan, Mar 11-12, 2019. 

Amir Ali Safaei Pirooz, Richard Turner, Richard G.J. Flay, 2018. New Zealand Gust Climatology 

Part II: Revising New Zealand Regional Wind Speeds. In: NZ Hydrological Society and NZ 

Meteorological  Society Joint Conference, Christchurch, New Zealand, Dec 4-7, 2018 

Amir Ali Safaei Pirooz, Richard G.J. Flay, 2017. Preliminary Extreme Wind Speed Estimates for 

the Auckland Region. In: 9th Asia-Pacific Conference on Wind Engineering, Auckland, New 

Zealand, 3-7 December 2017 
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5.1 Introduction  

5.1.1 New Zealand Gust Climatology and Wind-Loading Standard 

Proper design and construction of wind-resistant buildings and infrastructure are crucial to minimise 

the direct loss of lives, property, and the subsequent broader-scale economic impact after severe 

wind events. The assessment of the maximum wind speeds, which a structure is likely to experience 

during its design lifetime, is the first requirement in design of wind-resistant structures (Holmes, 

2015). New Zealand is located in the ‘Roaring Forties’ with many population centres and 

infrastructure assets in exposed coastal or hilly areas. Almost all buildings and structures in New 

Zealand are designed to resist the effects of the wind speeds specified in the wind-loading standard 

(AS/NZS 1170.2, 2011), which has been prepared by a joint Australia/New Zealand committee of 

relevant stakeholders including engineers and climate experts. The regional wind speeds in this 

standard are based on the analyses of gust speeds recorded prior to the 1990s (Holmes et al., 2018). 

New Zealand’s wind records have not been studied for extreme value analysis (EVA) purposes for 

the past two decades. Therefore, this research aims to improve the resilience of New Zealand’s 

infrastructure against the effects of extreme winds by providing improved and accurate estimates 

of design wind speeds for the next version of AS/NZS 1170.2. Accurate design wind speeds both 

ensures the safety of structures and prevents over-designing, which has drawbacks for cost and also 

limits other aspects of the structural design, such as design for seismic loads. The strands of the 

study include improved understanding of the wind speeds that structures are designed to withstand 

in New Zealand through EVA, and how a combination of historical wind data analysis and high-

resolution numerical modelling is utilised to firstly homogenise and reconcile time series of wind 

gusts, and secondly to identify lee-zones and high-wind locations. 

Having quite similar design wind speeds for New Zealand and Australia in (AS/NZS 1170.2, 2011) 

raises some questions due to the fact that the wind climates in the two countries are very different. 

Consequently, the extreme winds are generated by different wind mechanisms (Cook, 1985; Gomes 

and Vickery, 1978; Holmes, 2015). Holmes et al. (2018) showed that in Australia non-synoptic 

winds are dominant at many locations. In this study, the New Zealand’s gust data have been 

separated into synoptic and non-synoptic storms to determine which event dominates the design 

wind speeds across New Zealand. 
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5.1.2 Gust Duration and Anemometer Response 

Another aspect to consider is that the instruments used in the two countries are different. When 

analysing gust wind speeds, the response characteristics of the instruments play an essential role 

(Holmes and Ginger, 2012; Holmes et al., 2014; Miller et al., 2013b; Safaei Pirooz and Flay, 2018b; 

Safaei Pirooz et al., 2020). The heavy Mark II Munro cup anemometer with a chart recorder, 

hereafter referred to as MKII, was the primary wind speed recording instrument in New Zealand 

until it was replaced by automatic weather stations (AWS) with light Vector A101 and Vaisala 

WAA151 cup anemometers with digital recorders in the 1990s. However, in Australia, the pressure-

based Dines anemometer was used until the 1990s, and then replaced with heavy-cup Synchrotac 

706 anemometers (Holmes and Ginger, 2012; Miller et al., 2013b). For more details see Chapter 3. 

Despite several definitions of gust duration, the most known and universally-accepted definition is 

“an equivalent moving average” (Holmes et al., 2014). Based on this definition, the effective gust 

duration of MKII and Dines anemometers used in Australia and New Zealand prior to the 1990s, 

were about 1 s (Holmes et al., 2014; Safaei Pirooz and Flay, 2018b) and 0.2- s (Holmes and Ginger, 

2012; Holmes et al., 2014; Miller et al., 2013b), respectively. After the implementation of AWS, 

the World Meteorological Organisation (2014) (WMO) – recommended 3‒s moving-average digital 

filter was adopted at most meteorological stations. 

The basic maximum gust speed duration in (AS/NZS 1170.2, 2011) is defined as 0.2 s, as opposed 

to a 3 s duration or average. As elaborated upon by Holmes and Ginger (2012), the rationale behind 

the redefinition of the design gust speed was the fact that both the low-speed and high-speed 

versions of the Dines anemometer recorded maximum gust speeds equivalent to a 0.2-s moving 

average. Since the design wind speeds provided in (AS/NZS 1170.2, 2011) are mainly based on the 

EVA of maximum gust wind speeds recorded by the Dines anemometer used in Australia, the gust 

duration was redefined to 0.2-s gusts.  

Thus, in this study for the first time, both the wind data of MKII and AWS stations recorded in New 

Zealand were converted to 0.2 s gusts using the results of (Safaei Pirooz and Flay, 2018b; Safaei 

Pirooz et al., 2020) and Chapter 3, in order to be consistent with the gust definition in (AS/NZS 

1170.2, 2011). 

 

5.1.3 Homogenisation and Storm-Type Separation 

As elaborated upon in Chapter 2, apart from the instrumentation and signal-processing changeovers, 

there are other factors affecting the quality of long-term wind records, such as site relocation, 
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surrounding environment, local topography, etc., which result in artificial breakpoints and trends in 

wind time series and contaminate subsequent analyses. Using the recorded wind data directly 

without homogenisation and correction for these factors can introduce significant errors in future 

studies (Azorin-Molina et al., 2014; Masters et al., 2010; Powell et al., 1996; Safaei Pirooz et al., 

2018b; Turner et al., 2019).  

Recently, Turner et al. (2019) (Chapter 2) proposed a homogenisation and quality control algorithm 

based on statistical analyses of historical wind records and utilisation of various tools, such as wind 

tunnel, CFD and a high-resolution convection-resolving numerical weather prediction model (the 

New Zealand Convective-Scale Model (NZCSM)), to homogenise and reconcile the wind data 

affected by various factors. Here in this study, the same algorithm has been employed to ensure the 

quality of the data is suitable and to eliminate all artificial breakpoints and trends.  

Using mixed wind speed records can significantly affect the predictions of the EVA. Gomes and 

Vickery (1978) discussed the issues arising from analysing gust wind speeds in mixed wind 

climates, and presented a technique to determine extreme wind speed probabilities in mixed wind 

climates. They demonstrated that a separate analysis of each significant windstorms resulted in 

more accurate predictions of extreme wind speeds compared to the traditional Gumbel method 

(Gumbel, 1958). Later, Cook et al. (2003) revisited the separation method (Gomes and Vickery, 

1978) in order to take advantage of recent improvements in methodology and wind data records. 

The revisited method requires using independent sub-annual maxima, separated windstorms, 

preconditioned data (i.e. using 𝑉𝑘 instead of V; k is Weibull parameter) for faster convergence, 

fitting Fisher and Tippett Type I (FT1) (Fisher and Tippett, 1928) using the Poisson model or the 

method of independent storms (MIS) (Cook, 1982; Cook, 1985). The new method was successfully 

demonstrated for two sites in Australia, and Cook et al. (2003) suggested that the curvature in the 

upper tail of the FT1 distribution may be due to incomplete convergence and not Type III behaviour. 

Also, Cook et al. (2003) argued that using the design return period (e.g. 50 years) as opposed to the 

conventional 1 year value, could make the method free of rate-dependent assumptions and storm 

types. Later, Cook (2004) used the bootstrap method to find the confidence limits of the composite 

distribution for the revised and original (Gomes and Vickery, 1978) methods.  

Observation of thunder can be linked to a thunderstorm, and thus the maximum wind speed on days 

with thunderstorms can be classified as non-synoptic. Twisdale and Vickery (1992) analysed 4 

stations in the US, and Cook et al. (2003) used the same approach to separate wind mechanisms. 

Riera and Nanni (1989) used a multi-parameter approach to identify non-synoptic events (i.e. 

thunderstorms). They took into account the occurrence of thunder and/or lightning, observation of 

cumulonimbus clouds, as well as precipitation and a sudden drop in temperature, as an indication 
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of non-synoptic events. However, the observation of thunder or lightning does not necessarily mean 

the wind gust originated from convective activity (i.e. non-synoptic event) (Holmes, 1999). 

Lombardo et al. (2009) developed an automatic method to separate thunderstorm and non-

thunderstorm wind data. They also determined and compared the distributions of the maximum 

wind speeds from each wind mechanism and the combined data series. De Gaetano et al. (2014) 

developed an algorithm to systematically separate and classify the anemometer records. Their 

method was applied to continuous wind measurements by high-quality anemometers located at five 

main ports of the Northern Tyrrhenian Sea. Zhang et al. (2018), in an attempt to separate extreme 

winds based on the type of mechanism and to carry out EVA, statistically analysed high-frequency 

wind speeds at two Port areas of the Northern Tyrrhenian Sea. Their analyses demonstrated that at 

high return periods, the extreme winds at the locations considered always originated from one wind 

mechanism, namely thunderstorms. 

Recently, Holmes et al. (2018) and Holmes (2019) proposed a method that allows separation of the 

AWS gust wind records into synoptic and non-synoptic events using hourly gust wind records. To 

separate the data recorded prior to the implementation of AWS, the chart records need to be 

inspected visually. Holmes et al. (2018) and Holmes (2019) applied the proposed method to 

Australia’s wind data and demonstrated that non-synoptic events dominate at many locations. 

 

5.1.4 Objectives of the Present Study 

The above-mentioned issues regarding the quality of recorded wind data and mixed climate, along 

with lack of thorough analysis of New Zealand’s wind data in the last two decades combined with 

some recent severe and damaging wind events have caused renewed interest in wind engineering 

and a questioning of the guidance offered by the wind actions standard. Examples of such recent 

severe and damaging events are: the 2004 Molesworth Windstorm (Reid and Turner, 2004), the 

2007 Taranaki Tornadoes (Reese et al., 2007), the 2008 Greymouth windstorm (Revell et al., 2009), 

the March 2011 Wellington southerly storm, the 2011 (Albany) and 2012 (Hobsonville) Auckland 

tornadoes, ex-tropical cyclones Fehi, Gita, and Hola in 2018. 

Having homogenised and separated the gust wind data into storm types, EVA can be conducted to 

compute design wind speeds and associated directional multipliers. For the calculation of extreme 

winds at different average recurrence interval, five approaches have been employed to estimate the 

parameters of the generalised extreme value (GEV) distribution based on annual maximum gust 

speeds, namely the Gumbel standard method, Gringorten method (Gringorten, 1963), best linear 
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unbiased estimators (BLUE) method (Lieblein, 1974), Maximum Likelihood (ML) and Probability 

Weighted Moment (PWM). Firstly, assuming that the parent data has a Type I distribution (i.e. k = 

0), the mode of the extreme value distribution (u) and the scale parameter (a) are found using the 

Gumbel, Gringorten, and Lieblein BLUE methods (Lieblein, 1974). Secondly, the numerical 

methods, ML and PWM, are used to calculate k, u, and a. Lastly, the Generalised Pareto Distribution 

(GPD), also known as the peaks-over-threshold (POT) approach was used, based on hourly and 

daily maximum gust wind speeds. The use of the POT data allows consideration of all the data 

above a defined threshold, as opposed to just the annual maxima. 

Lee zones are a feature of (AS/NZS 1170.2, 2011) which apply only to New Zealand, as there are 

very few downslope winds and no lee zones in Australia. New Zealand’s hilly and mountainous 

terrain can significantly affect the wind flow passing over them (Flay et al., 2012; Flay et al., 2019; 

Miller et al., 2013a; Safaei Pirooz and Flay, 2018a). In (AS/NZS 1170.2, 2011) topographic 

enhancement is allowed for with a topographic multiplier (𝑀𝑡) consisting of a hill-shape multiplier 

(𝑀ℎ) and a lee-zone multiplier (𝑀𝑙𝑒𝑒). 𝑀𝑙𝑒𝑒 is applied within lee zones downwind of hill ridgelines. 

Although the physical basis for including these effects is clear, unfortunately the method by which 

these factors are calculated is weak and ambiguous. Therefore, in the present study, by utilising a 

high-resolutions weather prediction model (NZCSM) and historical wind data, the boundaries of 

lee zones and the values of 𝑀𝑙𝑒𝑒 have been revised and modified. 

The chapter is structured as follows. Section 5.2 presents a description of the data and 

meteorological stations considered in this study. A detailed explanation of the methods used along 

with an explanation of NZCSM has been provided in Section 5.3. Section 5.44 summarises the 

results of the study and explains how the findings are used to update and improve the guidance of 

the next version of AS/NZS 1170.2. Lastly conclusions are presented in Section 5.5. 

 

5.2 Observation Data 

In (AS/NZS 1170.2, 2011), New Zealand is divided into three wind regions, namely A6, A7 and 

W, which are being renamed to NZ1, NZ2 and NZ3, respectively, in the proposed new standard 

(see Section 5.4.2 for detailed explanation). In the present work, over 52 meteorological stations 

were selected, which cover these regions and are spread throughout New Zealand. Figure 5.1 shows 

the three wind regions as defined in (AS/NZS 1170.2, 2011) and also the locations of the selected 

stations for this study. The stations were chosen based on the available length of the wind data 

series, the quality of the data, minimal number of changes in instrumentation, and mast location. 

For each station, hourly and daily gust speeds, 10-min mean speeds and direction data were 
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extracted from NIWA’s1 climate database (NIWA, 2018). The wind data at most of these stations 

are available from 1972. Table 5.1 summarises the key details of the climate stations and also the 

wind sensors used at these stations. It should be noted that the Chatham Islands are not included in 

the current version the standard. 

 
Figure 5.1. Current New Zealand’s wind regions as defined in (AS/NZS 1170.2, 2011). Red stars show the 

meteorological stations used in the present study.  

The station names and agent numbers, as specified in the climate database (NIWA, 2018), also the 

coordinates of each station along with the base elevation above mean sea level (labelled a.s.l) are 

provided in Table 5.1. In addition, Table 5.1 shows the periods when hourly mean and gust wind 

speeds, and daily gust wind speeds have been recorded at the stations. Anemometer type and height, 

and recording system play an essential role in analysing historical wind data. Therefore, this 

information is also shown in Table 5.1.  

 
1 The National Institute of Water and Atmospheric Research or NIWA, is a Crown Research Institute of New Zealand. Established 

in 1992, NIWA conducts commercial and non-commercial research across a broad range of disciplines in the environmental sciences. 

https://www.niwa.co.nz/  

https://www.niwa.co.nz/
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Table 5.1. Description of the meteorological stations and the wind sensors used in the present study. 

 

As mentioned, in New Zealand prior to the implementation of AWS, MK II anemometer with chart 

recorders were the primary instruments at the stations. They were replaced by light cup 
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anemometers, namely Vector A101 and Vaisala WAA151. As demonstrated by Safaei Pirooz and 

Flay (2018b) and in Chapter 3, Vector A101 and Vaisala WAA151 have very similar response 

characteristics. Thus, in Table 5.1, for both of these anemometers the term “AWS-digital” is used. 

In order to form longer wind speed time series, the wind data from stations located close to one 

another were combined, when the recording periods did not overlap (i.e. these stations in Table 5.1 

are shown with the same station name, e.g. Paraparaumu stations, etc.). Therefore, at almost all the 

stations considered, maximum daily and annual gust wind speeds are available from 1972 to present 

(46 years of continuous wind data). However, hourly gust wind data have been recorded since the 

mid-1980s or early 1990s. The wind regions where stations are located are shown in Figure 5.1. 

Region X (i.e. NZ4) consisting of Foveaux Strait (Southern part of the South Island) is a new region, 

which is discussed in detail in the following sections. 

5.3 Methodology 

The methodology, shown schematically in Figure 5.2, consists of four main parts including quality 

control and homogenisation algorithms, storm-type separation, EVA, and identifying lee-zones 

using NZCSM. These important steps have been undertaken towards the computation of the design 

wind speeds and associated directional multipliers, and also the determination of lee-zones and lee 

multipliers. 

 

Figure 5.2. A schematic diagram of the steps undertaken in this study 
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5.3.1 Homogenisation and Quality Control 

The homogenisation algorithm and quality control was explained in detail in Chapter 2. Here in this 

section, only a summary is provided. 

An essential initial step in analysing wind data is quality control and homogenisation in order to 

eliminate the effects of factors affecting the data, which can contaminate subsequent analyses. Wind 

varies significantly on all time scales and in three-dimensional space, which makes the analysis 

difficult (Azorin-Molina et al., 2014). Furthermore, there are different factors, such as surrounding 

environment, anemometer type and signal-processing procedure, and local topography effects, 

which can influence the quality of wind records and cause artificial trends and discontinuities in 

historical time series (Azorin-Molina et al., 2014; Azorin-Molina et al., 2017; Azorin-Molina et al., 

2019; Masters et al., 2010; Safaei Pirooz et al., 2018b; Turner et al., 2019). This is particularly true 

about gust wind speeds, which are extremely sensitive to the instrumentation response 

characteristics and the gust duration (Miller et al., 2013b; Safaei Pirooz and Flay, 2018b). 

Consequently, the results of an EVA will be flawed if non-standard wind data are used (Palutikof 

et al., 1999). 

A recently proposed homogenisation algorithm by (Turner et al., 2019) (see Chapter 2) has been 

adopted in the current study to homogenise the wind data recorded across New Zealand (Table 5.1). 

A summary of the method is outlined in Figure 5.2, and a brief description is provided here. For 

more details see (Turner et al., 2019). Considering that in New Zealand the number of synoptic 

events is significantly larger than non-synoptic events (see Sections 5.3.2 and 5.4.1), the assumption 

that all the recorded gusts result from large synoptic scale pressure systems would have a negligible 

effect on the homogenisation process. Particularly due to the fact that the values of gust factor, 

turbulence intensity and effective roughness, and lastly correction factors are averaged for each 

wind sector. In addition, when homogenising the wind gust data using the proposed algorithm, 

several quality-control steps, both in the initial assessment and in the algorithm were taken, to 

ensure all suspicious large gust factors, resulting from either very low hourly mean speeds or high 

hourly gusts have been removed prior to calculating correction factors. 

For deriving correction factors, initially the mean and gust wind data were quality controlled to 

exclude suspicious and low-quality data. To ensure that the atmospheric boundary layer (ABL) is 

nearly neutral, following the Pasquill stability class (Pasquill, 1961), mean speeds lower than  

5.5 m s-1 were excluded. Also, gust speeds greater than the mean speed plus five times the standard 

deviation were considered as noise or anomalies (Masters et al., 2010).  
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All the wind records were converted to a common standard, namely 0.2-s gusts, measurement height 

(𝑧) of 10 m, and wind flow over open-country terrain with an effective roughness (𝑧0) of 0.02 m 

(AS/NZS 1170.2, 2011). Based on historical wind records, directional values of 𝑧0 were calculated 

using,  

𝑧0 = 𝑧. exp(−1/𝐼𝑢), (5-1) 

where, 𝐼𝑢 is turbulence intensity and can be estimated by Eq. 5-2. 

𝐺𝐹(𝑇, 𝜏, 𝑧, 𝑧0) =
�̂�(𝜏, 𝑧, 𝑧0)

�̅�(𝑇, 𝑧, 𝑧0)
= 1 + g(𝑇, 𝜏, 𝑧)𝐼𝑢(𝑧), (5-2) 

where, 𝐺𝐹, �̂� and �̅� are gust factor, gust and mean wind speeds, respectively. Also, g is the peak 

factor whose values for different anemometers and gust durations were taken from the results of 

(Safaei Pirooz and Flay, 2018b).  

Having calculated 𝑧0 and knowing the mean wind speed and measurement heights, the friction 

velocity (𝑢∗) then subsequently the standard mean speeds along with mean correction factors can 

be calculated using the logarithmic-law velocity profile. Next, as explained, the effective gust 

durations (i.e. 1-s and 3-s for instruments before and after the 1990s, respectively) have to be 

converted to a common value, which according to (AS/NZS 1170.2, 2011) is 0.2 s. Therefore, the 

wind tunnel results of (Safaei Pirooz and Flay, 2018b) were used to correct for the effects of the 

anemometer response characteristics and gust duration.  

Although meteorological stations are mostly located in an open-country terrain with a good 

exposure, sometimes local topography nearby the stations affect the wind speed records through 

sheltering the mast or from wind speed-up. Therefore, it is of great importance to remove these 

effects from the wind speed time series. Here, we compensated for the topography effects by using 

CFD simulations. A detailed explanation of the procedure is elaborated on in Chapter 4 and in (Flay 

et al., 2019; Safaei Pirooz and Flay, 2018a; Turner et al., 2019) 

Lastly, to ensure all the artificial effects have been successfully eliminated, a statistical test, namely 

the penalised maximal F test (PMFT) (Wang, 2008; Wang and Feng, 2013) was performed, which 

detects any breakpoints in a time series. In case any more discontinuities were detected, the quantile-

matching (QM) adjustment algorithm (Wang et al., 2010) was applied, which matches the shape of 

the probability distributions of all segments (i.e. before and after discontinuities). 
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5.3.2 Storm-Type Separation 

The importance of separating extreme wind speeds based on storm type is emphasised in Section 

5.1. Separating storms is quite a difficult task, due to the fact that meteorological stations usually 

do not record the necessary information required to distinguish the storm types. Here, we employed 

the separation method proposed by Holmes et al. (2018) and Holmes (2019). Holmes et al. (2018) 

proposed a method that allows separation of the AWS gust wind records into synoptic and non-

synoptic events. However, to separate the data recorded prior to the implementation of AWS, the 

chart records need to be inspected visually. 

In summary, the method takes the following steps for separating AWS data:  

• Identify the wind gust, �̂�𝑀, which occurred at time t.  

• Compute the average of the recorded wind gusts in the two-hour time period before the 

subject gust (�̂�𝐵) and after the subject gust (�̂�𝐴). 

• Find the wind gust ratios as: 𝑅𝐵 = �̂�𝑀/�̂�𝐵 and 𝑅𝐴 = �̂�𝑀/�̂�𝐴 

• If 𝑅𝐵 < 2 and 𝑅𝐴 < 2 the gust event is classified as “synoptic”, otherwise, the event is 

classified as “non-synoptic”. 

After this process, EVA was performed for synoptic and non-synoptic events separately, to find out 

which event dominates the extreme winds in New Zealand and to determine the final design wind 

speeds. 

 

5.3.3 Extreme Value Analysis (EVA) 

In any design project, safety considerations must be balanced against the additional cost of over-

design (Palutikof et al., 1999). Therefore, accurate estimation of the occurrence of extreme wind 

speeds plays an essential role in achieving the correct balance between safety and cost. 

Fisher and Tippett (1928) proposed three asymptotic types of extreme value distribution, namely 

Types I, II and III, and demonstrated that extreme data of an event can be fitted and described by 

one of these distributions. Which one of these types is correct, and the most suitable type depends 

on the form of the tail of the parent distribution. Von Mises (1936) represented (also later 

rediscovered by Jenkinson (1955)) the three distributions of Fisher and Tippett as a single equation 

called the Generalised Extreme Value (GEV) Distribution, defined as 
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𝐹𝑈(𝑈) = exp {− [1 −
𝑘(𝑈 − 𝑢)

𝑎
]

1/𝑘

}, (5-3) 

where 𝐹𝑈(𝑈) is the cumulative probability distribution function (CDF) of the maximum wind speed 

(U) in a defined period, a is a scale factor and u is a location parameter. A shape factor, k, determines 

the type of the distribution as 

{

𝑘 < 0:   Type II
𝑘 = 0:     Type I
𝑘 > 0:  Type III

 . 

Among these three distributions, Types I and II do not have an upper limit, while Type III curves 

in such a way to approach a limiting value. 

After the selection of the extreme values, i.e. either annual maxima or POT data, the parameters of 

the distribution must be obtained. There have been various methods proposed over the years to find 

the parameters using graphical or numerical approaches. Palutikof et al. (1999) reviewed most of 

the available methods for the prediction of extreme wind speeds and steps that should be taken in 

EVA. 

Type I (or so-called Gumbel distribution) has been widely used for analysing extreme wind speeds. 

However, it has been discussed by some researchers (Holmes, 2015; Simiu, 1995; Walshaw, 1994) 

that Types I and II, due to being unbounded, can overestimate the design wind speeds at high return 

periods. Therefore, they argue that Type III may be more appropriate for wind speeds, because the 

atmosphere cannot produce unlimited wind speeds. On the other hand, some researchers (Cook, 

1982; Cook, 1985; Gomes and Vickery, 1978) believe that extreme wind speeds converge to the 

Type I distribution satisfactorily, as long as it is not used for a mixed wind speed time series (i.e. a 

mixed climate) and the parameters of Type I are calculated appropriately. Walshaw (1994) 

demonstrated that if wind data from a station follow Type III upper tails, then a positive k should 

be fitted, instead of assuming that 𝑘 = 0. 

Even assuming Type I is the correct distribution of an extreme event, the method proposed by 

(Gumbel, 1954) is biased, because the defined probability of non-exceedence, Eq. 5-4, 

𝑝 =
𝑚

𝑁 + 1
 , (5-4) 

where N is the total number of annual maxima and m is the rank of each maximum speed, gives 

distorted values, particularly for high values of p near 1 (Cook, 2011; Holmes, 2015; Palutikof et 

al., 1999). Therefore, some researchers have proposed various modifications to the Gumbel method 
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or developed alternative approaches (e.g. Gringorten (1963), BLUE method (Lieblein, 1974), 

weighted least-square procedure (Harris, 1996), ML, PWM, r-largest value, GPD). An alternative, 

unbiased plotting position was proposed by Gringorten (1963) as shown in Eq. 5-5, which gives 

lower return-period wind speeds compared to Eq. 5-4. 

𝑝 =
𝑚 − 0.44

𝑁 + 0.12
 (5-5) 

For comparison and completeness purposes, both Eqs. 5-4 and 5-5 have been used in this study to 

estimate design wind speeds.  

All three types of GEV distribution have been adopted by wind-loading standards and in research 

studies around the world (Vallis, 2019). For example, Peterka and Shahid (1998) used the Type I 

distribution to predict the United States design wind data, and they used the method of moments 

(Simiu and Scanlan, 1986) to fit the data. Type III was used in Australia (Holmes et al., 2018; 

Holmes, 2002) and in Germany (Kasperski, 1998; Kasperski, 2002). Recently, Vallis (2019) used 

Type I distribution based on a modified version of the Method of Independent Storms (Cook, 1982) 

to estimate the design wind speeds across Brazil. Although Type II provides overly-conservative 

predictions, some researchers have used this distribution to predict extreme winds; for example, 

Thorn (1968) (USA), Riera and Reimundin (1970) and Riera et al. (1977) (Argentina), Padaratz 

(1977) (Brazil). Lechner et al. (1992) analysed wind data from 100 stations across the USA using a 

conditional mean exceedance (CME) (Davison and Smith, 1990) and the Pickands method 

(Pickands, 1975), and demonstrated that 61 stations showed the Type III distribution form, 36 were 

Type I, and 3 stations followed the Type II distribution. Later, Simiu and Heckert (1996) using the 

de Haan method (de Haan, 1994) based on the POT approach, and also illustrated that the 44 

analysed stations across the USA in their study were described predominantly by the Type III 

distribution. Pintar et al. (2015) carried out POT EVA using the ML fitting method on the non-

hurricane wind speeds of the US to update the design wind speeds in (ASCE-7, 2016). 

 Over the last two decades, several studies have been conducted to analyse wind data in Europe and 

predict extreme winds at different return periods. By way of example, Zuranski and Jaspinska 

(1996), Sacré (2002), George (2006), Larsén and Mann (2009), and Pop et al. (2016) used the Type 

I distribution based on annual maxima wind speeds to estimate extreme winds across Poland, 

France, the UK, multiple locations in Europe (including places where strong winds are generated 

by different mechanisms and at different scales), and the Czech Republic. In addition, in an attempt 

to increase the number of events, Kristensen et al. (2000), Miller et al. (2001), and Sacré et al. 
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(2007) employed the Type I distribution based on independent storms to investigate extreme winds 

in Denmark, the UK, and France. 

Having observed differences in design wind speeds at the borders of countries in Europe, Gatey and 

Miller (2007) calculated 50-year return period wind speeds using a single consistent methodology 

based on annual maxima. For this purpose, they selected 41 stations and used Eq. 5-6 for the Gumbel 

fit (i.e. Type I) and Eq. 5-3 to find the best-fit GEV distribution (i.e. Type II or III), utilising ML 

estimators. About 40% of the considered stations (16 stations) were found to be a Type II 

distribution, and the rest are classified as Type III distribution. Gatey and Miller (2007) also 

discussed some issues with the fits and factors affecting the fits, such as the length of wind records, 

surrounding environment (i.e. roughness length). In addition, the possible significant influence of 

outliers on the resulting statistical fits was elaborated on. Later, Gatey (2011) extended the 

preliminary work (Gatey and Miller, 2007) and investigated wind data from 394 stations across 

Europe to compute a map of synoptic 50-year return period wind speeds. Gatey (2011) used the 

Type I distribution based on both annual and independent storm maxima and utilised optimal bias-

robust estimators (OBRE) fitting algorithm. 

Due to the opposing views regarding the type of distribution, it is worth testing for non-zero k 

(Palutikof et al., 1999). Thus, in this study, Type I and III distributions were fitted to annual 

maximum gust wind speeds. The standard Gumbel method (Gumbel, 1954) using a least-squares 

fitting method, and the BLUE method (Lieblein, 1974) using  wind speed squared data, as opposed 

to the wind speed itself, were also employed to find the parameters of the Type I distribution (i.e. a 

and u). In addition, ML and PWM estimators (details in (Davison and Smith, 1990, Smith, 1985, 

Smith, 1986, Wilks, 1995) based on the annual maxima data were used to calculate the shape factor 

(i.e. k) along with other parameters of the distribution. 

To obtain reliable predictions from Type I, a minimum of 20 – 30 years of data is required (Cook, 

1985; Holmes et al., 2005; Riera et al., 1977). In the current study, the maximum gust speeds at the 

majority of the stations are available for about 45 years, which is an adequate length of time to 

obtain reliable predications.  

For Type I distribution, Eq. 5-3 can be written as in Eq. 5-6,   

𝐹𝑈(𝑈) = exp {− exp [−
(𝑈 − 𝑢)

𝑎
]}, (5-6) 

The BLUE method gives the correct weight to each of the data points by applying a set of unbiased 

estimators to the data (Cook, 1985; Lieblein, 1974). In this approach, to achieve a faster 
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convergence of the extreme data to the Type I distribution (Cook, 1982), 𝑈2 was used instead of U. 

In the BLUE method, the location (u) and scale (a) parameters are calculated using Eq. 5-7 (Cook, 

1985; Hong et al., 2013; Lieblein, 1974). 

𝑢 =∑𝑐𝑢,𝑖𝑈𝑖
2

𝑁

𝑖=1

,    and    𝑎 =∑𝑐𝑎,𝑖𝑈𝑖
2

𝑁

𝑖=1

, (5-7) 

where 𝑐𝑢,𝑖 and 𝑐𝑎,𝑖 are the BLUE coefficients, whose values for 𝑁 ≤ 16 and 𝑁 ≤ 24 are provided 

in (Lieblein, 1974) and (Cook, 1985).  

One of the main limitations of the BLUE method is the fact that the values of the coefficients 

required for the calculation of the distribution parameters are only provided for sample sizes ranging 

from 𝑁 = 10 to 𝑁 = 24 (Cook, 1985; Lieblein, 1974). However, recently Hong et al. (2013) 

calculated the coefficients of estimators (i.e. 𝑐𝑢,𝑖 and 𝑐𝑎,𝑖) for sample sizes of up to 100 based on 

the generalised least-squares method, and illustrated that the coefficients can be approximated for 

even larger sample sizes. To compute the exact values of the coefficients of the BLUE, Hong et al. 

(2013) solved the moments of order statistics for the Gumbel model using the Gauss‒Kronrod 

quadrature (more details in (Hong et al., 2013)). Thus, in the present paper for the BLUE method, 

when 𝑛 ≤ 24 the coefficients provided in (Cook, 1985; Lieblein, 1974) are used, and for  

𝑛 ≥ 24 the coefficients and approach proposed by Hong et al. (2013) are employed.  

When a Type II or III distribution is fitted to a dataset, all the three parameters of the GEV are 

unknown. Various approaches have been proposed to find the values of these parameters, among 

which ML and PWM estimators are two commonly used methods. There are several studies 

comparing and evaluating the performances and estimations of PWM and ML methods (Brabson 

and Palutikof, 2000; Coles and Dixon, 1999; Hosking et al., 1985; Martins and Stedinger, 2000; 

Phien, 1987). 

The justification of the ML method is based on large-sample theory (Hosking et al., 1985), and 

when it is used for a small sample data to estimate the parameters of a GEV distribution, the ML 

estimators of parameters are unstable (Martins and Stedinger, 2000) and it is possible to generate 

absurd values for the shape factor (k). On the other hand, the PWM method is known to provide 

realistic values even for small sample sizes, and the method is believed to be fast and 

straightforward (Hosking et al., 1985). 

Hosking et al. (1985) compared the parameters of a GEV distribution estimated for small, moderate 

and large sample sizes using the PWM, ML and Jenkinson's (1969) method of sextiles. The authors 

showed that for large sample sizes all of the three methods had similar performance. For moderate 
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sample sizes, the standard deviations of the PWM and ML estimators were comparable. Generally, 

the PWM estimator had a larger bias and a smaller standard deviation than the other estimators. 

Also it was found that the PWM estimators are asymptotically inefficient compared to ML 

estimators. 

Phien (1987) also compared the performance of four methods, namely MOM, maximum entropy 

(ME), ML and PWM, for estimating the parameters of the Type I GEV distribution, and also 

recommended suitable solution procedures. MOM was out-performed by all the three considered 

approaches. Their results showed that in terms of the root mean square error and efficiency, the ML 

method was the best, and the PWM ranked first in terms of the bias. Lastly, the ME method was 

found to be closer to the ML than the PWM method. 

Coles and Dixon (1999) argued that the better performance of the PWM method for small sample 

sizes is due to the assumption of “a restricted parameter space”. Therefore, by incorporating a 

similar information in a likelihood-based model, Coles and Dixon (1999) proposed a penalised 

maximum-likelihood estimator, which benefits from “the modelling flexibility and large-sample 

optimality” of the ML method, and also from the small-sample advantage of the PWM method. In 

addition, Martins and Stedinger (2000) showed that restricting the value of k to a reasonable range, 

physically and statistically, using a Bayesian prior distribution, eliminates the small-sample issue 

of the ML method.  

Brabson and Palutikof (2000) concluded that the ML provides much more stable estimations of the 

GPD parameters, when they evaluated the performance of the ML and PWM methods. Hosking and 

Wallis (1987) also compared the performance of the ML, PWM and MM approaches in estimating 

the parameters of the GPD. They demonstrated that the ML method had higher efficiency, and for 

moderate to large sample sizes (e.g. 𝑁 ≥ 50) and 𝑘 ≥ 0, the ML method outperformed the PWM 

method, particularly in terms of RMSE. Also, in terms of efficiency and RMSE, ML method was 

found to be the best compared to the MOM, MLM and the BLUE methods (Hong et al., 2013). 

The ML method introduces negligible bias for sample sizes of 𝑁 = 30 to 𝑁 = 100 (Palutikof et 

al., 1999), though, for wind EVA, usually the available number of historical data are smaller. 

However, in the present study, for most locations 40 – 50 years of data are available, and k ranges 

from ‒ 0.2 to 0.2, as shown by Coles and Dixon (1999), Hosking et al. (1985) and Phien (1987), 

and for this sample size and range of k, ML and PWM show comparable performance. Therefore, 

for completeness, in this study, both the PWM and ML approaches have been employed to estimate 

the parameters of the GEV distribution. 
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5.3.3.1 ML and PWM Methods 

The log-likelihood function for an independent and identically distributed set {𝑥𝑖} from a GEV 

distribution with sample size of N can be written as in Eq. 5-8 (Martins and Stedinger, 2000). 

ln[𝐿(𝜃|𝑥)] = −𝑁 ln(𝑎) +∑[(
1

𝑘
− 1) ln(𝑦𝑖) − (𝑦𝑖)

1/𝑘]

𝑁

𝑖=1

, (5-8) 

where 𝑦𝑖 = [1 − (𝑘 𝑎⁄ )(𝑥 − 𝑢)] and 𝜃 = (𝑢, 𝑎, 𝑘). To find the ML estimators of u, a and k, a 

system of equations that comprises three equations corresponding to equating the first derivatives 

of  ln[𝐿(𝜃|𝑥)] with respect to each parameter to zero (Hosking, 1985; Martins and Stedinger, 2000). 

The likelihood equations must be solved iteratively (Hosking, 1985), using algorithms, such as 

Newton-Raphson.  

For a random variable X of size N and distribution function of 𝐹(𝑋) = 𝑃(𝑋 ≤ 𝑥), the PWMs can 

be obtained as in Eq. 5-9 (Hosking et al., 1985). 

𝛽𝑟 = 𝐸[𝑋{𝐹(𝑋)}
𝑟],          𝑟 = 0,1,2, … (5-9) 

Based on the ordered sample (𝑥1 ≤ 𝑥2 ≤ ⋯ ≤ 𝑥𝑁), an unbiased estimator of 𝛽𝑟 is written as,  

𝑏𝑟 =
1

𝑁
∑

(𝑗 − 1)(𝑗 − 2)… (𝑗 − 𝑟)

(𝑁 − 1)(𝑁 − 2)… (𝑁 − 𝑟)

𝑁

𝑗=1

𝑥𝑗  . (5-10) 

Thus, unbiased estimates of the first three PWMs can be written as in Eqs. 5-11. 

𝑏0 = 𝑁
−1∑𝑥𝑗

𝑁

𝑗=1

 , (5-11a) 

𝑏1 = 𝑁−1∑
(𝑗 − 1)𝑥𝑗

𝑁 − 1

𝑁

𝑗=1

  , (5-11b) 

𝑏2 = 𝑁
−1∑

(𝑗 − 1)(𝑗 − 2)𝑥𝑗
(𝑁 − 1)(𝑁 − 2)

𝑁

𝑗=1

  , (5-11c) 

Based on these unbiased estimates, an approximate of k for the GEV distribution is given by 

(Hosking et al., 1985) 

𝑘 = 7.8590𝑐 + 2.9554𝑐2 , (5-12) 

where, 



 

128 

 

𝑐 =
2𝑏1 − 𝑏0
3𝑏2 − 𝑏0

−
ln2

ln 3
 . (5-13) 

Hosking et al. (1985) stated that the error in k through using Eq. 5-12 instead of the exact solution 

from solving the PWMs of the GEV distribution is less than 0.0009 for k ranging from −0.5 to 0.5. 

Having calculated k, values of a and u of the GEV distribution can be computed using Eqs. 5-14. 

𝑎 =
(2𝑏1 − 𝑏0)𝑘

Γ(1 + 𝑘)(1 − 2−𝑘)
 , (5-14a) 

𝑢 = 𝑏0 +
𝑎

𝑘
{𝛤(1 + 𝑘) − 1} (5-14b) 

where, 𝛤 is the gamma function. 

 

5.3.3.2 POT Method 

The method of using a single maximum wind speed from each year has drawbacks due to ignoring 

many storms occurring during any year and only using one value from each year (Cook, 1982; 

Holmes et al., 2005). One approach to improve the accuracy of extreme wind speed estimations is 

to use shorter periods than a year. However, it is essential to ensure that the data values are 

statistically independent and identically distributed (Holmes, 2015; Palutikof et al., 1999).  

Two methods that make use of all wind speeds from independent storms above a certain threshold 

wind speed are the POT (Davison and Smith, 1990; Holmes and Moriarty, 1999; Lechner et al., 

1992) and the Method of Independent Storms (MIS) (Cook, 1982). In both methods, it is of great 

importance to ensure that the selected threshold is not so low that the data are chosen from a same 

storm multiple times.  

Here, we used POT data based on hourly and daily maximum gust wind speeds and the parameters 

of the GPD distribution were determined using the approach described in (Holmes et al., 2018; 

Holmes and Moriarty, 1999; Holmes, 2015). Assuming the POT maxima follow a GPD, and based 

on the definition of crossing rate, 𝜆 (i.e. number of extreme winds above the threshold per year), 

the R-year average recurrence interval wind speed can be computed using Eq. 5-15.  

 𝑈𝑅 = 𝑢0 +
𝜎

𝑘
[1 − (𝜆𝑅)−𝑘], (5-15) 

where, 𝑢0 and 𝜎 are the threshold and a scale factor, respectively. Using independent storms and 

the following steps (Holmes, 2015), the parameters of the GPD can be obtained (Davison and Smith, 

1990). First, several (n) threshold wind speeds are considered such as 𝑢0, 𝑢1, …,un. Then, 𝜆 is 
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calculated as the number of the storms exceeding the lowest level threshold (𝑢0) per year. For each 

threshold level, the difference between storm winds and the threshold level are calculated (𝑈 − 𝑢0) 

and averaged, and is called the mean excess (𝐸). Then, the mean excess is plotted against the 

threshold levels, called the mean residual life (MRL) (Brabson and Palutikof, 2000; Davison and 

Smith, 1990; Walshaw, 1994). Lastly, by fitting the best-fit line to the MRL plot, k and 𝜎 can be 

computed using Eq. 5-16 (Davison and Smith, 1990; Holmes, 2015). As elaborated upon in (Holmes 

and Moriarty, 1999; Holmes, 2002), to include a threshold level in the mean exceedance plot, a 

minimum number of ten exceedances of a threshold is advisable. 

𝑆𝑙𝑜𝑝𝑒 = −
𝑘

1 + 𝑘
                    𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =

𝜎

1 + 𝑘
 (5-16) 

Maximum gust wind speeds selected from separate years are almost always statistically 

independent. To ensure the independency of the POT data, two approaches have been adopted in 

the present study. The first method is to require a minimum time separation between the chosen 

events, called “deadtime (Z)”, which also was adopted by Cook (1985), Gusella (1991) (48 hr), and 

Walshaw (1994) (60 hr). The second consideration is the value of the wind speed threshold. It is 

desirable to make both the deadtime and threshold values as small as possible, in order to maximise 

the number of valid storms (Walshaw, 1994). 

In the present study, both the threshold and deadtime concepts were used in conjunction with one 

another to find suitable thresholds and to ensure the selected POT data are independent. The 

linearity of the MRL plot is an indication of a GPD distribution, and can be used to determine 

suitable values of thresholds where extreme events can be assumed to be independent (Brabson and 

Palutikof, 2000; Walshaw, 1994). Here, we evaluated various values of thresholds and deadtimes 

for data from each of the considered stations. 

Figure 5.3, by way of example, shows the MRL plots for the Wellington Aero station for various 

event separation times (i.e. deadtime, Z). For 𝑍 < 24 hr, the MRL slopes are negative (𝑘 > 0) up 

to 20 m s-1, then there is a discontinuity in the plots followed by a nearly zero slope (𝑘 = 0) until 

the 30 m s-1 threshold, after which the slope increases (𝑘 < 0). These changes in the MRL plots 

show that the data series do not follow a GPD. On the other hand, for event separations of 24 hr and 

more, the MRL plots show a similar trend for thresholds greater than 16 m s-1, without any 

significant discontinuities or changes in the slope. Therefore, 𝑍 = 24 hr is considered as borderline, 

and a minimum separation time of 48 hr has been used in the present study, which is large enough 

to ensure the independency of the selected storms. The value of the wind speed threshold varies 

between the stations, depending on the wind climate at each region and station. 
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Figure 5.3. MRL plots of the maximum gust speeds recorded at Wellington Aero station from 1972 – 2018. Some of 

the plots are displaced vertically by single units for better comparison. The red dashed lines are linear fits to MRL 

plots with 24 hours or more separation time.  

Lastly, the results from all the six methods, i.e. Gumbel, Gringorten, BLUE, ML, PWM and POT, 

were evaluated to obtain suitable design wind speeds and directional multipliers for New Zealand. 

The Gumbel and Gringorten results, due to Type I being conservative, were used as upper limits. 

Thus, in order to not be overly-conservative, the final design wind speeds obtained were mainly 

based on the results of the BLUE, Type III and POT analyses.  

 

5.3.4 Shape Factors 

For all the stations and the eight wind sectors, parameters for the GEV and GPD distributions and 

corresponding design wind speeds at various average recurrence intervals have been computed. 

Figure 5.4 summarises the results of the GEV and GPD shape factors, the most important factor 

determining the shape of the distribution, obtained from the ML (annual maxima), PWM (annual 

maxima) and POT methods for mixed wind climates, synoptic and non-synoptic events. 

The ML and PWM methods, unlike POT, gave more scattered shape factors, and in some cases, 

more negative and also larger k values. However, the POT approach, due to employing a lot more 

data points compared to the number of annual maxima (used in ML and PWM), provided k values 

mostly within the range of 0 to 0.2. In the non-synoptic cases, due to having much fewer data points, 

and in some occasions very high wind speeds, compared to synoptic events, the k values are more 

scattered, and the three approaches provided broadly similar values. 
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(a) (b) (c) 

Figure 5.4. Histograms of shape factors calculated for all stations using three methods, namely ML, PWM and POT, 

for: (a) mixed wind climate data series; (b) synoptic events; (c) non-synoptic events 

More detailed results of the shape factors are provided in Table 5.2. As can be seen, in all the 

methods for the three cases, namely mixed, synoptic and non-synoptic events, over 70% of the 

stations show positive k values. The majority of stations had k values in the range of 0 to 0.2. Very 

few stations had large k values of greater than 0.3. In the POT approach no station showed 𝑘 > 0.3, 

except two stations for non-synoptic events. A negligible number of stations had negative k values 

below −0.1 (no stations in POT method). 

Table 5.2. Probability of GEV (ML and PWM, using annual maxima data) and GPD (POT data) shape factors computed 

for mixed wind climate, synoptic and non-synoptic events 

 ML PWM POT 

 Combined Syn Non-Syn Combined Syn Non-Syn Combined Syn Non-Syn 

𝑘 ≥ 0 0.79 0.93 0.64 0.70 0.79 0.64 0.73 0.79 0.93 

𝑘 < 0 0.21 0.07 0.36 0.30 0.21 0.36 0.27 0.21 0.07 

0 < 𝑘 ≤ 0.05 0.21 0.19 0.04 0.20 0.11 0.11 0.37 0.38 0.17 

0 < 𝑘 ≤ 0.1 0.34 0.33 0.14 0.30 0.18 0.21 0.57 0.62 0.38 

0 < 𝑘 ≤ 0.2 0.59 0.59 0.36 0.50 0.36 0.39 0.73 0.79 0.83 

0 < 𝑘 ≤ 0.3 0.72 0.59 0.46 0.67 0.54 0.54 0.73 0.79 0.90 

𝑘 > 0.3 0.07 0.33 0.18 0.03 0.25 0.11 0.00 0.00 0.03 

−0.05 ≤ 𝑘 < 0 0.07 0.07 0.18 0.17 0.14 0.21 0.27 0.21 0.03 

−0.1 ≤ 𝑘 < 0 0.14 0.07 0.25 0.20 0.18 0.29 0.27 0.21 0.07 

𝑘 < −0.1 0.07 0.00 0.11 0.10 0.04 0.07 0.00 0.00 0.00 

Negative k can be attributed to several factors (Gatey and Miller, 2007; Holmes, 2002), such as 

sampling errors due to short data lengths, outliers, and mixed data in which extremes are generated 

by more than one storm type. When positive k (i.e. Type III), within a realistic range, was obtained 

for a data set, then this value was used. When a negative shape factor was indicated, 𝑘 = 0 was 

used in order to avoid overly-conservative estimates of design wind speeds (Holmes, 2002). In 

addition, k values close to zero, say within the range −0.05 ≤ 𝑘 ≤ 0.05 result in design wind speeds 

close to those of the Type I (k = 0) distribution. 
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5.3.5 Directional Multipliers 

Directional knowledge of extreme winds plays an essential role in designing safe and cost-effective 

structures, and prevents overly-conservative design and assigns correct design wind speeds for each 

wind direction (Coles and Walshaw, 1994; Moriarty and Templeton, 1983).  

To compute the directional multipliers two methods have been used in the present study:  

1) Similar to the all-direction winds, extreme winds for each wind sector were fitted with the 

above-mentioned extreme value distributions. Then, for each wind sector, the directional 

multipliers are obtained by dividing the wind speed at a specified exceedance probability by 

the all-direction wind speed at the same exceedance probability. This approach provides 

unconservative multipliers (Holmes, 2015).  

2) Following the method proposed by (Melbourne, 1984), the direction multipliers were 

calculated assuming a probability of exceedance for directional wind speeds of one-half of 

that for the same value of the all-directions wind speed. This empirical approach provides 

values that are not unconservative nor too conservative (Holmes, 2015). Melbourne’s 

approach is based on the assumption that the major contributions to the probability of a 

given load occurring will mostly be confined to two 45° directional sectors for the eight 

defined wind directions. 

The directional multipliers were calculated for a 500-year average recurrence interval. Method 1, 

due to being unconservative, was only used to determine the lower limits of directional multipliers. 

For each of the considered stations, the final directional multipliers were calculated using Method 

2. Eq. 5-17 shows the relationship between the directional multiplier and the directional probability. 

The final directional multipliers for each wind region are obtained by considering the values 

obtained for all the stations with the region, to ensure that the final proposed directional multipliers 

are not un- nor over- conservative. This may result in having total directional probabilities of greater 

than 1.0 for large wind regions (e.g. NZ1 and NZ2). The detail of the calculation of directional 

multipliers can be found in (Holmes, 2015; Melbourne, 1984) and in Section 5.4.2. The proposed 

directional multipliers are discussed in Section 5.4.2. 

𝑀𝑑 =
𝐶 − 𝐷. (2𝑅. 𝑝(𝜃))−𝑘

𝐶 − 𝐷(𝑅)−𝑘
 (5-17) 

where 𝑝(𝜃) is the directional probability and the average recurrence interval, R, for the all-

directional wind speed has been taken as 500 years. C, D and k are taken from Table 5.3. 
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5.3.6 NZCSM and Lee-Zone Multipliers 

Lee zones are areas of increased wind speed downwind of mountain ranges. They are caused by 

standing waves in the upper atmosphere that result when air is displaced upwards as it flows up 

over mountain ranges, and then down the other side. The waves draw in air from upper elevations 

to create high wind speeds in localised areas at ground level. The wind speeds are greatest close to 

the mountain range (within the shadow zone) and reduce in severity further away in the outer zone. 

In (AS/NZS 1170.2, 2011), lee zones are defined by a diagram that illustrates where the “shadow 

lee zones” and “outer lee zones” occur, and a lee multiplier, which is applied to the regional wind 

speed to calculate design wind speeds. The lee zones and the multipliers currently in AS/NZS 

1170.2 were established from limited wind data that were available in the 1990s. Therefore, this 

research updates the lee-zone boundaries and multipliers for New Zealand, using modern numerical 

weather modelling and updated gust wind data to better resolve the boundaries of the lee zones and 

the speed up within the zones. 

Potential lee zones were identified by: 

(i) Analysing NZCSM model wind speeds to identify prevalent locations of strong winds 

downwind of mountain ranges in New Zealand. 

(ii) Analysing appropriate station records to determine whether winds from the direction of 

initiating crests were significantly stronger than winds from other directions and whether 

the calculated design wind speed was significantly greater than the product of the regional 

speed and directional multiplier.  

NIWA has produced (Carey-Smith and Andrews, 2016; Turner and Moore, 2017) four-times-per-

day cycle high-resolution convection-resolving NZCSM +36-h forecasts since 2014 (+42 h since 

November 2015 and +48 h since July 2017). The model has a non-hydrostatic dynamic core (details 

in (Davies et al., 2005)), semi-implicit time stepping and semi-Lagrangian advection and terrain-

following vertical levels. The model uses an underlying orography created at the model resolution 

of 1.5 km with a 1-km horizontal resolution (GLOBE Task Team, 1999). To avoid numerical 

instabilities, the model orography is lower than in reality. The model provides maximum 3-s gust 

speeds for 30-min periods in the forecast. The gust speeds are predicted by the estimations of the 

standard deviation of the horizontal component of the wind speed from mean speeds at 10 m height. 

The method, elaborated upon in (Lock et al., 2015), uses estimations dependent on stability 

(Panofsky et al., 1977) and universal turbulence spectra (Beljaars et al., 1987). 

Wind gust data from the NZCSM, for the 4 years 2014 to 2018, were analysed to highlight areas 

where wind speeds increased due to lee slope winds. The frequency of strong wind gusts  
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(> 25 m s-1) were plotted over New Zealand for winds from the northwest, west, southwest, 

southeast and south directions, as shown in Figure 5.5. Areas that are shaded white correspond to 

locations where high gust speeds occur most regularly. Where these windy areas were observed 

downwind of a mountain range, lee-slope winds are possible (for the given wind direction) and the 

associated mountain ridgeline was marked on an electronic map of New Zealand. Having identified 

mountain ranges that might initiate lee-slope winds, the NZCSM output over 4 years was inspected 

to identify specific weather events, or “cases”, where high gust speeds occurred downwind of the 

initiating mountain ranges. 

 

Figure 5.5. Frequency of gust wind speeds greater than 25 m s-1 over New Zealand for winds from: (a) NW; (b) W; 

(c) SW; (d) SE and S 

For each wind event case, gridded (1.5 km NZCSM grid) surfaces of the maximum-modelled 3-s 

surface (10 m) gust were calculated. As the model physics also simulate hill-shape and elevation 

effects, the gridded surfaces were further divided by “scaled” average gust surfaces in order to 

isolate the lee-slope wind footprint. Scaling of the average surface producing a set of “normalised” 

surfaces is necessary, otherwise hill-shape effects for strong wind event cases could contaminate 

the lee-slope signal. Note, here the average gust surface was the average gust surface for the selected 

set of cases and the scale factor was the average wind (10 m) speed of the unaffected incoming (i.e. 

towards the mountain range) flow. This normalisation removes some of the elevation effect and 

reduces the impact of cases with strong non-lee flow effects.  The average normalised values for all 
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the cases were then plotted to highlight areas where lee effects likely occurred regularly in the 

period 2014 to 2018 and which were potential candidates for inclusion as a lee-zone. Examples of 

the average normalised 3-s gust speeds over some regions are shown in Section 5.4.3. 

 

5.4 Results and Discussion 

5.4.1 Homogenised and Separated Wind data 

Mean and maximum gust wind speeds from all the considered stations (Table 5.1) were subjected 

to the homogenisation algorithm (Chapter 2 and Section 5.3.1) and homogenised data were 

produced that conform to a common standard (i.e. 𝑧0 = 0.02 m, 𝑧 = 10 m, gust duration = 0.2 s). 

Figure 5.6, by way of example, shows both the raw and homogenised daily and annual maximum 

gust wind speeds recorded at Wellington Aero station. As can be seen, the breakpoint in the raw 

time series (in the 1990s) and the resulting artificial trend have been eliminated by the 

homogenisation algorithm. To assess the performance of the homogenisation algorithm, Turner et 

al. (2019) compared the homogenised wind speeds at several stations with pressure gradients 

between pairs of stations, larger-scale NCEP–NCAR reanalysis pressure trends and the NZCSM 

predictions, and demonstrated that the algorithm successfully detects and removes discontinuities 

and artificial trends in the wind speed time series.  

  
(a) (b) 

Figure 5.6. Comparison of raw and homogenised wind data recorded at Wellington Aero station: (a) maximum daily 

gust speeds; (b) maximum annual gust speeds. 

Then, the homogenised data were used to separate the synoptic and non-synoptic events employing 

the procedure explained in Section 5.3.2. Figure 5.7 depicts plots of the recorded wind speeds from 

four stations across New Zealand that were classified as non-synoptic events. It can be seen that 

during these events there was a sudden change in the gust wind speeds compared to gust speeds 

recorded over the hours before and after the event.  
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Figure 5.7. Examples of non-synoptic events at four stations, namely Auckland, Wellington, Christchurch and 

Invercargill, identified using the algorithm described in Section 5.3.2. 

   
(a) (b) (c) 

Figure 5.8. 0.2-s design wind speeds separated into synoptic and non-synoptic events for: (a) Auckland; (b) 

Wellington; (c) Invercargill 

EVA was performed separately for the synoptic and non-synoptic events at each of the stations. The 

results of this separation procedure demonstrated that, unlike Australia (Holmes et al., 2018), at 

most locations in New Zealand synoptic winds dominate the design wind speeds for most average 

recurrence intervals (e.g. Figure 5.8a). However, at some locations, non-synoptic events resulted in 

higher design wind speeds at high average recurrence intervals (e.g. at Wellington, Figure 5.8b), or 
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crossed over the synoptic design wind speeds at mid-average recurrence intervals (e.g. at 

Invercargill Figure 5.8c). In all cases, the combined design wind speeds were computed (Eq. 5-18) 

in a way that the proposed values cover all the design wind speeds obtained from the extreme events 

(Holmes, 2015). Hereafter, only the combined designed wind speeds are shown and discussed. 

(1 −
1

𝑅𝑐
) = (1 −

1

𝑅1
) (1 −

1

𝑅2
) (5-18) 

 

5.4.2 Regional Wind Speeds and Directional Multipliers 

The EVA was carried out using the six methods, namely Gumbel, Gringorten, BLUE, ML, PWM 

and POT for the gust wind speeds from the all the stations. For the first five methods, the annual 

maxima were used, whereas for the POT approach both hourly and daily data were employed to 

extract the independent storms. The EVA results of three stations, namely Auckland, Wellington 

and Invercargill are shown in Figure 5.9. At low average recurrence intervals, all the methods give 

quite similar wind speeds. However, at high average recurrence intervals the Type I approaches, 

particularly Gumbel and Gringorten, provide conservative values due to the fact that the Type I 

distribution is unbounded at the upper end. For the estimation of design wind speeds for a wind-

loading standard, it is important to not be overly conservative, thus the results of the Type III and 

POT distributions are the main focus herein. However, as discussed in Section 5.3.4, in some cases, 

peculiar values of the shape factor could be obtained leading to a strongly curved and truncated tail 

(e.g. ML results for Invercargill (Figure 5.9c)), which was also noted by Brabson and Palutikof 

(2000). In these cases, in order to avoid being un-conservative, the results of these methods for high 

average recurrence intervals have been ignored. In other cases, when the values of the shape factor 

are within the normal range, the design wind speeds calculated from the GEV and GPD approaches 

are comparable (e.g. Figure 5.9b). 

   
(a) (b) (c) 

Figure 5.9. Extreme wind speeds at various average recurrence intervals estimated using seven methods for: (a) 

Auckland; (b) Wellington; (c) Invercargill 
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In the current and previous versions of AS/NZS 1170.2, New Zealand’s wind regions are named 

A6, A7 and W (see Figure 5.1). For the next version of the standard, in order to make the 

nomenclature similar, simple and distinguished from the Australian wind regions, we have proposed 

renaming the regions NZ1, NZ2 and NZ3, which were previously known as A6, A7 and W, 

respectively. In addition, as discussed below (Figure 5.11g), the analyses demonstrated that the 

southern region of the South Island (i.e. Foveaux Strait) requires considerably higher regional wind 

speeds than those provided in (AS/NZS 1170.2, 2011). Therefore, adding a new region has been 

proposed, named region NZ4, to New Zealand’s wind regions in the future version of 

AS/NZS1170.2. 

  
(a) (b) 

  
(c) (d) 

Figure 5.10. Standard deviations of the predicted design wind speeds using different approaches, namely Gumbel, 

Gringorten, BLUE, ML, PWM and POT, for regions: (a) NZ1 (A6); (b) NZ2 (A7); (c) NZ3 (W); (d) NZ4 

Prior to presenting the final proposed design wind speeds and the associated directional multipliers 

(Figure 5.11) for each wind region, the standard deviations (𝜎) of the design wind speeds computed 

for each station at various average recurrence intervals ranging from 1 to 10000 years, for two cases, 

namely including all the EVA methods and excluding overly-conservative approaches, are 

presented in Figure 5.10. As expected, and explained above, Type I results deviates from the other 

approaches, particularly at high average recurrence intervals, resulting in larger 𝜎 values. However, 
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when these methods are excluded, the standard deviations drop considerably to mainly below  

3 m s-1. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 5.11. Design wind speeds (left) and associated directional multipliers (right) computed for regions: (a,b) NZ1 

(A6); (c,d) NZ2 (A7); (e,f) NZ3 (W); (g,h) NZ4 
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In Figure 5.11, the final results of the EVA and directional multipliers for each wind region are 

shown, along with the current values provided in (AS/NZS 1170.2, 2011). Our recommended values 

proposed to the Australian/New Zealand Standards Committee for consideration in regard to 

revising the design wind speeds for the next version of the AS/NZS1170.2 are also shown. In 

addition, the variability of design wind speeds, defined as the proposed values ± one standard 

deviation, are shown in Figure 5.11. The standard deviations were calculated using all the design 

wind speeds obtained from the selected stations within a particular wind region. The locations of 

the wind regions are highlighted on a map in the graphs. The old and proposed boundaries are shown 

in insets by black solid and red dashed lines, respectively. The boundaries of region NZ3 (W) has 

not changed. 

For region NZ1, Figure 5.11a illustrates that the proposed wind speeds for almost all stations at low 

average recurrence intervals are higher than the current values provided in (AS/NZS 1170.2, 2011). 

In addition, (AS/NZS 1170.2, 2011) underestimates the directional multipliers for the N, S and SW 

directions, and is overly-conservative for the E direction (Figure 5.11b). The proposed values for 

the next version of the standard (green solid lines in the figures) compensate for the low wind speeds 

at low average recurrence intervals and the new multipliers match more accurately with values 

obtained through analysing the station wind data. 

Similarly to region NZ1, (AS/NZS 1170.2, 2011) provides lower wind speeds at average recurrence 

intervals below 100 years for region NZ2 (Figure 5.11c) than the values calculated using each 

station. Also, the directional multipliers for the N, S and SW directions need to be increased (Figure 

5.11d). Regions NZ1 and NZ2 (A6 and A7 in the current version, respectively), due to covering 

large areas of the country, have larger standard deviations, with averaged values of 1.13 m s-1 for 

NZ1 and 1.99 m s-1 for NZ2, which are shown by the dashed lines in Figure 5.11a, c. 

The Wellington region, consisting of Cook Strait and the surrounding areas, is located at the centre 

of New Zealand (see Figure 5.1). This region has historically experienced higher wind speeds than 

other regions. Therefore, a separate wind region (i.e. region W) with higher design wind speeds was 

previously defined for this area. In the present study, the wind data from the two main stations in 

this region, namely Wellington Aero and Paraparaumu, were analysed. As can be seen in Figure 

5.11e, the results of the analysis show that the region requires higher design wind speeds for almost 

all average recurrence intervals. In addition, the current directional multipliers in (AS/NZS 1170.2, 

2011) need to be changed for all directions, except the N and W directions, as shown in Figure 

5.11f. The standard deviation of wind speeds obtained for the stations in region NZ3, are relatively 

small particularly for average recurrence intervals below 50 years (with an average of 0.57 m s-1). 

The averaged standard deviation for all average recurrence intervals is equal to 1.05 m s-1. 
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The results of extreme value analysis for two stations located in the southern region of the South 

Island, namely Invercargill and Tiwai Point, demonstrate that the design wind speeds in this region 

should be considerably higher than the values currently provided in (AS/NZS 1170.2, 2011) (Figure 

5.11g). In addition, the directional multipliers obtained through the analyses differ quite 

significantly from the values in (AS/NZS 1170.2, 2011) (Figure 5.11h). Thus, the authors 

recommend that a new region consisting of Foveaux Strait is added to the next version of 

AS/NZS1170.2.  In addition, the analysis of the wind data from the Chatham Islands (see Figure 

5.1 for the location) and Auckland Islands (located south of New Zealand, not shown in Figure 5.1), 

show similar design wind speeds as the new region NZ4. Therefore, these islands are included in 

the new proposed region (NZ4). Similar to the NZ3 region, NZ4 also covers a small area of New 

Zealand, resulting in a small standard deviation of 0.91 m s-1 averaged over all average recurrence 

intervals. 

 
Figure 5.12. New wind regions, namely NZ1, NZ2, NZ3 and NZ4, proposed for New Zealand. The contour lines are 

500-year average recurrence interval design wind speeds interpolated between the stations. A topographic map of 

New Zealand is also shown in the upper left corner.  

Figure 5.12 shows the New Zealand wind regions proposed for the next version of AS/NZS 1170.2. 

In addition to adding a new wind region (i.e. NZ4), the boundary of region NZ1 (previously known 

as A6) has been shifted. This is due to the fact that the results of the analysis of Hamilton, Tauranga, 

Whakatane and Toenepi wind records demonstrate that these locations have more similar regional 
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wind speeds and directional multipliers to those of region NZ1, than to region NZ2 (previously 

known as A7), which they belong to in the current version of (AS/NZS 1170.2, 2011). Therefore, 

the boundary of region NZ1 was shifted south to include these mentioned locations (see Figure 5.1 

and Figure 5.12 for comparison). The contour lines in Figure 5.12 are 500-year average recurrence 

interval design wind speeds obtained by interpolating the design wind speeds between the stations 

using the Inverse Distance Weighted (IDW) approach, which utilises a linearly weighted 

combination of a set of points to compute cell values (Watson and Philip, 1985).   

As can be seen in Figure 5.12, the design wind speeds in larger wind zones, i.e. NZ1 and NZ2, 

varies more compared with the smaller regions, which has also been demonstrated in Figure 5.11 

(i.e. standard deviations). These variations are not solely due to the uncertainties in the EVA, but 

also the topography of the regions plays an important role. Although in the homogenisation process 

(Chapter 2 and Section 5.3.1), we attempted to remove all the topographic effects and convert all 

the data to equiavelnt measurements over open-country terrain, some of the effects cannot be 

eliminated thoroughly. For instance, Queenstown and Nelson stations are located in a very 

mountainous region (as shown in the topographic map in Figure 5.12), thus the design wind speed 

is slightly lower compared to the rest of the wind region NZ2. However, these variations are within 

an acceptable range and do not result in large standard deviations.  

Table 5.3. Proposed regional wind speeds for NZ1, NZ2, NZ3 and NZ4 for various average recurrence intervals. 

Regional wind 

speed (m/s) 
Region 

NZ (1 to 2) NZ3 NZ4 
V

1
 31 37 38 

V
5
 35 42 42 

V
10
 37 44 43 

V
20
 39 46 44 

V
25
 39 46 45 

V
50
 41 48 46 

V
100
 42 50 47 

V
200
 43 51 48 

V
250
 44 51 49 

V
500
 45 53 50 

V
1000

 46 54 50 
V

2000
 47 55 51 

V
2500

 47 55 52 
V

5000
 48 56 52 

V
10000

 49 58 53 
V

R
 61-30R

 – 0.1   71-34R
 – 0.1   63-25R

 – 0.1   

To express the regional wind speeds as a function of the average recurrence interval, Eq. 5-19 has 

been used (Holmes, 2015). The values of parameters C, D and k for each wind region are given in 
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Table 5.3. Lastly, the final design wind speeds and directional multipliers proposed for New 

Zealand are summarised in Table 5.3 and Table 5.4, respectively. 

𝑈𝑅 = 𝐶 − 𝐷. 𝑅−𝑘 (5-19) 

Having the final 𝑀𝑑 proposed for each wind region (i.e. NZ1, NZ2, NZ3 and NZ4) and by inverting 

Eq. 5-17, the values of 𝑝(𝜃) can be obtained. Figure 5.13 compares the sum of directional 

probability calculated using the values of C, D and k provided in (AS/NZS 1170.2, 2011) and 

proposed in the current study (Table 5.3).  

Table 5.4. Directional multipliers proposed for NZ1, NZ2, NZ3 and NZ4 regions calculated based on the 500-year 

average recurrence interval design wind speed. 

Cardinal 

directions 
Region 

NZ1 
Region 

NZ2 
Region 

NZ3 
Region 

NZ4 
N 0.90 0.95 1.00 0.95 

NE 0.95 0.90 0.75 0.75 
E 0.95 0.80 0.75 0.75 

SE 0.95 0.90 0.85 0.75 
  
S 0.90 0.95 0.95 0.85 

SW 1.00 1.00 0.95 0.95 
W 1.00 1.00 0.90 1.00 

NW 0.95 1.00 1.00 1.00 

 

Figure 5.13. Comparison of the sum of directional probabilities calculated using the values of C, D and k provided in 

(AS/NZS 1170.2, 2011) and proposed in the current study. 

The sum of the directional probabilities (∑𝑝(𝜃)) over all directions should equal 1.0. However, as 

can be seen in Figure 5.13, the values of ∑𝑝(𝜃) for all regions are greater than 1.0. For regions 

NZ3 and NZ4, the proposed directional multipliers are considerably less conservative than those of 

provided in the current version of AS/NZS 1170.2:2011. Regions NZ1 and NZ2, due to covering 

large areas, have slightly conservative directional multipliers to ensure that the values are safe and 
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conservative enough for all parts of the regions. However, the proposed directional multipliers for 

NZ1 are less conservative than the current values in AS/NZS 1170.2:2011 (Figure 5.13). 

When proposing the new design wind speeds and directional multipliers for each region, more focus 

was given to important cities, in terms of population and structures, within the region. Therefore, 

the proposed values could inevitably be slightly over- or under-conservative for some other 

locations within the regions. 

 

5.4.3 Lee Zones and Multipliers 

As explained in Section 5.3.6, the average normalised 3-s gust speed surfaces were calculated and 

used to identify areas where high lee-slope wind speeds occur. An example of this processing is 

given in Figure 5.14, which are contour plots of the average normalised gusts speeds for the 

Canterbury region, far south including Foveaux Strait, central New Zealand including Cook Strait, 

and Ruapehu located in the central North Island. Contours that are coloured orange and brown 

identify areas with relatively high normalised wind speeds, which correspond to lee-slope winds. 

 
Figure 5.14. Average normalised 3-second gust speeds over: (a) the Canterbury region; (b) the Far South including 

Foveaux Strait; (c) Central New Zealand including Cook Strait; (d) Ruapehu, located in central North Island. 

Crests/ridges are marked with brown lines. 

Although the NZCSM analysis described in Section 5.3.6 successfully outlines the areas of 

enhanced speeds due to lee-effects (Figure 5.15), it was not possible to quantify the magnitude of 

the lee-effect (i.e. Mlee in AS/NZS1170.2) because of the small number of cases identified from 
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having only a 4-year archive of high-resolution wind data. Instead, lee-multipliers were estimated 

by analysing the meteorological station records in the lee-zone areas. 

Unfortunately, there are relatively few station records (see Figure 5.17a,b) that are of good quality 

and are long enough for estimating Mlee. Many of these stations have records that are too short for 

accurate return period analysis (though an indicative value with high uncertainty might be obtained) 

and these are included here for two reasons. Firstly, the records were examined for the prevalence 

of high winds, from the direction of the lee slope, to confirm NZCSM guidance, as in Figure 5.5 

and Figure 5.14. An absence of strong gusts from the lee-slope direction in the station records for a 

proposed zone could be a cause to rule out a lee-zone. Secondly, the list provides a record for future 

researchers and engineers for candidate sites to repeat/extend the analyses. 

 
Figure 5.15. Updated lee zones in New Zealand. Numbers identifying each lee zone correspond to the mountain 

ranges in Table 5.5. 

Data from stations located in the lee zones that had records long enough for the EVA were used to 

perform the EVA (Section 5.3.3). Lee multipliers have been estimated by dividing the station 1000-

year average recurrence interval wind speed by the regional 1000-year average recurrence interval 

wind speed (Section 5.4.2), for the lee-slope wind direction being considered. Figure 5.16, by way 

of example, shows the EVA results for two stations, namely Middlemarch and Lauder, located close 
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to lee zones 16 and 17 (see Figure 5.15 and Table 5.5), and compares them with the proposed design 

wind speeds for region NZ2. The lee-effect in the wind records at these stations are visible, which 

results in a multiplier of 1.2 (= Mlee) giving higher design wind speeds. These Similar multipliers 

for other stations are plotted against distance from the initiating crest in Figure 5.17a. Blue dots are 

stations within lee zones associated with mountain ranges with crests greater than 2000 m while 

orange dots are for stations where the crests are less than 2000 m. The blue and orange lines 

represent the proposed functional relationship between Mlee and distance from crest for AS/NZS 

1170.2. Table 5.5 lists potential areas with significant lee-slope winds. 

 

Figure 5.16. Example of calculating the lee-zone multiplier using stations located in Ranges 16 and 17 (Table 5.5). 

 

 
(a) (b) 

Figure 5.17. (a) Chart showing estimated value of Mlee for each station in Table 5.5 versus the distance of that station 

from the mountain range initiating crest. The solid lines represent the new proposed lee-multipliers for  

AS/NZS 1170.2. (b) Locations of stations in the lee zones. 
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Lastly, Figure 5.15 and Table 5.5 were proposed to the Australian/New Zealand Standard 

Committee as the new lee-zone map and lee-multiplier table, respectively, for the next version of 

AS/NZS 1170.2. 

Table 5.5. Proposed lee zones and multipliers for New Zealand  

Range Direction M
Lee
 Shadow (km) Outer (km) 

North Island  
1: Kaimai’s E & SE 1.20 0-8 12-20 

2: Taranaki 
Any, taken to be 90 degree 

sector from mountain top 

downwind to location 
1.35 0-12 12-30 

3: Ruapehu NW & SE 1.35 0-12 12-30 
4: Tararua's SE 1.20 0-8 8-20 
5: Tararua and Orongorongo NW 1.20 0-8 8-20 
6: Coastal Wairarapa NW 1.20 0-8 8-20 
South Island  
7: West Coast North E & SE 1.20 0-8 12-20 
8: West Coast Alps SE 1.35 0-12 12-30 
9: Awatere NW 1.35 0-12 (Within Inland 

Kaikoura’s) 

10: Inland Kaikoura’s NW 1.35 0-12 (Within 

Southern Alps) 
11: Southern Alps NW 1.35 0-12 12-30 
12: Hunter SW 1.20 0-8 8-20 
13: Hakataramea NW 1.20 0-8 8-20 
14: St Mary's SW 1.20 0-8 8-20 
15: Pisa NW 1.20 0-8 8-20 
16: Dunstan NW 1.20 0-8 8-20 
17: Rock and Pillar NW 1.20 0-8 8-20 

 

5.5 Conclusions 

This study aimed at analysing New Zealand’s historical wind records along with predictions of a 

high-resolution convection-resolving numerical weather prediction model (New Zealand 

Convective-Scale Model (NZCSM)) to improve and update the guidance provided in the 

Australian/New Zealand Wind-Loading Standard (AS/NZS 1170.2). To summarise, the major 

findings drawn from this study are listed below.  

1) Historical mean and gust wind records from 52 stations across New Zealand were subjected 

to a robust homogenisation and quality control algorithm to detect and eliminate 

discontinuities and artificial trends in wind speed time series. The gust wind speeds were 

converted to a common standard, i.e. 𝑧0 = 0.02 m, H = 10 m, and a gust duration of 0.2 s.  
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2) The recording wind systems used in New Zealand and their corresponding gust durations, 

as well as the implications of changing the systems are discussed in detail. All gust 

measurements across New Zealand were converted to 0.2-s gusts. 

3) The homogenised gust wind speeds were separated into synoptic and non-synoptic events 

and extreme value analysis (EVA) were carried for each event separately. It was found that 

synoptic events dominate design wind speeds at most locations in New Zealand. 

4) Six different methods were used for EVA and to determine design wind speeds, namely 

Gumbel, Gringroten, BLUE, ML, PWM and POT. For the first five approaches annual 

maximum gust wind speeds were utilised, whereas hourly and daily gusts were employed 

for the POT method. The shape factors (k) for the first three methods are zero (i.e. Type I 

distribution). However, k was computed for the latter three methods.  

5) It was shown that the majority of stations (over 70% – 80%) showed positive k values (Type 

III).  

6) New Zealand’s wind regions, named A6, A7 and W in the current version of AS/NZS 

1170.2, were proposed to be renamed to NZ1, NZ2 and NZ3, respectively, to make the 

nomenclature similar, simple and distinguished from the Australian wind regions. 

7) Based on the EVA results, the design wind speeds and the associated directional multipliers 

were revised. In addition, a new wind region (NZ4), consisting of the Foveaux Strait and 

the Southern part of the South Island, was proposed. Furthermore, the boundary of region 

NZ1 (A6) was redefined.  

8) The locations of the lee-zones were identified through the analysis of NZCSM wind fields 

for the period from 2014 to 2018. Also, the lee-multipliers were computed using the design 

wind speeds of the stations within or close to existing (and potential) lee-zones. 

9) A new regional wind map, new design wind speeds and directional multipliers tables, a new 

lee-zone map and lee-multipliers were proposed for updating and improving the next version 

of the wind loading standard AS/NZS110.2. 
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Chapter 6  

Possible Effects of Climate Change on 

New Zealand Design Wind Speed 

 

 

 

Climate change and long-term trends in both magnitude and frequency of extreme weather are of 

great concern for many industries, due to the effect of changing wind loads on structures. Therefore, 

in this study, the long-term trends in gust wind speeds in New Zealand are investigated to determine 

whether there are any significant trends in either magnitude or frequency of extreme winds. Thus, 

the chapter aims at: 

(i) analysing the gust wind records of four meteorological stations across New Zealand for the 

1972 – 2017; 

(ii) investigating whether or not the long-term wind gust series statistics have changed 

significantly;  

(iii) assessing the impact of these changes on the estimation of design wind speeds to ensure the 

safety and reliability of future structures.  

Historical hourly and daily gust wind speed series recorded at the four selected stations were 

subjected to a robust quality control and homogenisation protocol. The results demonstrate that the 

annual and seasonal trends in both magnitudes and frequencies of extreme winds were generally 

negative over the considered period. Therefore, based on the derived gust trends for these four 

stations, at this stage, it seems that the long-term gust wind speed trends are not likely to have a 

significant effect on New Zealand’s design wind speeds. Lastly, the findings are compared with 
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gust wind speed trends in several other countries and with the IPCC 5th assessment projections for 

New Zealand. 

 

This chapter is based on a co-authored paper. The bibliographic details of the co-authored paper, 

including all authors, are: 

Amir Ali Safaei Pirooz, Richard G.J. Flay, Richard Turner, Cesar Azorin-Molina, 2019. Effects of 

climate change on New Zealand design wind speeds. Journal of National Emergency Response 

32:14-20 
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6.1 Introduction  

The long-term trends in near surface wind speeds (Roderick et al., 2007; McVicar et al., 2012), 

extreme weather events and gust wind speeds (Azorin‐Molina et al., 2016) have been changing over 

the last few decades. Growing interest and concern about the effects of climate change on cities, 

infrastructures and people’s lives raises the question: “how are design wind speeds influenced by 

different climate change scenarios?”. Extreme winds have serious societal and environmental 

impacts on countries. New Zealand’s vulnerability to extreme weather is well known, due to its 

position in the ‘Roaring Forties’, with many population centres and infrastructure assets located in 

exposed coastal or hilly areas.  

Structures are designed to resist the strongest winds likely to happen during the lifetime of a 

structure. Extreme winds can cause significant damage and costs to a country. In Europe, during 

period from 1980 to 2009, extreme winds and storms were the most expensive natural hazard 

sharing about 32% and 59% of overall and insured losses, respectively (Suomi and Vihma, 2018; 

Wehrli et al., 2010). In the USA since 1980, there have been about 155 extreme wind-related 

disasters in which overall costs reached or exceeded $1 billion USA dollars. The total cost of these 

155 events exceeds $1.13 trillion (2018 USD) with over 6,000 deaths (NOAA National Centers for 

Environmental Information (NCEI), 2018). In New Zealand, the period from January 2013 to June 

2018 has been notable for the high number of wind-related losses ($828 Million 2017 NZD) (Figure 

2.2). Therefore, accurate estimations of design wind speeds and investigating all the contributing 

factors in the prediction of wind loads ensure the safety and reliability of future buildings and 

infrastructures. 

In the calculation of design wind loads, the estimation of appropriate design wind speeds is a crucial 

first step, which are provided in wind-loading standards. (AS/NZS 1170.2, 2011), the reference 

wind-loading standard in Australia and New Zealand, defines the design wind speed (𝑉sit,β) as 

𝑉sit,β = 𝑉𝑅𝑀𝑑(𝑀𝑧,𝑐𝑎𝑡𝑀𝑠𝑀𝑡), (6-1) 

where 𝑉𝑅 is regional gust wind speed, 𝑀𝑑, 𝑀𝑧,𝑐𝑎𝑡, 𝑀𝑠 and 𝑀𝑡 are directional, terrain/height, 

shielding and topography multipliers, respectively. However, for the next version of AS/NZS 

1170.2, the Australian/New Zealand standard committee is considering adding a new multiplier 

called “climate change multiplier (𝑀𝑐)”, which allows for possible changes in long-term extreme 

wind speeds due to different scenarios of climate change. Therefore, it is important to evaluate the 

long-term wind gust trends and determine whether or not the changes in wind trends are significant, 

and if yes, how these changes can be codified for the estimation of design wind speeds.  
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A number of recent studies regarding wind speed variability have been concerned with mean near-

surface wind speed trends, particularly after observing a reducing trend in mean wind speeds in 

many locations around the world, which was termed “stilling” by Roderick et al. (2007). McVicar 

et al. (2012) wrote a comprehensive review on studies investigating the mean wind speed trends 

around the globe. However, the evaluation of long-term daily and annual-seasonal gust wind speeds 

has received less attention with only a few studies analysing gust wind speed trends, which have 

been briefly reviewed by Azorin‐Molina et al. (2016). Studying daily gust wind speeds is essential 

for the assessment of wind-related hazard risks to countries (Azorin-Molina et al., 2019). 

Most of the studies of long-term wind gust variability have shown a declining trend that agrees with 

the stilling phenomenon. Azorin‐Molina et al. (2016) analysed the trends in the frequency of daily 

gusts exceeding the 90th percentile of the entire days and the magnitude of average of daily peak 

wind gusts in Spain and Portugal for 1961 – 2014. Their results demonstrated that in general, more 

frequent and increasing daily gusts happened in the warm season (May-October), and less frequent 

daily gusts with a reducing trend were observed in the cold semester (November-April). Azorin-

Molina et al. (2019) proposed an algorithm to homogenise daily peak wind gusts, which showed 

promising results in eliminating artificial breakpoints in Australia’s daily gust wind speeds.  

Having analysed 101 years of wind speed data recorded at 5 stations in the Netherlands, Cusack 

(2013) demonstrated that there was a declining trend in windstorm losses in the past two decades 

due to decrease in frequency of damaging storms. Another independent study analysing the extreme 

winds over the Netherlands (Smits et al., 2005) also reported a decline in storminess. There have 

been other studies reporting decline in maximum wind speeds; for example works done by Németh 

et al. (2011) (Hungary), Hewston and Dorling (2011) (UK), Pryor et al. (2009) (USA), and Jiang et 

al. (2010) (China). On the other hand, some studies have reported increasing or constant extreme 

wind speed trends. Usbeck et al. (2010) reported significant increase in trends of both frequency 

and magnitude of storm damage in Switzerland by investigating 150 years of extreme-wind and 

storm-damage data. Kruger et al. (2010) identified the main mechanisms generating extreme winds 

in South Africa, and by analysing annual extreme wind gusts recorded at 94 meteorological stations, 

well distributed across the country, showed that the average annual maximum wind gusts has 

increased during 1993 to 2008. 

When analysing extreme wind events, the magnitude of wind speed is not the only important 

parameter. It is essential to know how often these extreme events take place. The frequency of 

occurrence of extreme winds are of interest to various industries, such as wind loads on structures. 

To date no study has been conducted to homogenise New Zealand’s wind speed time series in 

details. Also, there are only few unpublished reports on the short-term wind speed trends at some 
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regions of New Zealand based on the data recorded prior to the 1990s (before the implementation 

of Automatic Weather Stations (AWS)). Recently, Turner et al. (2019) proposed a homogenisation 

and quality control algorithm (Chapter 2) to eliminate all the artificial (i.e. non-climatic) breakpoints 

and trends in wind speed time series. In addition, by way of example, they briefly reported trends 

in the magnitudes of average of maximum daily gusts and frequencies of occurrence of extreme 

winds at one location in New Zealand, namely Wellington Aero station.  

In this chapter, initially the observed daily gust wind speeds at the four stations were quality 

controlled and homogenised. Then, trends in the magnitudes and frequencies of annual and seasonal 

maximum gust speeds were assessed. Lastly, the findings of this study were briefly compared with 

IPCC 5th assessment projections for New Zealand reported by (Ministry for the Environment, 

2018). 

 

6.2 Observation Data and Homogenisation 

Four stations, namely Wellington, Auckland, Christchurch and Invercargill (see Figure 5.1) were 

selected based on the available length of wind data series, quality of data, and minimal disruptions 

in time series due to changes in instrumentations and mast relocation. In addition, all these stations 

are well-exposed sites, i.e. airports, which ensure less immediate surrounding environmental 

changes. Lastly, Azorin-Molina et al. (2014) pointed out that few stations are enough for capturing 

the long-term wind speed variability and trends.  

Daily and hourly maximum gust speeds, 10-minute mean speeds and directions were extracted from 

NIWA’s climate database (NIWA, 2018) for 1972 – 2017. Table 6.1 describes information and 

metadata of the stations used here. The issues regarding homogenisation and quality control, 

anemometers and signal processing as well as changeovers occurred in the 1990s at New Zealand 

stations were discussed in details in Chapter 2 and 3. 

Table 6.1. Description of the meteorological stations used in this study 

Station Name 

(ID) 

Longitude 

(deg. E) 

Latitude 

(deg. S) 

Height 

a.s.l (m) 

Wind data 

availability 

Anemo. Type / 

Height (m) 

Gust/mean 

duration (s) 

Wellington 

(3445) 

174.81 – 41.33 4 1972 – 1993 MK II / 11 ~1 / 600 

174.81 – 41.33 4 1994 – 2017 WAA151 / 7 3 / 600 

Auckland 

(1962) 

174.79 – 37.01 7 1972 – 1993 MK II / 10 ~1 / 600 

174.79 – 37.01 7 1994 – 2017 WAA151 / 10 3 / 600 

Christchurch 

(4843) 

172.54 – 43.91 37 1972 – 1993 MK II / 10 ~1 / 600 

172.54 – 43.91 37 1994 – 2017 WAA151 / 10 3 / 600 

Invercargill 

(5814, 11104) 

168.33 – 46.42 1 1972 – 1993 MK II / 10 ~1 / 600 

168.32 – 46.41 1 1994 – 2017 WAA151 / 10 3 / 600 
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The data used in this chapter were also subjected to the homogenisation algorithm proposed in 

Chapter 2. All the artificial breakpoints and trends in the wind speed time series resulting from 

changes in anemometers and gust duration, surrounding roughness and local topography were 

eliminated prior to the long-term trend analysis. 

 

6.3 Trend Analysis 

For the estimation of design wind speeds, the upper tail of wind speed distributions is important, 

thus, here we evaluated the long-term changes in extreme winds. In this study, we analysed the 

spatiotemporal trends in two parameters of maximum gust wind speeds:  

(i) the magnitudes (in m s-1) of annual and seasonal maximum gust speeds;  

(ii) the frequencies (in days) of occurrence of maximum daily gusts exceeding 90th, 95th and 

99th percentiles for 1972 – 2017.  

The nonparametric correlation coefficient of Mann-Kendall’s tau-b (Kendall and Gibbons, 1990) 

was applied to assess the statistical significance of the linear trends at different time scales, i.e. 

annual and seasonal, by determining significant trends at two p value thresholds, namely at 0.05 

and 0.10. The trend analysis is based on the application of the Sen’s slope method (Gilbert, 1987), 

and trends in the magnitudes and frequencies are reported in m s-1 decade-1 and days decade-1, 

respectively. Seasons in New Zealand (Southern hemisphere) are considered as follows: spring 

(September-November; SON), summer (December-February; DJF), autumn (March-May; MAM), 

and winter (June-August; JJA). 

 

6.4 Results and Discussion 

6.4.1 Trends in Magnitude of Extreme Winds 

Magnitudes of maximum gust speeds shown in Figure 6.1 generally have decreasing trends at all 

the stations in all seasons, except at Auckland and Christchurch stations the trends are positive in 

spring, also at Wellington station in summer the maximum gust speeds showed a positive trend. It 

is evident that for all considered stations the trends are negative in majority of the time (see Table 

6.2). Autumn and winter had the strongest downward trends (mostly significant at p < 0.10) at all 

the considered stations. Annually, all the stations experienced a decreasing trend, and the strongest 

trends happened at Invercargill (at p < 0.05) and Christchurch (at p < 0.10).  
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Figure 6.1. Trends in the magnitudes of maximum annual and season gust speeds. Dashed lines are the best-fit linear 

trends. 

Table 6.2. Annual and seasonal trends in maximum gust wind speeds (m s-1 decade-1). Statistically significant trends 

are defined as those p < 0.10 (in bold) and p < 0.05 (in bold and in parenthesis) 

 Wellington Auckland Christchurch Invercargill 

Annual −0.186 −0.147 −𝟎. 𝟓𝟎𝟑 (−𝟎. 𝟒𝟑𝟓) 

Spring (SON) −0.251 +0.252 +0.255 −0.171 

Summer (DJF) +0.412 −0.211 −0.236 −0.267 

Autumn (MAM) −𝟎. 𝟓𝟑𝟏 −0.670 −𝟎. 𝟔𝟖𝟗 −𝟎.𝟓𝟖𝟗 

Winter (JJA) −0.362 −0.455 −0.615 −𝟎.𝟎𝟗𝟗 
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6.4.2 Trends in Frequencies of Extreme Winds 

Annual and seasonal trends in the number of days during which the daily maximum gust wind 

speeds exceeded the 90th, 95th and 99th percentiles of maximum daily gusts at each station during 

1972-2017 are assessed in this section.  

 

Figure 6.2. Annual and seasonal number of days when daily maximum gusts exceeded the 90th percentile of whole 

period from 1972-2017. Dashed lines are the best-fit linear trends 
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As can be seen in Figure 6.2, the only seasonal positive trend in the number of days exceeding the 

90th percentiles has happened in spring at Wellington and in spring and autumn at Christchurch. In 

addition, annually there is a non-significant positive trend for Christchurch, and at the rest of the 

stations, the annual trends are negative. The most significant negative seasonal trends in 90th 

percentile occurred at Auckland in summer (at p < 0.05) and at Wellington in autumn (at p < 0.10). 

For 95th and 99th percentiles (Table 6.3), there is a declining annual trend at all stations, with the 

most significant trend at Invercargill station in 99th percentile (p < 0.05). Autumn and winter 

experienced the strongest decreasing trends at all stations. Regarding the most extreme winds (i.e. 

99th percentile), the trends in frequency are negligible for Wellington and Invercargill, though, 

Auckland and Christchurch had strong declining trends, particularly in autumn and winter, mostly 

significant at p < 0.10.  

Table 6.3. Annual and seasonal trends in the number days when daily gusts exceeded 90th, 95th and 99th percentiles 

for 1972 - 2017 (in days decade-1). Statistically significant trends are defined as those p < 0.10 (in bold), p < 0.05 (in 

bold and parenthesis)   

Percentile  Wellington Auckland Christchurch Invercargill 

90th 

Annual −1.25 −1.43 +0.50 −1.43 

Spring (SON) +0.37 +0.00 +0.45 +0.00 

Summer (DJF) +0.00 (−𝟎. 𝟕𝟕) +0.00 −0.45 

Autumn (MAM) −𝟎.𝟕𝟏 −0.67 +0.31 −0.81 

Winter (JJA) +0.00 −0.25 +0.00 +0.00 

95th 

Annual −1.00 −0.50 −1.11 −1.00 

Spring (SON) +0.31 +0.32 +0.00 +0.00 

Summer (DJF) +0.00 +0.00 +0.00 +0.00 

Autumn (MAM) (−𝟎. 𝟒𝟑) −𝟎. 𝟓𝟎 +0.00 −𝟎. 𝟓𝟔 

Winter (JJA) +0.00 −0.57 (−𝟎. 𝟓𝟔) +0.00 

99th 

Annual +0.00 −0.36 −0.37 (−𝟎. 𝟑𝟎) 

Spring (SON) +0.00 +0.00 +0.00 +0.00 

Summer (DJF) +0.00 +0.00 +0.00 +0.00 

Autumn (MAM) +0.00 −𝟎. 𝟐𝟔 (−𝟎. 𝟐𝟓) +0.00 

Winter (JJA) +0.00 −𝟎. 𝟏𝟗 −𝟎.𝟐𝟎 +0.00 

Table 6.3 shows that annually and seasonally the trends in the occurrence of extreme winds are 

generally negative. It is worth noting that trends in the frequencies of extreme winds exceeding 
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higher percentiles (i.e. 95th and 99th) become smaller or even negligible for 1972-2017, compared 

to 90th percentile. Overall, the negative trends in the frequencies agree with the magnitude trends. 

 

6.4.3 Summary 

The study presents annual and seasonal trends in the magnitudes and frequencies of maximum gust 

wind speeds recorded at four stations across New Zealand for 1972 – 2017. In order to eliminate all 

the artificial breakpoints and shifts in wind gust data series, the observed data were subjected to a 

robust homogenisation algorithm (Turner et al., 2019). Generally, trends in both magnitudes and 

frequencies of maximum gust wind speeds are negative. Annually, the strongest downward trends 

in the magnitudes of extreme winds are observed at Christchurch and Invercargill. In addition, 

autumn and winter experienced strongest negative magnitude and frequency trends compared to 

other seasons. The results demonstrate that the trends in the frequency of the upper tail of extreme 

wind speed distributions (i.e. 95th and 99th), which are important in the estimation of design wind 

speeds, have not changed significantly. It is worth noting that this analysis supports a decreasing 

trend in wind speeds also reported by many researchers around the globe (Azorin‐Molina et al., 

2016; McVicar et al., 2012). 

Considering the mostly negative trends in long-term changes in annual and seasonal extreme wind 

speeds, and also the negligible trends in the frequency of occurrence of extreme winds, it seems that 

at this stage, the proposed regional wind speeds for the next version of AS/NZS 1170.2 computed 

using extreme value analysis based on long-term historical wind data, Chapter 5, are accurate and 

conservative enough. However, it must be pointed out that the findings of the current study are 

preliminary results, as they are based on four stations. Therefore, more work is now underway to 

investigate the long-term trends of more stations across New Zealand. However, Azorin-Molina et 

al. (2014) demonstrate that only a few stations are necessary to capture the long-term wind speed 

variability and trends. 

Recently, the Ministry for the Environment (2018) reported projected overall changes in various 

climate variables under different climate change scenarios, using the Regional Climate Model 

(RCM) and NIWA’s Virtual Climate Station Network (VCSN). The VCSN comprises observational 

datasets and interpolates those data in order to cover all of New Zealand (Tait et al., 2006). Figure 

6.3 shows the percentage changes in the magnitude of 99th percentile of daily-mean wind speed 

under one of the most severe of the climate change scenarios, RCP8.5, by year 2090 relative to the 

daily 99th percentile in the baseline 1986 – 2005 period. Most parts of the North Island experience 

a reduction in wind speed, which agrees with these findings for Auckland (i.e. negative trends in 
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magnitude and frequency). However, the trends of increasing wind speeds for Wellington, 

Christchurch and Invercargill areas, as reported in the IPCC 5th assessment (Ministry for the 

Environment, 2018) are in contrast with the present results. 

 
Figure 6.3. Percentage change in the magnitude of the 99th percentile of “daily-mean” wind speed for RCP8.5 

scenario by the end of the 21st century relative to the daily 99th percentile in the baseline 1986 – 2005 period 

(Ministry for the Environment, 2018) 

In should be noted that the trends reported by the Ministry for the Environment (2018) (Figure 6.3) 

is the 99th percentile of “daily-mean” wind speed, and not “maximum” gust wind speeds reported 

in this chapter. However, the IPCC 5th assessment is the only study reporting the long-term changes 

in climate variables in New Zealand at the moment, and that is the reason the results of the present 

study were compared with those in document. Another point is that it seems there was no attempt 

by Ministry for the Environment (2018) to homogenise the observational datasets. Many researchers 

(e.g. (Azorin-Molina et al., 2019; Safaei Pirooz et al., 2018a,b) have demonstrated that 

homogenisation affects the trends in wind speeds. Therefore, more analyses are required to evaluate 

the accuracy of the IPCC 5th assessment. 
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6.5 Conclusions 

Daily and hourly gust and mean wind speeds recorded at four station across New Zealand from 

1972 to 2017 were homogenised and trends in magnitudes and frequencies of annual and seasonal 

extreme winds were evaluated. The main findings of this research are summarised as follows:  

• The magnitude and frequency of wind gust shows negative (significant for some stations 

and seasons) trends. 

• This result suggests that at this stage no extra multiplier is required to be applied to the New 

Zealand design wind speeds. 

• Additional analyses of the long-term wind gust trends at more stations across New Zealand 

are needed. 
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Chapter 7  

High-Resolution Design Wind Speed 

Map for New Zealand Using ERA-

Interim and ERA5 Reanalysis Data 

 

 

 

Having analysed the historical wind records across New Zealand and estimated regional wind 

speeds (Chapter 5) based on observation data, this chapter aims at producing a higher-spatial 

resolution regional wind map for New Zealand through the analysis of two global reanalyses 

products, namely ERA5 and ERA-Interim. Thus, the main objectives of this chapter are: 

(i) Validation of the ERA5 and ERA-Interim data against in-situ wind gust observation data 

from 52 meteorological stations across New Zealand.  

(ii) Estimation of New Zealand’s design wind speeds with high-spatial resolution.  

Hourly and daily maximum gust wind speeds at 31km (ERA5) and 80 km (ERA-Interim) spatial 

scales, for a 30-year period, from 1990 to 2019, were extracted. Initially, the reanalysis data were 

compared with homogenised (Chapter 2) gust observations from 52 stations across New Zealand. 

Then the reanalyses data were used to estimate the design wind speeds for New Zealand. In addition 

to the initial validation process, the design wind speeds estimated using both ERA5 and ERA-

Interim were compared with those of observation data at various average reoccurrence intervals. 

The comparison of reanalyses and observation gust wind speeds revealed that both ERA5 and ERA-

Interim underestimate high gust wind speeds, and this bias increases with an increase in gust wind 
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speed intensity. Also, the bias in gust estimations is greater in complex and mountainous regions 

(e.g. the South Island of New Zealand, excluding the Canterbury Plains). This underestimation of 

high gust speeds results in the prediction of design wind speeds that differ from the observation-

based design wind speeds. Therefore, a post-processing technique is employed that uses the 

observation data to correct for the bias. The processed reanalyses data show a significant reduction 

in the biases and an improvement in the regional wind speed estimations.  

 

This chapter is based on a co-authored paper. The bibliographic details of the co-authored paper, 

including all authors, are: 

Amir Ali Safaei Pirooz, Richard G.J. Flay, Richard Turner, Lorenzo Minola, Cesar Azorin-Molina 

(under review) “Validation of ERA5 and ERA-Interim Reanalysis over New Zealand, and 

Estimation of New Zealand Design Wind Speeds Using ERA5 and ERA-Interim Reanalysis”, 

Journal of Wind Engineering and Industrial Aerodynamics. 

 

Other related publications:  

L Minola, F Zhang, C Azorin-Molina, Amir Ali Safaei Pirooz, RGJ Flay, H Hersbach, D Chen 

(2020) "Near-Surface Wind and Gust Speeds in ERA5 across Sweden: Towards an Improved Gust 

Parametrization Model", Journal of Climate Dynamics, 55(3): 887-907 
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7.1 Introduction  

Although meteorological stations generally provide valuable and reliable data, they are usually 

located far from one another, resulting in low-quality spatial analyses. Thus, the data sparsity, effect 

of local topography and variation of regional wind climate make the interpolation techniques 

unreliable and diminish their value. In addition, historical data are often not continuous, or are only 

available for a limited number of years. However, for analyses, such as extreme value and trend 

analysis, long-term datasets are preferable. Reanalyses have the potential to compensate for the lack 

of in-situ data and fill the gaps in observations time series (Dee et al., 2011; Tetzner et al., 2019). 

Reliable and long-term gust wind speed data series are essential for the assessment of trends in the 

frequency and magnitude of extreme storms, which contribute to a high number of wind-related 

losses around the world (Chapter 6). Several studies have shown that trends in the frequency and 

magnitude of extreme winds have changed over the last several decades (Azorin‐Molina et al., 2016; 

Cusack, 2013; Hewston and Dorling, 2011; Németh et al., 2011; Pryor et al., 2009; Safaei Pirooz et 

al., 2019c; Smits et al., 2005; Usbeck et al., 2010; Zhang et al., 2020). Also, analysing the near-

surface mean wind speed is not sufficient to enable understanding of the behaviour of extreme 

events. Therefore, gust wind speed time series are required to investigate the occurrence and 

magnitude of extreme wind speeds. However, limited number of meteorological stations, and other 

factors, such as local orography, changes in instrumentations and gust duration (more details see 

Chapter 2 and (Safaei Pirooz and Flay, 2018b; Safaei Pirooz et al., 2020; Turner et al., 2019)), 

significantly influence and limit the analyses of gust wind speeds. Therefore, alternative datasets, 

such as reanalysis products, can be employed as a complementary method, to appropriately 

investigate gust wind speeds for various purposes.  

Table 7.1. Several global-scale reanalysis products 

Name Reference 
Spatial 

Resolution 

Temporal 

Resolution 

Temporal 

Availability 

NCEP-NCAR Reanalysis (Kalnay et al., 1996) 210 km 6-hourly 1979 – present 

Japanese 55-year Reanalysis (Ebita et al., 2011) 60 km 3-hourly 1958 – present 

Modern-Era Retrospective 

analysis for Research and 

Applications-2 (MERRA-2) 

(Gelaro et al., 2017) 50 km Hourly 1980 – present 

Climate Forecast System 

Reanalysis (CFSR) 
(Saha et al., 2010) 38 km Hourly 1979 – 2010  

ERA-40 (Uppala et al., 2005) 125 km 6-hourly 1958 – 2003 

ECMWF ERA-Interim (Dee et al., 2011) 80 km 3-hourly 1979 – present 

ECMWF ERA5 (Hersbach et al., 2020) 31 km Hourly 1979 – present 

Reanalyses provide physically coherent and long-term spatially complete records of various climate 

variable (Minola et al., 2020; Su et al., 2019). Reanalysis products are today among the most used 
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databases in climatological and geophysical research, due to the fact that they are able to generate 

consistent series of various climate variables (Dee et al., 2011; Minola et al., 2020). This is achieved 

by using forecast models and assimilation techniques that use observation data from various 

sources. Some of the most known global-scale reanalyses along with their spatial and temporal 

resolutions are tabulated in Table 7.1. Among the various reanalysis datasets, ERA5 and its 

predecessor ERA-Interim (hereafter, ERAint), from the European Centre for Medium-Range 

Weather Forecast (ECMWF), are the most used and highly successful reanalysis products available 

(Dee et al., 2011; Hersbach et al. 2018 ), which are also utilised in this study. 

Table 7.2. List of studies that used reanalysis products for extreme wind analysis and estimation of design wind speeds 

Reference Reanalysis Product Region EVA method 

(Frank, 2001) NCEP-NCAR Reanalysis Denmark Standard Gumbel 

(Larsén et al., 2006) NCEP-NCAR Reanalysis Northern hemisphere Standard Gumbel 

(Hundecha et al., 2008) 
North American Regional 

Reanalysis (NARR) 
Gulf of St. Lawrence, Canada GEV using ML 

(Larsén and Mann, 2009) NCEP-NCAR Reanalysis 
Several locations with different 

scale extreme events 

Gumbel Type I using 

PWM 

(Larsén et al., 2013) 

• CFSR 

• ERA-40 

• NCEP-NCAR 

South Africa Standard Gumbel 

(Larsén and Kruger, 2014) CFSR South Africa Standard Gumbel 

(Mo et al., 2015) NCEP-NCAR Reanalysis 2 China 

• Standard Gumbel 

• GEV, using MOM, ML 

and GLM 

(Pop et al., 2016) 

• NCEP-NCAR 

(homogenisation) 

• GWC (EVA) 

The Czech Republic Standard Gumbel 

(Sirdas et al., 2017) 
• NCEP-NCAR 2 

• ERA-40 
Turkey – 

(Breivik et al., 2013) 

• ECMWF ensemble 

predictions system (EPS) 

• ERA-40 

• ERA-Interim 

• Norwegian Reanalyses 

Northeast Atlantic, the 

Norwegian Sea, and the North 

Sea 

• GEV using block 

maxima 

• GPD (i.e. POT) 

(Breivik et al., 2014) 

• ECMWF Integrated 

Forecast system ensemble 

(IFS) 

• ERA-40 

Global 
• GPD (i.e. POT) 

• Exponential distribution 

(Meucci et al., 2018) 

• ECMWF operational 

forecast model ensembles 

• ERA-Interim 

Global 
• Gumbel and IDM* 

• POT (for ERA-Interim) 

(Franco et al., 2020) WRF 

South America; Uruguay, and 

parts of Paraguay, Argentina 

and Brazil 

GEV, using ML 

(Xu et al., 2020) NCEP-NCAR Reanalysis 
Hangzhou and Shanghai in 

China 
GPD 

* IDM: initial distribution method, which fits a probability density function to the available data and extrapolated the 

chosen PDF to the desired return period. 
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Several studies have used either global or regional reanalysis products to investigate extreme winds 

and to perform EVA. A summary of these research works is provided in Table 7.2. An illustrative 

example is that of Frank (2001), where estimates of 50-year return period wind speeds, using NCEP-

NCAR Reanalysis over the North Sea west of Denmark, were calculated and had values 11% less 

than estimates from observations. Due to the roughness length over land in Denmark being far too 

large in the reanalysis model, Frank (2001) concluded that the 50-year design wind speed over land 

cannot be compared with observation-based design wind speed estimates. One solution proposed 

by the author to overcome this issue was estimating extreme winds using geostrophic wind 

computed from the surface pressure field.  

Hundecha et al. (2008) conducted a nonstationary EVA over the Gulf of St. Lawrence, Canada, to 

estimate changes in extreme wind speed quantiles against time. They used data from selected 

observation stations and a regional reanalysis, called North American Regional Reanalysis (NARR) 

(Mesinger et al., 2006), which has a 32-km spatial resolution.  

Larsén and Mann (2009) used the NCEP-NCAR Reanalysis pressure or geopotential height records 

to calculate the geostrophic winds, which were later extrapolated to 10 m height over a standard 

homogeneous surface with 𝑧0 = 0.05 m. These standard winds were used as inputs for the WAsP 

(Wind Atlas Analysis and Application Program) (Troen and Petersen, 1989) software, which 

accounts for the roughness, orography and obstacles. Using annual maximum gust wind speeds and 

estimating the parameters of the Type I distribution using PWM, Larsén and Mann (2009) assessed 

the extreme winds in various places, where the extreme winds originated from weather phenomena 

of different scales; including the mid-latitude lows in Denmark, channelling winds in the Gulf of 

Suez, typhoons in the western North Pacific, cyclones in the Caribbean Sea, local strong winds: the 

Mistral in the Gulf of Lions and the Bora in the north Adriatic Sea. The proposed method provided 

promising results for locations where extreme winds were driven by synoptic events. For smaller 

scale phenomena, it was demonstrated that mesoscale models are needed in order to obtain more 

accurate extreme wind estimation. 

Larsén and Kruger (2014) proposed a simple approach, called “spectral correction”, based on 

spectral analysis to correct the smoothing effect of reanalysis models by filling in the missing 

spectral information for high mesoscale frequencies. They applied the correction method to the 

hourly 10-m wind data over South Africa extracted from the Climate Forecast System Reanalysis 

(CFSR) (Saha et al., 2010), which has a spatial resolution of 38 km. The regional wind speeds 

estimated using the standard Gumbel method agreed well with the observation-based regional wind 

speeds. However, in the coastal areas the model underestimates the diurnal peaks. 
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Larsén et al. (2013) used three reanalysis products, namely CFSR, NCEP-NCAR, and ERA-40 

(with 125-km and 6-hourly spatial and temporal resolutions, respectively (Uppala et al., 2005)), 

along with the spectral correction method and the standard Gumbel to develop extreme wind atlases 

of South Africa. The results demonstrated that the CFSR winds with higher spatial and temporal 

resolution, performed better than ERA-40 and NCEP-NCAR. 

Mo et al. (2015) investigated the possibility of generating a wind map for China using observation 

data from 151 stations as well as NCEP-NCAR Reanalysis 2 data. For EVA, the authors used both 

the standard Gumbel method and GEV distribution. For the latter, MOM, ML, and the generalised 

least-squares method (GLM) were employed to estimate the parameters of the distribution. (Mo et 

al., 2015) also demonstrated that the use of reanalysis data might result in poor estimations in steep 

terrain and coastal regions. 

Pop et al. (2016) used maps of general wind climate (GWC) and observation to generate maps of 

extreme winds for the Czech republic using the standard Gumbel approach. In addition, the authors 

also used NCEP/NCAR reanalysis to assess the homogeneity of the wind speed time series. Sirdas 

et al. (2017) investigated the strong cyclones over Turkey that started over central northern Africa 

near Egypt, Libya and Crete, and moved and deepened toward the north–northeast, using the NCEP-

NCAR reanalysis 2 and some observation data. In addition, ERA-40 reanalysis was used to validate 

the divergence and vorticity of stormy weather.  

Breivik et al. (2013) demonstrated that EVA of wave heights obtained from ECMWF ensemble 

predictions system (EPS) are considerably higher than from ERA-40 and ERAint, but agreed well 

with the 10-km Norwegian Reanalyses (NORA10) (Reistad et al., 2011). Breivik et al. (2014) used 

ECMWF Integrated Forecast system ensemble (IFS) (Buizza et al., 2007) and ERAint to perform 

EVA on global return values of wind speed and wave height. Their results showed that IFS led to 

higher return value estimates compared with ERAint. 

Meucci et al. (2018) used global atmosphere-wave model ensembles, namely ECMWF operational 

forecast model ensembles, to conduct EVA and estimate wind speed and wave height return periods. 

The work is an extension of the research done by Breivik et al. (2013) and Breivik et al. (2014). 

Meucci et al. (2018) also compared their EVA results with wind speed extreme values obtained 

from performing POT on the ERAint and buoy data. 

By using Weather Research and Forecasting (WRF) (Skamarock et al. 2005) modelled hourly data 

with a 18-km grid size, Franco et al. (2020) estimated hourly mean monthly maximum wind speed 

return periods at 60-m height above the ground by GEV distribution and ML fitting method. They 

also adjusted the WRF output data using a linear regression model based on field measurement. Xu 
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et al. (2020) evaluated the tropical cyclone threat over two coastal cities in China using the NCEP-

NCAR Reanalysis and performing EVA and employing GPD with a quasi-stationary assumption. 

They also compared the return period wind speeds with six climate models. 

As shown in Table 7.2 and discussed above, most of previous studies used low-spatial resolution 

reanalysis to investigate extreme winds and perform EVA. However, as stated by Su et al. (2019) 

and also Mesinger et al. (2006) and Randall et al. (2007) low-spatial resolution reanalyses are not 

capable of modelling topography and with resolutions typically greater than 50 km, the reanalyses 

may be deficient in taking into account important sub-grid variations in meteorology over complex 

and mountainous terrains and islands, and in terms of other small-scale processes.  

Therefore, in this study, one of the highest spatial-resolution global reanalysis model available at 

the moment, namely ERA5 with a 31-km resolution, is utilised to first validate its performance in 

estimating gust wind speeds against observation data from 52 meteorological stations across New 

Zealand, and also to assess its enhancement compared with the previous ERA reanalysis, ERAint. 

No studies have been conducted before to evaluate the performance of these recently developed 

reanalysis products over New Zealand. Then, EVA is performed on the reanalysis maximum gust 

wind speeds using four approaches namely the standard Gumbel, Gringorten, BLUE and the method 

of independent storms (MIS) (see Chapter 5 for details). An error and uncertainty study is conducted 

and a bias correction method is used to enhance the estimates of design wind speeds based on the 

reanalysis data. The final regional wind speeds obtained are compared with those of the observation 

data (Chapter 5) and high-spatial resolution regional wind maps are generated for New Zealand. 

 

7.2 Methodology and Data 

7.2.1 Overview of Methodology 

Figure 7.1 shows a schematic diagram of the research methodology adopted in this study. In 

summary the main objectives of the present study are:  

(i) The validation of ERAint and ERA5 reanalysis data from two approaches:  

• comparison of gust wind speeds with homogenised (Chapter 2) observation records 

from 52 stations across New Zealand for a 30-year period from 1990 to 2019;  

• assessment of the design wind speeds estimated by ERA5 and ERAint with those 

obtained from observation data (Chapter 5). 

(ii) Bias correction of the reanalysis data. 

(iii) Generate a high-resolution design wind map for New Zealand.  
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Figure 7.1. A schematic diagram of the steps undertaken in this study to analyse and validate ERA5 and ERAint 

reanalyses, and to generate a high-spatial resolution wind map for New Zealand.  

 

7.2.2 Observation and Reanalyses Data 

The meteorological stations used in this study for the validation of the reanalysis products, are listed 

in Table 5.1, along with their most important metadata, including anemometer type and height, base 

elevation and the periods of available wind speed records. These observation data were 

homogenised using the algorithm and procedure explained in Chapter 2. For the reanalysis data, 

hourly and 3-hourly 3-s gust wind speeds were extracted from ERA5 and ERAint reanalysis 

products, respectively, for a spatial domain with longitude and latitude range from 165°E – 185°E 

and 33°S – 48°S, respectively. As mentioned in Table 7.1, the new ERA5 includes hourly outputs 

(versus 3-hourly ERAint outputs), with an increased horizontal resolution of 31 km (0.25º×0.25º), 

compared to the 80 km (0.75º×0.75º) of ERAint (Figure 7.3). 

Figure 7.2 shows an orography map of New Zealand with 1-km resolution (GLOBE Task Team, 

1999), along with locations of the stations and the closest ERAint and ERA5 grid points to the in-

situ observations. For the analyses of this study, the ERAs grid points are categorised based on the 

New Zealand wind regions as defined in Chapter 5 and shown in Figure 7.2 and Figure 7.3.  
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Figure 7.2. Orography map of New Zealand (1-km resolution) along with the locations of meteorological stations and 

ERA5 and ERAint grid points closest to the stations. The New Zealand wind regions are also labelled. 

  
(a) (b) 

Figure 7.3. ERA5 (a) and ERA-INT (b) grid points across each wind region in New Zealand. 



 

170 

 

It should be noted that the NZ2 region consists of parts of both the North and South Islands, which 

have different orography. As it is evident in Figure 7.2, the South Island has steeper and more 

complex terrain compared with the North Island. This does not create any issue for the estimation 

of design wind speeds (Chapter 5) and having the same regional wind speeds for both parts of the 

NZ2 region, since during the homogenisation process the effects of the underlying orography and 

local hills were removed prior to performing EVA. However, for the validation of the reanalysis 

models, the NZ2 region is divided into two parts, namely NZ 2 – North and NZ 2 – South, in order 

to better evaluate the performance of the reanalysis products in regions with different orography 

characteristics.  

 

7.2.3 Spatial Scale Definition 

To investigate the ability of ERA5 and ERAint in representing the wind gust spatial variability of 

New Zealand, following (Chen et al., 2016; Minola et al., 2020), the Pearson’s correlation 

coefficients (Eq. 7-1) between the wind gust series of each station and all the other stations are 

computed and plotted in Figure 7.4. The decay of the correlation with an increase in the distance is 

defined as the wind gust spatial scale and is quantified by fitting an exponential decay function (𝜓). 

 
Figure 7.4. Spatial scale defined using the Pearson’s correlation coefficient between the 52 wind gust time series 

across New Zealand for the period from 1990 to 2019, as a function of the distance between the stations. The red 

exponential fitted line shows the decay of the spatial correlation as the distance increases.  
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The exponential fit is forced to be 1.0 for the distance of 0 km, assuming perfect correlation of 

identical signals, and not to be negative, assuming that it is not possible to have a negative 

correlation, and that if the time series are strongly different the correlation must tend to zero (Chen 

et al., 2016; Minola et al., 2020). 

As can be seen in Figure 7.4, the computed correlation coefficients at 31-km and 80-km 

(corresponding to ERA5 and ERAint spatial resolutions, respectively) are 0.944 and 0.862, 

respectively, which justify the use of the use of the closest ERA grid points to the meteorological 

stations for the validation process.  

 

7.2.4 Statistics for Comparison 

First, the closest ERAint and ERA5 grid points to the meteorological stations were determined 

(Figure 7.2). Then, to assess the accuracy of the reanalyses data and to compare them with the 

observation wind speeds, three statistical tests are performed (Minola et al., 2020; Tetzner et al., 

2019): 

(i) Pearson’s correlation coefficient, which measures the degree of association between two 

time series, and is calculated using Eq. 7-1. To avoid unreasonably large 𝜌 values, it is 

essential to remove periodicity in wind speed time series, which for the hourly and daily 

series can be done by subtracting mean diurnal and monthly series, respectively. 

𝜌(𝑋, 𝑌) =
𝑐𝑜𝑣(𝑋, 𝑌)

√𝑣𝑎𝑟(𝑋) .  𝑣𝑎𝑟(𝑌)
 (7-1) 

(ii) Root Mean Square Error (RMSE): shows how far or close the simulated wind speeds are 

from the true observed values. RMSE is calculated by Eq. 7-2, in which �̂�𝑡, 𝑤𝑡 and T are 

estimated wind, observed wind, and number of data points, respectively. 

𝑅𝑀𝑆𝐸 = √
∑ (�̂�𝑡 − 𝑤𝑡)2
𝑇
𝑡=1

𝑇
 (7-2) 

(iii)Bias shows the deviation of the reanalysis data from the true wind observations. 

𝐵𝑖𝑎𝑠 =
∑ (�̂�𝑡 − 𝑤𝑡)

 𝑇
𝑡=1

𝑇
 (7-3) 
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7.2.5 Extreme Value Analysis 

A comprehensive review of various extreme value distributions and fitting methods to find the 

parameters of the distributions is provided in Chapter 5 (Section 5.3.3). In this study, initially, the 

standard Gumbel (Gumbel, 1954), Gringorten (Gringorten, 1963) and best linear unbiased 

estimators (BLUE) (Lieblein, 1974) methods were used based on maximum annual gust wind 

speeds and the assumption of the shape factor being zero. A detailed explanation of these methods 

and finding their parameters is provided in Chapter 5. However, as elaborated upon in Chapter 5, 

the use of a single maximum gust wind speed from each year, has drawbacks because of neglecting 

several storms that occur during any year and only utilising the maximum gust speed recorded in 

each year. In addition, the annual maxima method results in having relatively a low number of data 

points, which consequently affects the fitting method, so that any outlier can significantly influence 

the final estimation of the distribution parameters and design wind speeds. Particularly, in the case 

of using the reanalysis data, which as demonstrated in Sections 7.3.1 and 7.3.2, the bias in the 

reanalysed gust wind speeds increases with an increase in the wind speed.  

Therefore, one solution to enhance the accuracy of the predictions of extreme wind speeds and to 

make the predictions less sensitive to outliers is to utilise shorter periods than a year. Two methods, 

namely POT (Davison and Smith, 1990; Holmes and Moriarty, 1999; Lechner et al., 1992) and MIS 

(Cook, 1982), use all wind speeds from independent storms above a certain threshold. The details 

of these approaches are explained in Chapter 5. The POT method was used in Chapter 5 to estimate 

the design wind speeds based on the observation data. Here, in this chapter, for completeness, the 

MIS method is employed, whose estimation can also be compared with those of POT method. 

Unlike the POT method, for this study in the MIS method, the shape factor is assumed to be zero. 

Larsén et al. (2012), using spectra analysis, demonstrated that there is a spectral energy deficit in 

the mesoscale modelled wind speeds, resulting in the underestimation of extreme wind speeds 

simulated by models. This smoothing effect of extreme winds was also noted by Skamarock (2004) 

and Frehlich and Sharman (2008). Thus, it is essential to quantify the effect of this smoothing of 

extreme winds on the estimated design wind speeds. Therefore, in the present study, we have 

compared the results of both annual maxima-based and independent-storm EVA approaches. As 

discussed above, the former method is more sensitive to outliers, and consequently it is expected 

that the smoothed extreme winds from the reanalysis models would lead to higher errors. This 

hypothesis is tested in the present work and errors in both approaches are quantified.   

Although the EVA methods employed in this study are still used widely in Wind Engineering 

applications and standards (Table 7.2), it should be noted that over the years, improvements have 
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been made to the EVA methods. For instance, XIMIS (Harris, 2009) is the extended version of the 

improved MIS (IMIS) method (Harris, 1999). Cook and Harris (2013) revisited the Gringorten 

method and provided the weights for an unbiased fit. 

 

7.3 Results and Discussion 

7.3.1 Validation 1: Direct Comparison 

Initially to assess the performance of ERA5 and ERAint in simulating gust wind speed conditions 

across New Zealand, the seasonal cycles, defined as the monthly means of maximum daily gust 

speeds, obtained from the observation and reanalysis data are plotted in Figure 7.5 for the period 

from 1990 to 2019. Generally, ERA5 estimated the seasonal cycles more accurately than ERAint, 

particularly for regions NZ2-South, NZ3 and NZ4. ERAint significantly underestimated the wind 

condition in NZ3 (all months), and overestimated them in NZ4 (Apr to Aug) by up to 1.5 m s-1. In 

addition, in NZ1, NZ2-North and South, ERAint overestimated the mean monthly values by up to 

1.0 m s-1 during May to Aug. The estimations of ERA5 for all regions agree well with observations, 

particularly for NZ2-South, NZ3 and NZ4. ERA5 slightly overestimated the gust wind conditions 

in NZ1 and NZ2-North by about 0.5 m s-1 during most months. Also, there is an overestimation of 

0.5 m s-1 in ERA5 values for NZ3 region during Apr to Jul.  

 
Figure 7.5. Mean seasonal cycle of gust wind speeds computed from observations at meteorological stations, ERAint 

and ERA5 reanalyses data, for the five regions across New Zealand for the period from 1990 to 2019: (a) NZ1;  

(b) NZ2-North; (c) NZ2-South; (d) NZ3; (e) NZ4. 5% error bars around the observations are also shown. 
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It can also be seen in Figure 7.5 that all regions experience the strongest and weakest winds during 

Sep to Dec and Feb to Aug, respectively. In addition, it is evident that the monthly mean gust speeds 

in regions NZ1, NZ2-North and South range from 10 m s-1 to slightly over 13 m s-1. However, in 

NZ3 and NZ4, the wind speed is much stronger with values generally being over 13 m s-1 and up to 

16 m s-1. This point also verifies our recommendation for introducing a new wind region in the 

southern part of the South Island (NZ4). See Chapter 5 for details.  

The results of the statistical tests are presented in Figure 7.6. The top row (Figure 7.6(a-c)) shows 

the averaged mean Pearson’s correlation (left column), RMSE (middle column) and bias (right 

column) values for each wind region. The mean Pearson’s correlation coefficients and RMSE 

values (Figure 7.6a and b, respectively) for ERA5 and ERAint are very similar, and for some regions 

ERA5 shows slightly better agreement with the observations (i.e. higher Pearson’s correlation and 

lower RMSE), and for other regions ERAint agrees better with the observations. However, the 

difference between ERA5 and ERAint is fairly small. In the case of averaged bias, ERA5 shows 

significantly smaller values for regions NZ3, NZ4 and NZ2-North. On the other hand, ERAint has 

slightly smaller biases for regions NZ1 and NZ2-South. Minola et al. (2020) demonstrated that the 

bias is a function of wind speed, thus, in Section 7.3.3, more detailed investigation of bias has been 

presented.  

The statistics for each station location are shown in Figure 7.6(d-f) and Figure 7.6(g-i) for ERA5 

ERAint, respectively. Overall, it can be seen that both ERA5 and ERAint perform considerably 

better in simulating gust wind speeds in the North Island, where the land elevation is much lower 

and the orography is not as complex as in the South Island (see Figure 7.2). The reanalyses perform 

poorly (high RMSE and bias) in mountainous locations, such as Middlemarch, Lauder, Westport 

and Kaikoura (located in lee-zones (see Section 5.4.3)). The worst agreement was observed for the 

Queenstown station, where the terrain is too complex to be captured by the reanalysis models 

utilised. In total, 77% of the stations show mean Pearson’s correlation coefficients greater than 0.7 

for both ERA5 and ERAint, this percentage drops to 42% (ERA5) and 35% (ERAint) for stations 

with coefficients greater than 0.75. Also, 58% (61%) and 61% (71%) of the stations show RMSE 

and bias values of less than 3.5 m s-1 and 1.0 m s-1 for ERA5 (ERAint), respectively. 
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Figure 7.6. Summary statistics comparing observed gust wind speeds with reanalysed data for 1990 – 2019. Top row 

shows the averaged values across each region. The middle and bottom rows shows the statistical parameters 

calculated between each station and ERA5 (middle) and ERAint (bottom) closest grids. The left, middle and right 

columns are Pearson’s correlation coefficients, RMSE and bias, respectively. 

7.3.2 Validation 2: Design Wind Speed  

Figure 7.7 shows examples of 0.2-s design wind speeds (see Chapters 3 and 5 for the rationale 

behind the gust duration definition) calculated using both reanalysis and observation data for a few 

selected stations located in each of the wind regions (NZ1 – NZ4) utilising the four mentioned 

methods at various average recurrence intervals (ARI). In addition, Figure 7.8 illustrates the 

difference between the design wind speeds estimated using the reanalysis and observed data at 

different ARIs utilising the MIS methods. The difference is defined as “Reanalysis – Obs”. 

The first point to note in Figure 7.7 is that at low ARIs, all the four EVA approaches provide similar 

values. However, at high ARIs, as expected and elaborated upon in Chapter 5, the Gumbel and 

Gringorten methods yield larger design wind speeds compared with the BLUE and MIS methods. 

As it is evident in Figure 7.7, excellent agreement is achieved between the design wind speeds 

computed using all the four methods based on the reanalyses (both ERAint and ERA5) and 
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observation data for the NZ1 region, and for stations in the NZ2 region, where the orography effect 

is not as significant (e.g. Gisborne and Palmerston North). However, the difference between the 

reanalysis results and observations becomes larger where the terrain is complex, for instance at the 

Hokitika and Christchurch stations in NZ2, particularly at higher ARIs. The worst agreement was 

observed in regions NZ3 and NZ4. In these regions, apart from the orography effects, both NZ3 and 

NZ4 experience strong winds, as shown in Figure 5.5. NZ4 is exposed to strong westerly and south-

westerly winds, and NZ3, due to the channelling effect of Cook Strait (see Chapter 2 and 5), 

experiences strong westerly and north-westerly winds.  

 
Figure 7.7. Examples of design wind speeds (0.2 s gust duration) calculated for various average recurrence intervals 

at selected stations in each wind region (NZ1 – NZ4), using Gumbel, Gringorten, BLUE and MIS methods. For 

clarity, the speed curves have been artificially shifted by +10 m s-1, +20 m s-1 and +30 m s-1. 
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Therefore, the reanalysis products perform poorly in simulating wind conditions over complex and 

mountainous regions as well as in high wind conditions in regions NZ3 and NZ4. Although the 

Chatham Islands is in region NZ4, their terrain and wind condition are not as complex as the 

southern part of the South Island. Thus, the agreement between the reanalysis and observation 

estimations of the design wind speeds for this station is good. 

Lastly, Figure 7.7 also illustrates that using the BLUE and MIS methods results in better agreement 

between the design wind speeds computed utilising the reanalysis and observation data. The 

Gumbel and Gringorten methods are more sensitive to outliers with high or low values, resulting in 

unrealistic design wind speeds. However, the BLUE method, by giving the correct weight to each 

data point by applying a set of unbiased estimators, reduces the dependency of the design wind 

speeds on the outliers. Also, the MIS method, by considering more data points rather than only one 

annual extreme event in each year, improves the extreme value estimations. As seen (Figure 7.7) 

by the results for Hokitika, Christchurch, Wellington, Paraparaumu, Invercargill and Tiwai Point. 

More detailed differences between the results of the reanalysis- and observation-based estimates 

are provided in Table 7.3 and Table 7.4, and are discussed further in Section 7.3.3.  

Considering that a better agreement was obtained using the MIS method, more detailed differences 

in design wind speeds estimated using the reanalysis and observation data by the MIS method is 

provided in Figure 7.8. It can be seen that the differences between the reanalyses and observation 

estimates increase with an increase in the ARI. As mentioned above, both ERA5 and ERAint (top 

and bottom rows in Figure 7.8, respectively) provide better estimates for the North Island and low-

elevation locations. It is also noteworthy that, unlike ERAint, ERA5 tends to slightly overestimate 

the design wind speeds, while ERAint underestimates the values. This can particularly be seen in 

the North Island and along the west coast of the South Island.    

 

7.3.3 Bias Correction   

In several previous studies attempts were made to correct and adjust reanalysis data. For instance, 

Franco et al. (2020) used a linear regression to adjust WRF wind speeds based on field 

measurements. Larsén and Kruger (2014) proposed a simple approach, called “spectral correction”, 

based on spectral analysis to correct the smoothing effect of reanalysis models by filling in the 

missing spectral information for high mesoscale frequencies. Frank et al. (2018) proposed a post-

processing method to enhance the performance of a regional reanalysis, called COSMO-REA6 

(Bollmeyer et al., 2015), in representing the Global Horizontal Irradiance (GHI) across Europe. The 

post-processing method is based on orthogonal distance regressions for two different weather 



 

179 

 

regimes, namely “clear sky” and “cloudy sky”. Minola et al. (2020) enhanced the gust 

parametrisation of ERA5 by adjusting the convective gust contribution and adding an elevation 

dependency. In order to correct the bias in airflow distortion in shipborne wind speed 

measurements, Landwehr et al. (2020) compared the ERA5 predictions with the in-situ wind speeds, 

and calculated the uncertainty and bias in the flow distortion estimates of the reanalysis. Using the 

computed uncertainties as weights, Landwehr et al. (2020) calculated weighted means as the best 

estimates of the wind distortion. 

 
Figure 7.9. Mean biases in ERA5 and ERAint reanalyses as a function of wind gust speed, for increasing 5 m s-1 

intervals measured across each New Zealand wind region for 1990 – 2019: (a) NZ1; (b) NZ2-North; (c) NZ2-South; 

(d) NZ3; (e) NZ4 

Minola et al. (2020) showed that there is a high dependency of ERA5 and ERAint bias values on 

the intensity of wind speeds over Sweden, such that high observed wind speeds resulted in the 

strongest negative biases in both ERA5 and ERAint, while positive biases occurred at low wind 

speeds. Following Minola et al. (2020), the bias values in ERA5 and ERAint as a function of the 

observed wind speeds at 5 m s-1 intervals for each New Zealand wind region are shown in Figure 

7.9. The largest positive (at low speeds) and negative (at high speeds) biases are seen for region 

NZ3 (Figure 7.9d). While, regions NZ1, NZ2-North and NZ4 show the smallest bias values. Also, 

at low wind speeds, region NZ2-South also shows low biases, and as the wind speed increases the 
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bias in this region increases quite considerably. It should be noted that at high wind speed intervals, 

i.e. extreme winds, there are only a few data points available resulting in higher mean bias values. 

The average biases as a function of wind speed for each wind region (Figure 7.9) are used to correct 

the reanalysed predictions. At each day (or hour), the values of gust wind speeds simulated by ERA5 

and ERAint are compared with the corresponding observed values. Then, if the difference between 

the reanalysed and observed wind speeds is greater than the bias at the corresponding wind speed 

interval, the value of the bias is added/subtracted to/from the reanalysed values.  

The validation process (results in Section 7.3.3.1) was repeated by correcting the values at the 

closest reanalysis grid points to the stations considered in this study (Figure 7.2). However, to 

correct the reanalysis grid points that are far from the stations, an interpolation approach was 

employed based on the recorded wind speeds at the local meteorological stations to estimate wind 

speeds at the location of grid points. The interpolation was done using the Inverse Distance 

Weighted (IDW) approach (Eq. 7-4), which utilises a linearly weighted combination of a set of 

points to compute cell values (Watson and Philip, 1985). 

𝑈𝐼𝐷𝑊 =
∑𝑍𝑖 𝑑𝑖𝑗

𝑝⁄

∑1 𝑑𝑖𝑗
𝑝⁄

 (7-4) 

where, 𝑍𝑖 is the value of wind speed at station i, and 𝑑𝑖𝑗
  is the distance between the station and grid 

point j. p is a power function, which controls the significance of known points (i.e. wind speeds 

recorded at stations) on the interpolated values based on their distance from the output point (i.e. 

point j). The assumptions listed below were made in the interpolation:  

(i) Four closest stations to a grid points are used for interpolation. 

(ii) If 𝑑𝑖𝑗
 > 120 km (corresponds to 𝜓 = 0.8, see Section 7.2.3), the station i is not used.  

(iii) A p value of 2 is used in this study.  

(iv)  If for a given time (date) no wind speed has been recorded at the four closest stations, the 

reanalysed wind speeds are used without correction.  

(v) The correction is only applied if “Reanalysis – Obs (interpolated)” is greater that the bias 

value of the region for the corresponding wind speed interval (Figure 7.9).  

One of the limitations of the interpolation approach is that it does not account for the underlying 

orography. In future work, a more sophisticated interpolation approach and correction method will 

be proposed. 
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7.3.3.1 Corrected Reanalysis vs Observation 

The validation process, as explained in Section 7.2.4, was repeated using the corrected reanalysis 

data, and the results are presented in Figure 7.10 and Figure 7.11. 

 

Figure 7.10. Summary statistics calculated using corrected reanalysis data and observations: (a) mean Pearson’s 

correlation; (b) RMSE; (c) bias.  

 

Figure 7.11. Mean seasonal cycle of gust wind speeds computed from corrected ERA5 and ERAint reanalyses data 

and observations at meteorological stations, for the five regions across New Zealand for 1990 – 2019: (a) NZ1; (b) 

NZ2-North; (c) NZ2-South; (d) NZ3; (e) NZ4. 5% error bars around the observations are also shown. 

As can be seen in Figure 7.10, all the three statistical tests yield better results compared with the 

uncorrected reanalysis data (Figure 7.6). The mean Pearson’s correlation coefficients and RMSE 

values calculated using the corrected ERA5 and ERAint are generally higher and lower than 0.8 

and 3.0 m s-1, respectively. Only ERA5 for regions NZ2-South and NZ4 shows RMSE values 

slightly greater than 3.0 m s-1. The averaged biases are reduced considerably and are negligible, 

except for the ERAint result for region NZ3. Figure 7.11 compares the mean monthly cycles 

obtained from the corrected ERA5 and ERAint with those of the observations. By comparing these 
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results with Figure 7.5, it can be seen that, generally the estimations of ERA5 and ERAint have 

improved, particularly ERA5. The estimations of ERAint also become closer to the observations, 

but still there are differences between the mean monthly cycles of ERAint and the observation. The 

weakest agreement is observed in the values of ERAint for region NZ3. 

Table 7.3. Percentage difference (Eq. 7-5) between the design wind speeds calculated using observations, corrected 

and uncorrected ERA5 (inside parentheses) data.   

 

The EVA was performed on the corrected reanalysis data using the four methods, namely Gumbel, 

Gringorten, BLUE and MIS. The percentage differences between the design wind speeds obtained 

from the corrected reanalysis and observation data are calculated using Eq. 7-5, and results for 

ERA5 and ERAint are tabulated in Table 7.3 and Table 7.4, respectively, which show the average 

design wind speeds at each ARI in the New Zealand wind regions. The values in parentheses are 

the percentage difference computed using the design wind speeds based on the uncorrected 

reanalysis data. 

Return Period NZ1 NZ2 NZ3 NZ4 NZ1 NZ2 NZ3 NZ4

1 3.69 (1.81) 2.53 (0.97) -1.46 (-13.72) 6.29 (-3.13) 4.15 (2.28) 3.50 (1.91) -1.59 (-13.82) 2.23 (-6.97)

5 4.26 (0.13) 2.70 (-0.89) 0.75 (-13.59) 7.09 (-4.78) 5.07 (1.08) 4.20 (0.70) 0.28 (-13.87) 3.34 (-8.18)

10 4.60 (-0.79) 2.82 (-1.90) 2.02 (-13.48) 7.55 (-5.72) 5.62 (0.41) 4.61 (0.03) 1.58 (-13.71) 3.99 (-8.89)

20 4.89 (-1.57) 2.95 (-2.75) 3.12 (-13.38) 7.94 (-6.52) 6.10 (-0.16) 4.98 (-0.55) 2.83 (-13.46) 4.56 (-9.50)

25 4.98 (-1.80) 2.99 (-3.00) 3.45 (-13.34) 8.06 (-6.76) 6.24 (-0.32) 5.09 (-0.72) 3.23 (-13.36) 4.73 (-9.68)

50 5.24 (-2.46) 3.11 (-3.70) 4.40 (-13.23) 8.41 (-7.44) 6.67 (-0.80) 5.34 (-1.29) 4.45 (-13.04) 5.24 (-10.21)

100 5.48 (-3.05) 3.24 (-4.32) 5.27 (-13.12) 8.72 (-8.05) 7.06 (-1.23) 5.60 (-1.77) 5.65 (-12.67) 5.70 (-10.69)

200 5.70 (-3.57) 3.36 (-4.88) 6.06 (-13.02) 9.01 (-8.61) 7.42 (-1.62) 5.84 (-2.21) 6.84 (-12.28) 6.12 (-11.14)

250 5.77 (-3.73) 3.39 (-5.05) 6.30 (-12.98) 9.10 (-8.78) 7.54 (-1.74) 5.91 (-2.34) 7.22 (-12.15) 6.25 (-11.27)

500 5.97 (-4.20) 3.51 (-5.54) 7.01 (-12.88) 9.36 (-9.28) 7.87 (-2.08) 6.09 (-2.77) 8.38 (-11.73) 6.64 (-11.67)

1000 6.15 (-4.62) 3.62 (-5.98) 7.68 (-12.77) 9.60 (-9.73) 8.18 (-2.39) 6.26 (-3.17) 9.53 (-11.29) 7.00 (-12.04)

2000 6.33 (-5.01) 3.72 (-6.39) 8.29 (-12.67) 9.83 (-10.15) 8.47 (-2.68) 6.43 (-3.53) 10.66 (-10.84) 7.34 (-12.39)

2500 6.38 (-5.13) 3.76 (-6.51) 8.48 (-12.64) 9.90 (-10.28) 8.56 (-2.77) 6.48 (-3.64) 11.02 (-10.70) 7.45 (-12.49)

5000 6.54 (-5.48) 3.86 (-6.88) 9.04 (-12.54) 10.10 (-10.66) 8.82 (-3.03) 6.63 (-3.97) 12.13 (-10.24) 7.76 (-12.81)

10000 6.69 (-5.81) 4.16 (-7.04) 9.57 (-12.44) 10.30 (-11.02) 9.08 (-3.27) 6.77 (-4.28) 13.22 (-9.78) 8.05 (-13.10)

Return Period NZ1 NZ2 NZ3 NZ4 NZ1 NZ2 NZ3 NZ4

1 3.49 (1.38) 3.27 (1.53) -0.35 (-13.03) -0.06 (-9.16) 2.25 (-1.44) 1.02 (-1.72) -1.47 (-11.58) 0.11 (-5.54)

5 3.57 (-0.51) 3.72 (0.31) 2.68 (-12.23) 1.10 (-9.71) 2.24 (-2.47) 1.33 (-2.77) -0.85 (-13.21) 0.51 (-6.15)

10 3.61 (-1.43) 3.93 (-0.29) 4.22 (-11.81) 1.71 (-9.97) 2.23 (-3.07) 1.51 (-3.38) -0.49 (-14.17) 0.76 (-6.53)

20 3.65 (-2.14) 4.09 (-0.77) 5.46 (-11.46) 2.19 (-10.18) 2.22 (-3.60) 1.68 (-3.92) -0.17 (-15.01) 0.98 (-6.86)

25 3.66 (-2.34) 4.13 (-0.91) 5.81 (-11.36) 2.33 (-10.24) 2.21 (-3.76) 1.73 (-4.08) -0.07 (-15.27) 1.04 (-6.96)

50 3.69 (-2.90) 4.25 (-1.29) 6.79 (-11.07) 2.73 (-10.39) 2.21 (-4.23) 1.88 (-4.55) 0.21 (-16.01) 1.24 (-7.25)

100 3.72 (-3.37) 4.35 (-1.61) 7.64 (-10.82) 2.84 (-10.74) 2.20 (-4.65) 2.01 (-4.98) 0.47 (-16.70) 1.42 (-7.53)

200 3.74 (-3.77) 4.43 (-1.89) 8.39 (-10.6) 2.77 (-11.19) 2.19 (-5.05) 2.14 (-5.38) 0.71 (-17.33) 1.59 (-7.78)

250 3.75 (-3.89) 4.46 (-1.97) 8.61 (-10.53) 2.73 (-11.34) 2.19 (-5.17) 2.18 (-5.50) 0.79 (-17.53) 1.64 (-7.86)

500 3.77 (-4.22) 4.53 (-2.21) 9.24 (-10.34) 2.50 (-11.88) 2.18 (-5.53) 2.30 (-5.86) 1.01 (-18.11) 1.80 (-8.10)

1000 3.79 (-4.52) 4.59 (-2.41) 9.80 (-10.16) 2.30 (-12.36) 2.18 (-5.87) 2.41 (-6.20) 1.21 (-18.65) 1.95 (-8.32)

2000 3.81 (-4.79) 4.64 (-2.60) 10.31 (-10.00) 2.13 (-12.78) 2.17 (-6.18) 2.51 (-6.51) 1.40 (-19.16) 2.09 (-8.53)

2500 3.82 (-4.86) 4.66 (-2.66) 10.46 (-9.95) 2.08 (-12.90) 2.17 (-6.28) 2.55 (-6.61) 1.46 (-19.31) 2.13 (-8.60)

5000 3.83 (-5.09) 4.70 (-2.82) 10.91 (-9.81) 1.94 (-13.26) 2.16 (-6.57) 2.65 (-6.90) 1.64 (-19.78) 2.26 (-8.80)

10000 3.85 (-5.30) 4.75 (-2.97) 11.31 (-9.68) 1.81 (-13.59) 2.16 (-6.84) 2.74 (-7.17) 1.80 (-20.22) 2.39 (-8.98)

Gumbel Gringorten

BLUE MIS
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
(𝑈𝑅)𝑅𝑒𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 − (𝑈𝑅)𝑂𝑏𝑠

(𝑈𝑅)𝑂𝑏𝑠
× 100 (7-5) 

Table 7.4. Percentage difference (Eq. 7-5) between the design wind speeds calculated using corrected and uncorrected 

ERAint (inside parentheses) and the observation data.   

 

Table 7.3 and Table 7.4 show that the Gumbel and Gringorten methods yield the highest percentage 

differences between the reanalysis and observed design wind speeds. It can also be seen that before 

correcting the reanalysis data (numbers inside parentheses), the percentage difference increases 

with an increase in ARI. However, after the correction, the difference is mostly constant for all 

ARIs. For uncorrected ERA5 design wind speeds (Table 7.3), the differences are the smallest for 

regions NZ1 and NZ2, and range from about –7% to 2% (all EVA methods). After correction, the 

improvement in the design wind speeds of these regions is relatively small with differences ranging 

from 3% to 9% for Gumbel and Gringorten, and 3.2% to 4.7% for the BLUE method, and 1% to 

Return Period NZ1 NZ2 NZ3 NZ4 NZ1 NZ2 NZ3 NZ4

1 1.35 (-1.34) 2.62 (-3.48) -2.30 (-15.96) 3.86 (-5.33) 1.80 (-0.88) 3.55 (-2.57) -2.43 (-16.03) -0.10 (-9.10)

5 1.72 (-3.95) 2.21 (-6.43) 0.67 (-16.72) 5.29 (-8.79) 2.53 (-2.95) 3.66 (-4.84) 0.08 (-16.95) 1.59 (-11.97)

10 1.95 (-5.39) 2.02 (-8.05) 2.40 (-17.15) 6.11 (-10.76) 2.96 (-4.11) 3.74 (-6.13) 1.77 (-17.30) 2.57 (-13.63)

20 2.16 (-6.62) 1.88 (-9.41) 3.93 (-17.5) 6.80 (-12.44) 3.34 (-5.11) 3.82 (-7.23) 3.38 (-17.51) 3.42 (-15.08)

25 2.22 (-6.97) 1.84 (-9.81) 4.38 (-17.60) 7.01 (-12.94) 3.46 (-5.40) 3.84 (-7.56) 3.89 (-17.55) 3.67 (-15.51)

50 2.41 (-8.00) 1.74 (-10.95) 5.72 (-17.89) 7.61 (-14.39) 3.79 (-6.25) 3.86 (-8.57) 5.44 (-17.63) 4.42 (-16.76)

100 2.58 (-8.92) 1.66 (-11.96) 6.95 (-18.15) 8.15 (-15.69) 4.10 (-7.01) 3.90 (-9.46) 6.95 (-17.65) 5.09 (-17.91)

200 2.74 (-9.75) 1.60 (-12.87) 8.09 (-18.38) 8.64 (-16.88) 4.38 (-7.70) 3.94 (-10.27) 8.43 (-17.61) 5.72 (-18.96)

250 2.80 (-9.99) 1.58 (-13.15) 8.44 (-18.45) 8.79 (-17.24) 4.47 (-7.91) 3.95 (-10.52) 8.90 (-17.59) 5.91 (-19.28)

500 2.95 (-10.72) 1.53 (-13.95) 9.47 (-18.65) 9.23 (-18.31) 4.73 (-8.53) 3.96 (-11.27) 10.33 (-17.5) 6.47 (-20.23)

1000 3.09 (-11.39) 1.50 (-14.68) 10.44 (-18.83) 9.63 (-19.29) 4.97 (-9.09) 3.98 (-11.96) 11.73 (-17.38) 7.00 (-21.11)

2000 3.22 (-12.00) 1.47 (-15.36) 11.35 (-18.99) 10.01 (-20.2) 5.19 (-9.62) 4.00 (-12.60) 13.10 (-17.23) 7.49 (-21.93)

2500 3.26 (-12.19) 1.46 (-15.56) 11.63 (-19.04) 10.12 (-20.47) 5.26 (-9.78) 4.00 (-12.8) 13.53 (-17.18) 7.64 (-22.19)

5000 3.39 (-12.74) 1.44 (-16.16) 12.47 (-19.18) 10.46 (-21.30) 5.47 (-10.25) 4.02 (-13.38) 14.86 (-17.00) 8.09 (-22.94)

10000 3.50 (-13.25) 1.63 (-16.54) 13.26 (-19.31) 10.78 (-22.06) 5.67 (-10.69) 4.05 (-13.92) 16.16 (-16.81) 8.51 (-23.64)

Return Period NZ1 NZ2 NZ3 NZ4 NZ1 NZ2 NZ3 NZ4

1 1.15 (-1.75) 2.72 (-2.98) -1.21 (-15.37) -2.21 (-11.39) -0.38 (-6.67) 1.00 (-7.94) -2.97 (-15.96) -0.56 (-8.59)

5 1.00 (-4.08) 3.10 (-4.92) 2.58 (-15.45) -0.36 (-13.39) -1.16 (-7.97) 0.60 (-9.39) -2.57 (-17.43) -0.32 (-9.55)

10 0.93 (-5.23) 3.28 (-5.90) 4.53 (-15.49) 0.59 (-14.42) -1.62 (-8.73) 0.37 (-10.24) -2.32 (-18.3) -0.18 (-10.13)

20 0.88 (-6.13) 3.41 (-6.67) 6.11 (-15.51) 1.36 (-15.26) -2.03 (-9.40) 0.17 (-10.98) -2.11 (-19.07) -0.05 (-10.65)

25 0.87 (-6.38) 3.45 (-6.89) 6.56 (-15.52) 1.58 (-15.50) -2.15 (-9.60) 0.11 (-11.21) -2.05 (-19.30) -0.01 (-10.81)

50 0.83 (-7.08) 3.55 (-7.51) 7.82 (-15.53) 2.19 (-16.17) -2.51 (-10.19) -0.07 (-11.86) -1.86 (-19.97) 0.11 (-11.27)

100 0.79 (-7.67) 3.63 (-8.03) 8.91 (-15.55) 2.48 (-16.96) -2.84 (-10.73) -0.24 (-12.46) -1.69 (-20.59) 0.22 (-11.70)

200 0.77 (-8.18) 3.70 (-8.49) 9.87 (-15.55) 2.56 (-17.80) -3.15 (-11.23) -0.39 (-13.02) -1.53 (-21.17) 0.32 (-12.10)

250 0.76 (-8.33) 3.72 (-8.62) 10.16 (-15.56) 2.57 (-18.06) -3.24 (-11.39) -0.43 (-13.19) -1.48 (-21.34) 0.35 (-12.22)

500 0.73 (-8.76) 3.77 (-9.01) 10.98 (-15.56) 2.46 (-18.93) -3.52 (-11.84) -0.57 (-13.69) -1.33 (-21.87) 0.44 (-12.59)

1000 0.71 (-9.14) 3.82 (-9.35) 11.71 (-15.57) 2.37 (-19.70) -3.78 (-12.27) -0.70 (-14.17) -1.19 (-22.36) 0.53 (-12.94)

2000 0.70 (-9.48) 3.87 (-9.66) 12.38 (-15.57) 2.30 (-20.39) -4.03 (-12.67) -0.82 (-14.61) -1.07 (-22.82) 0.61 (-13.27)

2500 0.69 (-9.58) 3.88 (-9.75) 12.58 (-15.57) 2.27 (-20.59) -4.10 (-12.80) -0.86 (-14.75) -1.03 (-22.96) 0.64 (-13.37)

5000 0.67 (-9.88) 3.92 (-10.02) 13.16 (-15.58) 2.21 (-21.19) -4.33 (-13.17) -0.97 (-15.16) -0.91 (-23.39) 0.72 (-13.68)

10000 0.66 (-10.14) 3.95 (-10.27) 13.69 (-15.58) 2.15 (-21.73) -4.54 (-13.51) -1.07 (-15.54) -0.80 (-23.78) 0.79 (-13.97)

Gumbel Gringorten

BLUE MIS
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2.7% for the MIS method. However, the improvement in the design wind speeds of regions NZ3 

and NZ4 based on the corrected ERA5 data was significant, so that, for instance, using the MIS 

method, the errors of –20% to –11% for region NZ3, dropped to –1.5% to 1.8%. Similar results and 

improvements can be seen in the ERAint design wind speeds, as shown in Table 7.4. In conclusion, 

the MIS method and then the BLUE method provide the best estimations of the design wind speeds, 

in terms of the lowest difference compared with the observation-based design wind speeds.  

Similar to Figure 7.8, the differences between the design wind speeds calculated using the corrected 

reanalysis and observation data from the MIS method are shown in Figure 7.12. Comparing the 

MIS results of the corrected reanalysis data in Figure 7.12 with those of uncorrected reanalysis data 

(Figure 7.8) also reveals that the correction process has significantly enhanced the estimations of 

the design wind speeds. As can be seen in Figure 7.12, unlike the uncorrected reanalysis results, the 

differences do not increase considerably with an increase in ARI. In addition, the estimations of the 

design wind speeds for the South Island stations improved considerably (compare with Figure 7.8).  

Overall, the results of this section demonstrate that the use of reanalysis data to predict design wind 

speeds is an acceptable alternative approach that could significantly improve the spatial-quality of 

wind maps. In addition, it is noteworthy that in the case of ERA5, even performing the EVA without 

correcting the reanalysed data results in values that are mostly within ±10% of the observation-

based design wind speeds, except for some small areas of New Zealand, e.g. NZ3, where the 

difference is slightly higher. The bias correction method, although not being perfect and not 

accounting for the underlying orography, clearly improves the estimations of design wind speeds.    
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7.3.4 High-Resolution New Zealand Regional Wind Map   

High-spatial resolution design wind maps for New Zealand, which also include the lee-zones and 

wind speed-ups due to the presence of mountains, are presented in this section. Firstly, a comparison 

between the design wind speed estimates of ERAint and ERA5 at several ARIs computed using the 

MIS method for the New Zealand land and surrounding seas is presented in Figure 7.13. For a better 

comparison, the design wind speeds at several ARIs and maximum lee-multipliers proposed based 

on the observation data (Chapter 5) are presented in Table 7.5. For more details on the observation-

based design wind speeds, and lee-zones and multipliers refer to Chapter 5 (Section 5.4).  

As can be seen in Figure 7.13 (bottom row), ERAint, due to its coarser grids, is unable to capture 

the effects of underlying complex terrain on design wind speeds. However, comparing the ERAint 

estimates with the proposed design wind speeds Table 7.5, it seems that ERAint provides an 

acceptable basic design wind map (i.e. standard roughness and terrain). However, for some regions, 

such as NZ3 and parts of NZ2-South, ERAint slightly underestimates the design wind speeds.  

On the other hand, ERA5 Figure 7.13 (top row), owing to its higher spatial resolution, quite 

accurately simulates the wind speed-ups over the complex and mountainous regions of New 

Zealand. In addition, the basic design wind speeds predicted using ERA5 data match with those 

obtained from the observation data (Table 7.5). Even for high-wind regions, i.e. NZ3 and NZ4, the 

ERA5 design wind speeds agree well with observation-based design wind speeds. 

Table 7.5. Design wind speeds (0.2 s gust duration) at a few ARIs and maximum lee-zone multipliers for New Zealand 

wind regions. The values are to be used as references for Figure 7.13 and Figure 7.14. 

 NZ1 NZ2 NZ3 NZ4 

𝑉10 [m s
−1] 37 37 44 43 

𝑉50 [m s
−1] 41 41 48 46 

𝑉500 [m s
−1] 45 45 53 50 

𝑉10000 [m s
−1] 49 49 58 53 

Max 𝑀𝑙𝑒𝑒 [−] 1.2 1.2 – 1.35 1.2 –  

Lastly, Figure 7.14 depicts the final results of the design wind speeds, lee-zone locations and wind 

speed-ups, at 50-year and 500-year ARIs obtained using the ERA5 reanalysis data and the MIS and 

BLUE methods for the whole New Zealand domain. Another advantage of reanalysis data is that 

they can provide information over oceans, as shown in Figure 7.14, which can be highly beneficial 

to interpret and gain knowledge of wind climate and speeds prior they are affected by the land and 

orography. As mentioned in Section 7.3.2 and 7.3.3.1, the BLUE and MIS methods provide similar 

estimations of design wind speeds that agree well with observations. Therefore, in Figure 7.14, the 

results from both methods are presented. 
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Both the MIS and BLUE methods, Figure 7.14 top and bottom rows, respectively, based on the 

ERA5 reanalysis, provide similar design wind speeds that agree well proposed values for New 

Zealand (Chapter 5 and Table 7.5). However, the values obtained from the BLUE method are 

slightly higher. It should be noted that, as also mentioned before in Chapter 5, the proposed design 

wind speeds for the wind loading standard AS/NZS 1170.2:2021, needs to be conservative and safe 

enough for most parts of each region, particularly for cities with high populations and important 

infrastructure. Therefore, the proposed values could inevitably be slightly over- or under-

conservative for particular locations within the relatively large regions. However, the maps in 

Figure 7.14, due to their relatively high-spatial resolution, clearly demonstrate the variation of 

design wind speeds within each region. In addition, Figure 7.14 also shows the lee-zones within the 

black polygon boundaries. 

 

Figure 7.14. New Zealand design wind speed map (0.2 s gust duration) along with the locations of lee-zones (within 

black polygons) for a 50-year and 500-year average recurrence intervals obtained from ERA5 data using: (top) MIS; 

(bottom) BLUE 
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As can be seen, the EVA based on ERA5 was able to capture the wind speed-ups within the lee-

zones. In addition, the results in Figure 7.14 confirms the locations of the lee-zones obtained through 

the analysis of NZCSM (Chapter 5), and also shows that there are a few more lee-zone locations, 

e.g. towards the east coast of the North Island where high-wind speed areas are evident. Therefore, 

the determination of the locations of and multipliers for lee-zones is ongoing research work, and as 

more data become available at meteorological stations, better and more accurate estimations of lee-

zones will be provided in the future. 

 

7.4 Conclusions 

In an attempt to increase and improve the spatial resolution of the New Zealand’s design wind map, 

data from two global reanalysis products, namely ERA5 and ERA-Interim with spatial resolutions 

of 31 km and 80 km, respectively, were utilised to perform the EVA. Since no previous studies have 

been conducted to validate gust wind speed estimates of these reanalyses over New Zealand, 

initially, a validation study was carried out to assess the performance of ERA5 and ERAint in 

representing wind gust speeds across New Zealand. Thus, the reanalysis data were evaluated against 

observation data recorded at 52 meteorological stations in New Zealand. Then extreme value 

analysis using three methods based on maximum annual maximum gust speeds, namely the standard 

Gumbel, Gringorten and BLUE, and one approach based on daily gusts over a threshold, namely 

method of independent storms, were employed to estimate the design wind speeds using both ERA5 

and ERAint data and to compare them with observation-based design wind speeds.  

The validation process illustrates that over the relatively flat terrain with no significant orography 

and mountains, e.g. regions NZ1 and NZ2-North, the reanalyses performed well, and the statistical 

scores, i.e. the mean Pearson’s correlation coefficients, RMSE and bias, are high. However, over 

complex and mountainous terrain, e.g. NZ2-South, and high-wind regions, e.g. NZ3 and NZ4, the 

scores are relatively lower. In addition, the validation results reveal the dependency of bias on the 

gust wind speed magnitude, so that the positive and negative biases increase at low and high wind 

speeds, respectively.   

Comparison of design wind speeds obtained from reanalyses and observation data demonstrates 

that, for regions with no complex orography (i.e. NZ1 and NZ2-North), the agreement between the 

reanalysis and observation estimates at all average recurrence intervals is excellent, with percentage 

differences ranging from – 7% to 2% and – 16% to – 1% for ERA5 and ERAint, respectively. These 

errors for complex regions, i.e. NZ3 and NZ4, increase up to around – 15% and – 20% for ERA5 

and ERAint, respectively. It is also shown that the MIS and BLUE methods provide values that are 
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less conservative and agree better with the proposed regional wind speeds estimated using 

observation data (Chapter 5).  

Based on the values of biases for each region as a function of wind speed magnitude, a simple bias 

correction method was used, which applies the bias value to the reanalysis data point, only if the 

difference between the reanalysis and observation at a certain time is greater than the bias value for 

the corresponding speed interval. If the reanalysis grid point is far from the station, an interpolation 

method, namely the Inverse Distance Weighted (IDW) was employed to estimate the wind speed at 

the location of the grid point based on the four closest meteorological stations, provided the distance 

between the station and the gird point is less than 120 km (corresponding to 0.80 correlation).  

Applying the correction method to the reanalysis data led to higher statistical scores, and design 

wind speeds that agree considerably better with observations. Prior to the correction, it is shown 

that the difference between the reanalysis and observation design wind speeds increase with an 

increase in the average recurrence intervals. However, having corrected the reanalysis data, the 

difference becomes relatively constant for all average recurrence intervals.  

Lastly, high-resolution wind maps, which also contains the lee-zones and wind speed-up effects due 

to the presence of mountains, are proposed for New Zealand. As opposed to the design wind speeds 

proposed for AS/NZS 1170.2:2021 (Chapter 5) that needed to be sufficiently conservative for most 

parts of the wind regions, the high-resolution wind maps show the variation of design wind speeds 

within each region. 

Overall, it is demonstrated that reanalyses can be used as a complementary method to observation 

data to estimate design wind speeds with a higher-spatial resolution. Also, there are often gaps in 

historical time series that can be filled in by the reanalysis data. In the future, higher-spatial 

resolution regional reanalysis products, such as NZCSM, can be utilised to enhance both the spatial-

quality and the accuracy of design wind speed estimations. 
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Chapter 8  

Summary of Conclusions 

 

 

 

8.1 Summary and Key Findings   

The primary objective of this research was to improve our knowledge of New Zealand’s gust 

climatology as well as determining design wind speeds and associated multipliers to update the next 

version of Australian/New Zealand wind-loading standard, AS/NZS 1170.2. The study consisted of 

employing various approaches, including statistical methods, wind-tunnel experiments, numerical 

simulations and theoretical methods. 

Along the course of the study, a number of other related areas needed to be investigated in order to 

be able to firstly homogenise the historical wind records across New Zealand, and secondly enhance 

the estimations of extreme value analysis (EVA) through the use of homogenised time series and 

also global reanalysis data.  

The key methods utilised in the study along with findings that are not only beneficial and applicable 

to New Zealand, but also to wider international wind engineering and meteorology communities, 

are summarised in this chapter.  
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8.1.1 Anemometer Response Characteristics and Gust Duration  

The measuring chain is one of the most important factors in studying wind speed time series, 

particularly considering that various types of anemometers and signal processing procedures have 

been used during different periods. Prior to the adoption of the WMO 3-s gust definition, the gust 

duration was only a function of the response characteristics of the measuring system. In order to be 

able to compare and convert the measurements from the various measuring systems, an extensive 

investigation was conducted in the present study utilising wind-tunnel experiments and theoretical 

approaches.  

The study of the effects of applying a moving average filter to gust wind speed measurements 

demonstrated that the maximum difference between gust factors obtained for high (e.g. 3-s to 5-s) 

and low (raw, unfiltered measurements) gust durations reaches values of 25% – 30% for the high 

turbulence conditions, and up to 5% – 10% for low turbulence intensities. Based on these results, 

gust factor ratios proposed as a function of turbulence intensity that can be used for any measuring 

system with a similar frequency response characteristic to the instruments considered in this study 

to convert the measurements from a specific gust duration to other gust durations of interest. The 

differences and gust factor ratios computed in this study can be applied directly to full-scale 

measurements, and can be used in several research areas, including analysing and homogenisation 

of historical wind speed time series, comparing gust climatologies of countries where different gust 

durations have been adopted, and so on. These factors clearly play an essential role in 

meteorological, climatological and wind engineering studies. 

In addition, another set of experiments was carried out to compare the response of anemometers 

used in New Zealand over the last five decades to gust wind speeds. The results of these experiments 

led to correction factors that were used in the homogenisation algorithm to compensate for the 

changes in the anemometer and signal processing procedure occurred in the 1990s.  

 

8.1.2 Effect of Local Topography  

The effects of local topography and hills on airflow were studied for two reasons: (i) remove the 

effect of speed-up and wake region on historical wind records; (ii) evaluate the accuracy of hill 

multipliers provided in several international wind-loading standards.  

Initially, airflow over 2D and 3D, single, isolated hills with various slopes and shapes were 

investigated through wind-tunnel tests and numerical simulations using three different RANS 

turbulence models, namely k – ɛ, k – ω and SST. Investigated in detail are: assessment of the 
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performance of the turbulence models in accurately simulating the wind speed-up ratios and wake 

regions (i.e. separation and reattachment points); studying the effects of grid size on the speed-up 

and flow separation; the comparison of RANS results with previously published LES results; the 

evaluation of the hill multipliers provided in several international wind-loading standards. 

Lastly, airflow over more complex terrain comprising consecutive multiple sinusoidal hills with 

different sizes and slopes were simulated using a hybrid RANS/LES approach. Unlike the RANS 

method, the hybrid RANS/LES approach simulates wind fluctuations enabling one to compute gust 

wind speed-up ratios. Another advantage of the hybrid method compared to a full LES simulation, 

is that it reduces computational time. 

The discrepancies between the findings of this study compared with international wind-loading 

standards were discussed in detail. Overall, the latest versions of the National Building Code of 

Canada and the Australian and New Zealand Standard give the best predictions of wind speed-up 

over isolated hills. However, when it comes to real complex terrain, the recommendations and 

guidelines of the standards are ambiguous and not sufficient. Therefore, the results demonstrate that 

a new and more accurate method is required in wind-loading standards to provide more accurate 

predictions of the speed-up and wake regions in complex terrain. 

 

8.1.3 Homogenisation Algorithm   

A robust homogenisation and quality control algorithm was developed that firstly tests the 

homogeneity of wind speed time series and secondly eliminates artificial, non-climatic breakpoints 

and trends resulting from various external factors and systematic errors, utilising statistical tests, 

the results of anemometer and local topography studies, and theoretical methods.  

The homogenisation process detected and eliminated all breakpoints in the time series resulting 

from changes in instrumentation and data acquisition procedures, site relocation, surrounding 

aerodynamic roughness, measurement height and local topography features. The directional 

effective roughness lengths were computed, showing that at some stations the effective roughness 

length could vary considerably with direction. 

To ensure the consistency and representativeness of the gust wind-speed trends obtained, gust wind 

speed trends were compared with the pressure field trends across the Cook Strait region in New 

Zealand, and also the larger-scale NCEP/NCAR reanalysis pressure trends. 

The method of wind data reconstruction used in the homogenisation algorithm can be applied to 

other sites in complex terrain to create synthetic gust climatologies from reanalysis datasets or to 
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remove local terrain effects from existing observations in order to establish improved regional 

design-wind speeds and to understand long-term wind speed trends. 

 

8.1.4 New Zealand Design Wind Speeds and Recommendations  

All the steps in the previous chapters and sections were undertaken to ensure the suitability of the 

historical records for extreme value analysis and to provide accurate estimates of regional wind 

speeds for New Zealand. Having homogenised and separated the historical gust wind speeds 

recorded at 52 stations across the country, EVA was performed using three different extreme value 

distributions, namely Type I (using Gumbel, Gringorten and BLUE fitting methods), Type III (using 

maximum likelihood and probability weighted moments methods), and Peaks-Over-Threshold 

(POT) approach. 

As opposed to the conventional assumption that the Type I (or any other distribution shape) 

distribution is suitable for the extreme wind data of any country, the shape factors of the extreme 

value distribution were calculated for all the New Zealand stations considered in this study using 

the different approaches to gain a better understanding of extreme winds across the country. It was 

shown that the majority of the stations (over 70% – 80%) showed positive k values (Type III). 

Substantial changes have been proposed for the next version of the Australian/New Zealand wind-

loading standard (AS/NZS1170.2) based on the results of this study. The changes include adding a 

new wind region to New Zealand, refinements of wind zone boundaries, revising all regional wind 

speeds and directional multipliers, and modifying the lee-zone regions and multipliers. 

New Zealand’s wind regions, named A6, A7 and W in the current version of AS/NZS 1170.2, were 

proposed to be renamed to NZ1, NZ2 and NZ3, respectively, to make the nomenclature similar, 

simple and distinguished from the Australian wind regions. 

Based on the EVA results, design wind speeds and the associated directional multipliers were 

revised. In addition, a new wind region (NZ4), consisting of the Foveaux Strait, and the Southern 

part of the South Island, was proposed. Furthermore, the boundary between region NZ1 (A6) and 

NZ2 (A7) was redefined. 

A new regional wind map, new design wind speeds and directional multipliers tables, a new lee-

zone map and lee-multipliers were proposed in order to update and improve the next version of the 

wind loading standard AS/NZS110.2:2021. 
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Lastly, the locations of the lee-zones were identified through the analysis of NZCSM wind fields 

for the period from 2014 to 2018. Also, the lee-zone multipliers were computed using the design 

wind speeds of the stations within or close to existing (and potential) lee-zone regions. 

 

8.1.5 Long-Term Trends in Extreme Winds   

Climate change and long-term trends in both magnitude and frequency of extreme weather are of 

great concern for many industries, including wind loads on structures. In addition, in the next 

version of AS/NZS 1170.2, a new multiplier will be introduced as “Climate Multiplier (Mc)” which 

accounts for any possible effects of climate change on design wind speeds. To investigate whether 

or not there are any significant trends in either magnitude or frequency of extreme winds in New 

Zealand, the long-term trends in frequency and magnitude of annual and seasonal extreme wind 

speeds at four locations in New Zealand were studied.  

The results from this long-term trend study demonstrated that:  

• The magnitude and frequency of wind gusts show negative (significant for some stations 

and seasons) trends. 

• This result suggests that at this stage no extra multiplier is required to be applied to the New 

Zealand design wind speeds. 

 

8.1.6 Results of Reanalysis Study   

Although the wind speed measurements at meteorological stations provide the most reliable data 

for wind engineering and meteorology studies, the stations are usually located far from one another, 

resulting in low-quality spatial analyses. Therefore, here an attempt was made to generate relatively 

high-spatial resolution wind maps for New Zealand, using two global reanalysis products, namely 

ERA5 and ERA-interim with spatial resolution of 31 km and 80 km, respectively. The reanalysis 

data were extracted for the whole New Zealand region for a 30-year period, from 1990 to 2019.  

Initially, a detailed and comprehensive validation study was conducted to assess the accuracy of 

these reanalyses to represent New Zealand’s gust climatology. Comparison with observation data 

revealed that the reanalysis products show considerably better performance for flat areas (i.e. 

relatively flat topography with no significant mountain ranges). However, over the South Island 

mountain areas of New Zealand, the statistical scores were lower. Overall, ERA5 showed better 

performance in simulating wind speeds over complex terrain. Both models showed biases that are 
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dependent on the wind speed intensity such that positive and negative biases increase at low and 

high wind speeds, respectively. Based on the computed biases for each wind region, a simple bias 

correction approach was proposed as a function of wind speeds. The corrected reanalysis data 

showed better statistical scores compared with the observation data.  

Extreme value analysis using three methods based on the maximum annual maximum gust speeds, 

namely the standard Gumbel, Gringorten and BLUE methods, and one approach based on daily 

gusts over a threshold, namely the method of independent storm, were employed to estimate the 

design wind speeds using both ERA5 and ERAint data and to compare them with observation-based 

design wind speeds. 

Lastly, high-resolution wind maps, which also contain the lee-zones and wind speed-up effects due 

to the presence of mountains, are proposed for New Zealand. As opposed to the design wind speeds 

proposed for AS/NZS 1170.2:2021 that needed to be sufficiently conservative for most parts of the 

wind regions, the high-resolution wind maps shows the variation of design wind speeds within each 

region. 

Overall, it is demonstrated that reanalyses can be used as a complimentary method to observation 

data to estimate design wind speeds with higher-spatial resolutions. Also, there are often gaps in 

historical time series, which can be filled in by the reanalysis data. 

 

8.2 Future Work 

The study attempted to thoroughly investigate the historical wind records in New Zealand as well 

as several other related areas. The findings of the study reveals some areas that need further 

investigation in the future.  

1. The substantial change in anemometer types and signal processing that occurred in the 

1990s, is also currently happening again at most stations by replacing the current cup 

anemometers with modern ultrasonic anemometers, which have considerably different 

response characteristics. Therefore, the tests and methods employed and introduced in the 

current study will have to be repeated with the ultrasonic anemometers in order to find 

factors to allow the cup anemometer measurements to be converted to equivalent 

measurements for the ultrasonic sensors. This will be highly beneficial for future researchers 

and will enable them to form longer homogenised time series for future wind engineering 

and climatology studies.  
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2. More work should be done to study airflow over complex terrain in order to codify the hill-

shape multipliers so that they cover a wider range of hill shapes. In addition, clearer 

guidelines are required in wind-loading standards in order for the users to be able to apply 

the methods to real complex terrain, where there are hills on hills, and multiple hills 

juxtaposed.  

3. Although global reanalysis products can be used for estimating design wind speeds, as was 

done in the present study by using the highest-spatial resolution products available currently, 

regional reanalysis products, such as NZCSM, have considerably finer grids, 1.5 km in the 

case of NZCSM. Thus, regional reanalysis products could be used to obtain more detailed 

results and more accurate estimations. Work is currently underway to reanalyse weather 

from the past 30 years using NZCSM. When wind speed estimates from NZCSM are 

available for the past 30 years, lee-zone winds, as well as design wind speeds, throughout 

New Zealand should be reanalysed and the lee zone boundaries and multipliers refined or 

reconfirmed. 
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Appendix A:  

Additional Results for Airflow over Hills 

 

A.1   Separation and Reattachment Points 

The location of separation and reattachment points in Chapter 4 were determined using the values 

of skin friction coefficients, 𝐶𝑓, (Eq. A.1). It has been demonstrated (Cebeki et al., 1972; Jovic and 

Driver 1995; Schlichting et al., 2017) that the separation and reattachment points are identified as 

the points where the skin friction coefficient is zero.  

𝐶𝑓 =
𝜏𝑤

0.5𝜌𝑈2
 (A.1) 

where 𝜏𝑤, 𝜌, and 𝑈 are wall shear stress, air density and freestream horizontal wind speed. 

By way of example, Figure A.1 illustrates the skin friction coefficient values over 2D and 3D hills 

with a slope of 0.45, along with the separation and reattachment locations.  

 

Figure A.1. Skin friction coefficients over 2D and 3D hills with a 0.45 slope. The separation and reattachment points 

are shown for the 2D (solid red lines) and the 3D (dashed orange lines) hills. H is the height of the hill 

In addition to the skin friction coefficients, the velocity vectors over the hills were examined to 

determine the separation and reattachment points, as shown in Figure A.2. 
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(a) 

 

(b) 

Figure A.2. Velocity vectors over (a) 2D and (b) 3D hills with a 0.45 slope. The solid black lines show the limits of 

the wake region generated by the hill. 

 

A.2   Effect of Reynolds Number 

Breuer et al. (2009) investigated the effects of the Re number on the behaviour of air flow over hills. 

They used two different simulation methods, namely Direct Numerical Simulation (DNS) and Large 

Eddy Simulation (LES), and they validated their results with wind tunnel tests by using PIV 

measurements. They carried out the study for the Re numbers ranging from 100 to 10595, and 

showed the effects of Re on various parameters, such as mean velocity, pressure distributions, 

Reynolds stresses, and wake regions.  

Breuer et al.’s results regarding the influence of the Re on the wake region for two different Re 

numbers are shown in Figure A.3a. It is evident in the figure that the recirculation bubble at 

Re=10,595 is smaller and slightly thinner than at Re=700. They concluded that: “[Their results] 

also allowed to investigate the behaviour of the separation and reattachment length as a function 

of the Reynolds number. The separation length past the hill crest was found to continuously 

decrease with increasing Re until it reaches at minimum at Re=5600 and slightly increases again 

for Re=10,595. Even more exciting is the non-monotonous behaviour of the reattachment length, 

which with one exception also decreases with increasing Re but shows a local minimum at 
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Re=1400”. More results and effects of Reynolds number on flow over hills can be found in (Breuer 

et al. 2009).  

Another study was conducted by Ferreira et al. (1991) who experimentally investigate flow around 

2D hills for Reynolds number in the range of 1.7 × 104 to 2.4 × 105. Figure A.3b shows the 

pressure distribution over the hill for different values of Re number. As can be seen, Re number 

affects the pressure distribution, particularly at the leeward side where the wake region is created 

which consequently influences the reattachment point.   

 
(a) 

 
(b) 

Figure A.3. Effect of Reynolds numbers on: (a) the wake region created on the leeward of the 2D hill (Breuer et al., 

2009); (b) on the pressure distribution over the hill surface (Ferreira et al., 1991).  

In the present research, the wind tunnel tests were repeated at three different Re numbers of 79947, 

135000, and 182660. The results are shown in Figure A.4. As can be seen, the separation length 

past the hill crest decrease by increasing the Re number, and also the reattachment decreases slightly 

with increasing Re number. These observations are consistent with findings of (Breuer et al. 2009). 
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(a) 

 
(b) 

 
(c) 

Figure A.4. Comparison of the wake region created at the leeward of the hill at different Re numbers of: (a) 79947; 

(b) 135009.9; (c) 182660.5. (Red and blue arrows show the approximate separation and reattachment locations, 

respectively) 
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Appendix B:  

Correction Factors for Stations 

 

This appendix presents the directional mean and gust wind speeds correction factors (CF) along 

with averaged aerodynamic roughness (𝑧0), gust factor, and turbulence intensity (Iu) at each station 

location. It should be noted that the presented correction factors are to convert the measured values 

to a common standard value, i.e. open-country terrain (𝑧0 = 0.02 𝑚), 10-m measurement height, 

and 3-s gust duration. To convert the 3-s gust wind speeds to equivalent measurements with a  

0.2-s gust duration (or other durations), additional factors, as presented in Chapter 3 (Figure 3.9 and 

Table 3.4), should be applied. In addition, as explained in Chapter 5, the results from stations located 

close to one another were combined, when the recording periods did not overlap. 

B.1   Region NZ1 

 

 

 

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.034 1.470 0.132 0.902 0.940 0.050 1.504 0.142 0.936 0.953

NE 0.026 1.465 0.131 0.896 0.940 0.019 1.446 0.126 0.877 0.933

E 0.037 1.489 0.138 0.921 0.948 0.025 1.460 0.129 0.891 0.937

SE 0.013 1.375 0.106 0.810 0.920 0.013 1.397 0.112 0.830 0.924

S 0.019 1.348 0.098 0.783 0.889 0.016 1.371 0.105 0.805 0.902

SW 0.026 1.401 0.113 0.835 0.911 0.019 1.384 0.108 0.816 0.905

W 0.056 1.548 0.154 0.980 0.970 0.026 1.427 0.120 0.858 0.922

NW 0.049 1.531 0.150 0.963 0.964 0.012 1.431 0.121 0.861 0.927

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Notes:

N 0.076 1.610 0.178 1.064 1.016

NE 0.052 1.579 0.169 1.031 1.006

E 0.065 1.604 0.177 1.057 1.015

SE 0.029 1.467 0.137 0.917 0.968

S 0.050 1.530 0.155 0.982 0.985

SW 0.027 1.458 0.134 0.907 0.957

W 0.061 1.536 0.157 0.988 0.985

NW 0.097 1.646 0.189 1.102 1.028

Auckland Aero 1962

1972 – 1982 1987 – 1992

1995 – 2019

- Excluded 1983-1986, because of major change 

of site and anemometer height - Details of 

changes are not specified (MetService report, 

Sep 1987)

- Also, excluded 1993 and 1994, due to the 

unknown date of anemometer changeover and 

lack of sufficient data in these years.

NZ1 (A6)
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.049 1.586 0.165 1.016 0.945 0.067 1.635 0.186 1.090 1.029

NE 0.058 1.613 0.173 1.045 0.959 0.061 1.631 0.184 1.085 1.028

E 0.089 1.688 0.194 1.121 0.993 0.099 1.708 0.207 1.166 1.055

SE 0.070 1.617 0.174 1.049 0.948 0.093 1.675 0.197 1.132 1.041

S 0.043 1.540 0.152 0.971 0.911 0.084 1.655 0.192 1.111 1.034

SW 0.075 1.622 0.175 1.054 0.948 0.133 1.731 0.214 1.192 1.060

W 0.054 1.568 0.160 1.000 0.923 0.088 1.643 0.188 1.099 1.029

NW 0.087 1.625 0.176 1.059 0.939 0.093 1.670 0.196 1.127 1.040

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.229 1.878 0.257 1.345 1.106

NE 0.177 1.823 0.241 1.287 1.091

E 0.128 1.755 0.221 1.216 1.070

SE 0.224 1.864 0.253 1.331 1.102

S 0.252 1.887 0.259 1.356 1.107

SW 0.187 1.813 0.238 1.278 1.086

W 0.100 1.669 0.196 1.126 1.038

NW 0.080 1.628 0.184 1.082 1.023

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Notes:

N 0.398 2.036 0.303 1.512 1.138

NE 0.428 2.059 0.310 1.538 1.143

E 0.376 2.014 0.297 1.490 1.131

SE 0.442 2.067 0.312 1.547 1.144

S 0.493 2.111 0.325 1.593 1.156

SW 0.437 2.051 0.307 1.529 1.133

W 0.498 2.103 0.322 1.586 1.149

NW 0.418 2.046 0.306 1.524 1.138

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.823 1.894 0.262 1.235 0.791 0.823 1.894 0.262 1.235 0.990

NE 0.508 1.786 0.230 1.135 0.803 0.508 1.786 0.230 1.135 0.963

E 0.528 1.798 0.233 1.146 0.805 0.528 1.798 0.233 1.146 0.969

SE 1.241 2.023 0.299 1.353 0.777 1.241 2.023 0.299 1.353 1.022

S 0.863 1.898 0.262 1.237 0.783 0.863 1.898 0.262 1.237 0.985

SW 0.813 1.890 0.260 1.232 0.791 0.813 1.890 0.260 1.232 0.989

W 0.387 1.713 0.208 1.069 0.792 0.387 1.713 0.208 1.069 0.934

NW 0.618 1.804 0.235 1.152 0.785 0.618 1.804 0.235 1.152 0.957

Warkworth 17838

1972 – 1985 2000 – 2019

Warkworth 1374

Kaitaia 17067

Pukekohe 2006

1986 – 2019

Kaitaia 18183Kaitaia 1024

The instrument type has not been mentioned on Cliflo. 

Assumed it is a pulse output anemometer (i.e. Vaisala 

WAA151 or Vector A101). Height assumed to be 10 m.

The station has higher gust factors compared to other 

stations.

Years 1986 and 1987 were excluded from EVA analysis due 

to the large number of missing data. 

Year 1992, 1993, and 1994 were excluded from EVA, due 

to suspicious direction data. Only 0 degree was recorded.

1999 – 2019

1972 – Sep 1999 1999 – 2019
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
slope

Single/

multiple

Hill 

multiplier

N 0.025 1.429 0.125 0.875 0.940 N 0.293 single 1.39

NE 0.012 1.314 0.092 0.757 0.883 NE 0.345 single 1.46

E 0.035 1.476 0.139 0.925 0.960 E 0.259 single 1.35

SE 0.036 1.442 0.129 0.894 0.947 SE

S 0.026 1.447 0.131 0.895 0.950 S 0.169 single 1.27

SW 0.060 1.448 0.131 0.896 0.941 SW 0.457 single 1.62

W 0.182 1.751 0.219 1.215 1.061 W 0.359 Multiple 1.49

NW 0.038 1.488 0.143 0.937 0.966 NW 0.272 Multiple 1.36

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.109 1.703 0.206 1.160 1.050

NE 0.106 1.699 0.204 1.156 1.049

E 0.124 1.739 0.216 1.198 1.063

SE 0.150 1.754 0.221 1.214 1.063

S 0.089 1.640 0.187 1.095 1.027

SW 0.128 1.731 0.214 1.190 1.059

W 0.088 1.655 0.192 1.111 1.034

NW 0.099 1.672 0.197 1.129 1.039

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.100 1.656 0.217 1.223 1.116

NE 0.056 1.583 0.193 1.113 1.063

E 0.029 1.518 0.172 1.032 1.028

SE 0.012 1.448 0.148 0.907 0.947

S 0.037 1.540 0.179 1.042 1.023

SW 0.026 1.507 0.168 0.989 0.992

W 0.041 1.548 0.182 1.062 1.037

NW 0.076 1.618 0.205 1.166 1.089

Notes: The station is affected by hill speedup, thus 

additional factors are required to remove hill effects.

Not significant

Toenepi 23908

2002 – 2019

Whangarei Aero 1287

Cape Reinga 1002

1995 – 2019

1990 – 2019
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B.2   Region NZ2 

 

 

 

 

 

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.048 1.565 0.159 0.997 0.979 0.153 1.719 0.210 1.178 1.050

NE 0.013 1.424 0.120 0.858 0.928 0.022 1.460 0.135 0.910 0.960

E 0.011 1.415 0.117 0.848 0.924 0.017 1.462 0.135 0.911 0.962

SE 0.070 1.604 0.170 1.037 0.991 0.103 1.658 0.193 1.114 1.032

S 0.030 1.510 0.144 0.941 0.959 0.057 1.568 0.166 1.020 1.000

SW 0.029 1.494 0.139 0.926 0.953 0.074 1.609 0.178 1.062 1.016

W 0.041 1.517 0.146 0.950 0.961 0.147 1.740 0.216 1.199 1.060

NW 0.046 1.570 0.161 1.000 0.980 0.139 1.726 0.212 1.185 1.055

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.030 1.491 0.138 0.922 0.888 0.023 1.448 0.131 0.897 0.953

NE 0.029 1.491 0.138 0.923 0.890 0.033 1.508 0.148 0.957 0.978

E 0.035 1.512 0.144 0.945 0.899 0.078 1.635 0.186 1.089 1.026

SE 0.020 1.481 0.135 0.913 0.900 0.051 1.578 0.169 1.030 1.006

S 0.035 1.541 0.152 0.972 0.925 0.093 1.643 0.188 1.099 1.028

SW 0.046 1.560 0.158 0.990 0.925 0.169 1.733 0.214 1.194 1.054

W 0.031 1.480 0.135 0.912 0.875 0.037 1.462 0.135 0.912 0.957

NW 0.054 1.563 0.159 0.995 0.918 0.039 1.474 0.139 0.924 0.962

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.060 1.549 0.161 1.002 0.918 0.060 1.549 0.161 1.002 0.993

NE 0.108 1.636 0.186 1.092 0.949 0.108 1.636 0.186 1.092 1.021

E 0.070 1.628 0.184 1.082 0.977 0.070 1.628 0.184 1.082 1.024

SE 0.096 1.662 0.194 1.118 0.983 0.096 1.662 0.194 1.118 1.035

S 0.229 1.834 0.244 1.299 1.038 0.229 1.834 0.244 1.299 1.087

SW 0.170 1.770 0.225 1.231 1.020 0.170 1.770 0.225 1.231 1.069

W 0.112 1.700 0.205 1.158 1.002 0.112 1.700 0.205 1.158 1.049

NW 0.075 1.609 0.178 1.064 0.956 0.075 1.609 0.178 1.064 1.016

Notes:

1975 – 1988 1991 – 2019

New Plymouth 2282 New Plymouth 2283

1972 – 1991 1993 – 2019

Christchurch 4843

NZ2 (A7)

Corrections for Palmerston North 3236 were obtained by making some assumptions, due to lack of hourly and long daily data.

3236 was not used for EVA.

Relatively low wind gusts from NE direction at 3243.

1972 – 1993 1994 – 2019

Palmerston North 3243Palmerston North 3236
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.062 1.587 0.172 1.041 0.950 0.062 1.587 0.172 1.041 1.008

NE 0.097 1.672 0.196 1.128 0.990 0.097 1.672 0.196 1.128 1.039

E 0.068 1.622 0.182 1.076 0.975 0.068 1.622 0.182 1.076 1.022

SE 0.095 1.665 0.194 1.121 0.986 0.095 1.665 0.194 1.121 1.036

S 0.177 1.774 0.226 1.235 1.019 0.177 1.774 0.226 1.235 1.069

SW 0.052 1.544 0.159 0.996 0.921 0.052 1.544 0.159 0.996 0.991

W 0.087 1.614 0.179 1.068 0.948 0.087 1.614 0.179 1.068 1.015

NW 0.122 1.674 0.197 1.131 0.971 0.122 1.674 0.197 1.131 1.036

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.244 1.862 0.252 1.328 1.052 0.244 1.862 0.252 1.328 1.096

NE 0.120 1.703 0.206 1.161 0.998 0.120 1.703 0.206 1.161 1.049

E 0.085 1.631 0.184 1.086 0.965 0.085 1.631 0.184 1.086 1.023

SE 0.116 1.679 0.199 1.136 0.980 0.116 1.679 0.199 1.136 1.040

S 0.226 1.825 0.241 1.289 1.032 0.226 1.825 0.241 1.289 1.083

SW 0.072 1.590 0.172 1.043 0.940 0.072 1.590 0.172 1.043 1.007

W 0.049 1.536 0.157 0.987 0.918 0.049 1.536 0.157 0.987 0.988

NW 0.212 1.812 0.237 1.276 1.030 0.212 1.812 0.237 1.276 1.080

Notes:

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.073 1.582 0.164 1.015 0.981 0.073 1.595 0.174 1.049 1.010

NE 0.071 1.586 0.165 1.018 0.983 0.065 1.584 0.171 1.036 1.006

E 0.055 1.559 0.157 0.992 0.976 0.065 1.600 0.175 1.053 1.013

SE 0.117 1.678 0.191 1.111 1.012 0.185 1.782 0.229 1.243 1.060

S 0.132 1.686 0.193 1.120 1.012 0.150 1.729 0.213 1.188 1.054

SW 0.075 1.598 0.169 1.031 0.988 0.171 1.753 0.220 1.214 1.062

W 0.094 1.598 0.169 1.033 0.985 0.113 1.666 0.195 1.123 1.034

NW 0.111 1.622 0.175 1.058 0.992 0.188 1.784 0.229 1.246 1.072

Tauranga 1615

Taupo 1856

Hokitika 3910Hokitika 3909

1981 – 1989 1995 – 2019

1972 – 16 Oct 1991

Taupo 1856

Tauranga 1612

1973 – 1989

1992 – 2019

1990 – 2019

- Too many missing hourly mean data before the 1990s.

- Due to lack of hourly gust data and not complete hourly mean, and only 7 years of daily gusts at 1856, this station was excluded 

from EVA. Only data after 1995 were used for EVA.
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.126 1.651 0.183 1.086 1.001 0.237 1.698 0.204 1.164 1.026

NE 0.055 1.580 0.163 1.011 0.984 0.059 1.538 0.157 0.990 0.986

E 0.053 1.583 0.164 1.014 0.985 0.090 1.604 0.177 1.058 1.011

SE 0.058 1.549 0.155 0.981 0.969 0.096 1.564 0.165 1.019 0.992

S 0.050 1.476 0.134 0.908 0.939 0.042 1.432 0.126 0.882 0.940

SW 0.032 1.468 0.132 0.900 0.940 0.052 1.496 0.145 0.947 0.968

W 0.072 1.559 0.157 0.992 0.972 0.091 1.565 0.165 1.020 0.994

NW 0.180 1.752 0.212 1.190 1.034 0.329 1.863 0.252 1.336 1.084

Notes:

slope
Hill 

multiplier
slope

Hill 

multiplier

N
0.086 

(0.129)
N/A (1.33) S

0.179 

(0.224)
1.29 (1.37)

NE
N/A 

(0.113)
N/A (1.26) SW

0.185 

(0.170)
1.29 (1.40)

E

In the 

wake 

(0.176)

N/A (1.32) W
0.091 

(N/A)
1.10 (N/A)

SE

In the 

wake 

(0.155)

N/A (1.29) NW
0.143 

(N/A)
1.23 (N/A)

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.104 1.587 0.165 0.977 0.897 0.201 1.802 0.235 1.266 1.046

NE 0.193 1.684 0.193 1.068 0.929 0.413 2.033 0.302 1.509 1.129

E 0.097 1.563 0.159 0.955 0.881 0.283 1.907 0.265 1.375 1.088

SE 0.041 1.465 0.131 0.865 0.846 0.209 1.829 0.242 1.293 1.064

S 0.077 1.531 0.150 0.925 0.868 0.230 1.864 0.253 1.329 1.081

SW 0.154 1.639 0.180 1.027 0.911 0.204 1.807 0.236 1.271 1.049

W 0.153 1.622 0.175 1.010 0.898 0.147 1.722 0.211 1.182 1.012

NW 0.083 1.569 0.160 0.961 0.897 0.129 1.716 0.209 1.174 1.019

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Notes:

N 0.081 1.620 0.181 1.074 1.019

NE 0.072 1.624 0.183 1.078 1.023

E 0.125 1.714 0.209 1.172 1.052

SE 0.120 1.715 0.209 1.173 1.047

S 0.064 1.590 0.172 1.043 1.009

SW 0.115 1.675 0.197 1.133 1.038

W 0.098 1.642 0.188 1.097 1.026

NW 0.151 1.741 0.217 1.201 1.060

The station is affected by hill speedup, thus additional factors are required to remove hill effects. Number in parentheses and bold are 

for 4506.

Single/

multiple

Single/

multiple

Not significant 

(single)

Not significant 

(single)

Multiple (single)

Single (Multiple - C2)

Single (Not significant)

Single (Single) Single (Not significant)

Single (Single)

Kaikoura 4506Kaikoura 4507

Gisborne 2807

1972 – 1990 1991 – 2019

Hamilton 2112

1990 – 2018

Gisborne 2810

HMLT 2110 was excluded from the analysis 

because of incomplete time series.

1972 – 1990 1991 – 2019
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.110 1.627 0.177 1.060 0.920 0.068 1.570 0.167 1.023 0.999

NE 0.065 1.545 0.154 0.978 0.890 0.030 1.519 0.152 0.970 0.985

E 0.084 1.598 0.169 1.031 0.917 0.045 1.552 0.161 1.003 0.996

SE 0.204 1.791 0.223 1.226 0.994 0.136 1.726 0.212 1.184 1.055

S 0.269 1.902 0.254 1.340 1.048 0.314 1.931 0.272 1.402 1.115

SW 0.235 1.787 0.222 1.223 0.974 0.291 1.906 0.265 1.375 1.108

W 0.264 1.826 0.233 1.265 0.992 0.088 1.601 0.176 1.056 1.010

NW 0.156 1.692 0.195 1.127 0.942 0.058 1.560 0.164 1.012 0.997

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.013 1.355 0.104 0.804 0.913

NE 0.032 1.450 0.132 0.901 0.953

E 0.141 1.700 0.205 1.158 1.043

SE 0.325 1.900 0.263 1.371 1.099

S 0.304 1.840 0.246 1.309 1.077

SW 0.075 1.603 0.176 1.057 1.013

W 0.083 1.585 0.171 1.039 1.003

NW 0.074 1.488 0.143 0.943 0.963

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.197 1.763 0.223 1.224 1.060

NE 0.082 1.623 0.182 1.077 1.020

E 0.101 1.633 0.185 1.088 1.021

SE 0.160 1.739 0.216 1.197 1.036

S 0.115 1.664 0.194 1.120 1.032

SW 0.198 1.787 0.230 1.248 1.071

W 0.213 1.750 0.219 1.212 1.053

NW 0.641 2.174 0.343 1.664 1.164

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Notes:

N 0.366 1.966 0.282 1.440 1.121

NE 0.331 1.879 0.257 1.349 1.089

E 0.143 1.723 0.212 1.181 1.052

SE 0.156 1.740 0.216 1.199 1.054

S 0.134 1.713 0.208 1.170 1.050

SW 0.170 1.758 0.222 1.218 1.063

W 0.182 1.759 0.222 1.220 1.062

NW 0.218 1.800 0.234 1.264 1.074

Blenheim Aero 4326

1992 – 2019

1990 – 20191972 – 1987

Queenstown 5451

Lauder 5535

Nelson 4271

- Only data after Dec 1995 were used due to 

unknown instrument before 1995.

- Several missing max daily gusts before 1995

1991 – 2019

Dec 1995 – 2019

Blenheim Aero 4322
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
slope

Single/

multiple

Hill 

multiplier

N 0.016 1.388 0.114 0.835 0.925 N 0.180 Single 1.23

NE 0.026 1.445 0.130 0.893 0.950 NE 0.098 Single 1.14

E 0.016 1.408 0.119 0.856 0.936 E 0.068 Single 1.12

SE 0.029 1.492 0.144 0.941 0.971 SE 0.115
Single (Case 2 

Figure 4.14)
1.30

S 0.088 1.614 0.179 1.069 1.015 S

SW 0.098 1.565 0.165 1.021 0.992 SW

W 0.082 1.583 0.171 1.037 1.002 W

NW 0.019 1.408 0.119 0.855 0.934 NW

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.650 2.336 0.391 1.874 1.229

NE 0.600 2.272 0.372 1.802 1.204

E 0.194 1.844 0.247 1.331 1.075

SE 0.143 1.750 0.219 1.231 1.032

S 0.197 1.841 0.246 1.328 1.071

SW 0.481 2.190 0.348 1.708 1.195

W 0.599 2.299 0.380 1.832 1.224

NW 0.487 2.190 0.348 1.713 1.196

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.023 1.436 0.127 0.885 0.867 0.023 1.436 0.127 0.885 0.949

NE 0.031 1.507 0.148 0.957 0.918 0.031 1.507 0.148 0.957 0.978

E 0.058 1.540 0.158 0.991 0.910 0.058 1.540 0.158 0.991 0.988

SE 0.149 1.747 0.218 1.207 1.015 0.149 1.747 0.218 1.207 1.062

S 0.120 1.678 0.198 1.136 0.977 0.120 1.678 0.198 1.136 1.038

SW 0.072 1.582 0.170 1.036 0.934 0.072 1.582 0.170 1.036 1.004

W 0.102 1.642 0.188 1.098 0.959 0.102 1.642 0.188 1.098 1.025

NW 0.030 1.446 0.130 0.896 0.861 0.030 1.446 0.130 0.896 0.951

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
  

N 0.136 1.680 0.199 1.138 1.036

NE 0.022 1.420 0.123 0.871 0.942

E 0.013 1.397 0.116 0.846 0.934

SE 0.044 1.533 0.156 0.984 0.988

S 0.110 1.663 0.194 1.120 1.033

SW 0.111 1.676 0.198 1.133 1.038

W 0.159 1.727 0.213 1.188 1.053

NW 0.123 1.673 0.197 1.131 1.035

Notes: The station is affected by hill speedup, thus 

additional factors are required to remove hill effects.

Napier - 2980

1991 – 2019

1991 – 2019

2000 – 2019

Hicks Bay 2692

Middlemarch 18437

Whakatane 1672

1974 – 1988 1991 – 2018

Whakatane 1673

Not significant 

Not significant 

Not significant 

Not significant 
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Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.038 1.441 0.129 0.892 0.947

NE 0.024 1.442 0.129 0.891 0.951

E 0.079 1.585 0.171 1.039 1.005

SE 0.100 1.639 0.187 1.095 1.025

S 0.185 1.647 0.189 1.110 1.014

SW 0.096 1.567 0.166 1.022 0.993

W 0.071 1.465 0.136 0.920 0.952

NW 0.054 1.457 0.134 0.910 0.951

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.246 1.807 0.236 1.272 1.072

NE 0.091 1.556 0.163 1.011 0.990

E 0.053 1.495 0.145 0.947 0.970

SE 0.069 1.578 0.169 1.031 1.003

S 0.117 1.658 0.192 1.115 1.029

SW 0.147 1.716 0.209 1.175 1.049

W 0.221 1.819 0.239 1.283 1.082

NW 0.215 1.784 0.229 1.247 1.068

Wesport 7342

1991 – 2019

Dunedin 7339

1991 – 2019
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B.3   Region NZ3  

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 
 
 

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.025 1.513 0.144 0.935 0.917 0.032 1.554 0.162 1.031 1.020

NE 0.047 1.603 0.170 1.026 0.964 0.020 1.509 0.149 0.983 1.003

E 0.091 1.699 0.197 1.120 0.998 0.075 1.687 0.201 1.175 1.070

SE 0.024 1.505 0.142 0.927 0.909 0.024 1.504 0.147 0.977 0.998

S 0.011 1.424 0.120 0.847 0.868 0.010 1.427 0.125 0.893 0.964

SW 0.005 1.356 0.100 0.779 0.825 0.012 1.397 0.116 0.863 0.949

W 0.060 1.608 0.171 1.032 0.952 0.093 1.743 0.217 1.237 1.093

NW 0.026 1.514 0.145 0.936 0.914 0.079 1.722 0.211 1.214 1.087

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.068 1.600 0.169 1.033 0.990 0.074 1.601 0.176 1.054 1.012

NE 0.043 1.553 0.156 0.984 0.975 0.043 1.555 0.162 1.006 0.997

E 0.093 1.679 0.191 1.110 1.017 0.230 1.785 0.230 1.250 1.066

SE 0.092 1.669 0.188 1.101 1.014 0.189 1.786 0.230 1.249 1.075

S 0.090 1.663 0.187 1.095 1.011 0.263 1.881 0.257 1.348 1.102

SW 0.046 1.518 0.146 0.952 0.960 0.164 1.755 0.221 1.215 1.063

W 0.056 1.521 0.147 0.955 0.960 0.210 1.829 0.242 1.294 1.088

NW 0.123 1.727 0.205 1.162 1.033 0.234 1.849 0.248 1.317 1.094

Notes:

Wellington Aero 3445

1972 – 1993 1994 – 2019

Paraparaumu 8567

1972 – 1993 1993 – 2019

NZ3 (W)

According to Cliflo at 3145 station, there has not been any instrument changeover at this station. However, having looked at the trend 

of daily gusts, it is quite clear that the characteristic of records was changed in the 1990s. Therefore, for EVA the records of two 

stations were combined such that from 1972 to 17/03/1993 records of 3145 and from 18/03/1993 to 2018 records of 8567 were used. 

Paraparaumu 3145
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B.4   Region NZ4 

 

 

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.069 1.594 0.167 1.026 0.987 0.121 1.694 0.203 1.151 1.044

NE 0.045 1.542 0.153 0.974 0.970 0.086 1.651 0.190 1.105 1.031

E 0.023 1.481 0.136 0.913 0.949 0.043 1.540 0.158 0.991 0.991

SE 0.018 1.436 0.123 0.870 0.932 0.024 1.476 0.139 0.926 0.969

S 0.029 1.470 0.132 0.904 0.944 0.077 1.560 0.164 1.014 0.994

SW 0.045 1.543 0.153 0.974 0.970 0.111 1.638 0.187 1.095 1.022

W 0.038 1.537 0.151 0.967 0.968 0.089 1.611 0.179 1.065 1.014

NW 0.084 1.610 0.172 1.043 0.991 0.168 1.733 0.214 1.193 1.053

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.342 1.850 0.249 1.271 1.035 0.315 1.937 0.274 1.405 1.115

NE 0.112 1.615 0.180 1.036 0.946 0.065 1.597 0.175 1.050 1.012

E 0.038 1.497 0.145 0.922 0.910 0.035 1.527 0.154 0.978 0.987

SE 0.074 1.584 0.171 1.006 0.949 0.072 1.634 0.185 1.088 1.027

S 0.296 1.803 0.235 1.223 1.014 0.243 1.839 0.245 1.304 1.086

SW 0.320 1.791 0.231 1.214 0.996 0.230 1.763 0.223 1.226 1.055

W 0.105 1.587 0.172 1.010 0.927 0.109 1.588 0.172 1.042 0.999

NW 0.198 1.714 0.209 1.136 0.984 0.257 1.865 0.253 1.331 1.095

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF
Notes:

N 0.039 1.530 0.155 0.981 0.988

NE 0.036 1.499 0.146 0.950 0.976

E 0.023 1.499 0.146 0.948 0.977

SE 0.025 1.503 0.147 0.953 0.979

S 0.131 1.719 0.210 1.177 1.053

SW 0.146 1.713 0.208 1.172 1.048

W 0.082 1.590 0.172 1.043 1.006

NW 0.066 1.560 0.164 1.012 0.996

Z0

Gust

factor
Iu

Mean speed 

CF

Gust speed 

CF

N 0.014 1.440 0.146 0.863 0.932

NE 0.006 1.416 0.138 0.838 0.921

E 0.003 1.448 0.149 0.925 0.974

SE 0.020 1.514 0.170 1.000 1.000

S 0.020 1.514 0.170 1.000 1.000

SW 0.012 1.470 0.156 0.939 0.965

W 0.007 1.419 0.139 0.841 0.923

NW 0.006 1.416 0.138 0.838 0.921

Tiwai Point 5823

Invercargill 11104

- Data recorded prior to 1995 have not been 

analysed due to various instruments used during 

that period (i.e. RM Young and Dines). 

Chatham Islands 6191

1991 – 2012

Invercargill 5814

1972 – 1995 1995 – 2019

NZ4

17 Oct 1995 – 8 Sep 2004 10 Sep 2004 – 5 Feb 2015

20 Feb 2015 – 2019
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Appendix C:  

Design Wind Speeds and Directional 

Multipliers at Stations 

The design wind speeds, and directional multipliers computed at each stations locations are 

presented here.  

C.1   Region NZ1 

 

Figure C.1. Design wind speeds (top left) and directional multipliers (bottom left) computed at each station location 

in Region NZ1.  
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Table C.1. Design wind speeds at each station location in Region NZ1.  

 

Table C.2. Directional multipliers at each station location in Region NZ1.  

 

C.2   Region NZ2 

 
Figure C.2. Design wind speeds (top left) and directional multipliers (bottom left) computed at each station location 

in Region NZ2.  

Average recurrence 

internval (year)

AS/NZS1170.2 

(2011) - A6

Proposed 

(NZ1)
Auckland Kaitaia 1&2 Kaitaia Pukekohe Warkworth Toenepi Cape ReingaWhangarei Tauranga Whakatane Hamilton

1 30 31.00 30.12 31.33 30.91 27.96 30.12 28.44 33.03 28.85 28.52 28.44 27.64

5 32 35.46 34.16 35.77 34.36 31.86 33.97 32.55 36.48 32.40 31.81 31.63 30.89

10 34 37.17 35.80 37.43 35.78 33.88 35.48 34.28 38.11 34.26 33.42 33.28 32.57

20 37 38.77 37.39 38.95 37.15 35.77 36.89 35.97 39.60 35.98 34.94 34.84 34.21

25 37 39.26 37.89 39.42 37.58 36.35 37.43 36.51 40.06 36.51 35.42 35.32 34.72

50 39 40.71 39.40 40.78 38.90 38.07 38.88 38.17 41.40 38.11 36.85 36.79 36.25

100 41 42.07 40.87 42.02 40.17 39.67 40.23 39.81 42.65 39.62 38.23 38.20 37.78

200 43 43.34 42.28 43.17 41.41 41.17 41.43 41.41 43.81 41.07 39.56 39.57 39.27

250 43 43.73 42.72 43.52 41.80 41.63 41.84 41.92 44.17 41.52 39.98 40.01 39.75

500 45 44.89 44.07 44.54 42.99 42.99 43.04 43.49 45.24 42.88 41.26 41.33 41.18

1000 46 45.96 45.38 45.48 44.14 44.27 44.14 45.04 46.24 44.19 42.49 42.61 42.61

2000 48 46.97 46.64 46.35 45.31 45.46 45.16 46.56 47.18 45.44 43.70 43.86 44.10

2500 48 47.28 47.04 46.61 45.71 45.82 45.47 47.04 47.47 45.84 44.08 44.26 44.59

5000 50 48.20 48.24 47.38 46.99 46.91 46.38 48.53 48.33 47.02 45.24 45.47 46.06

10000 51 49.06 49.40 48.09 48.28 47.92 47.22 49.99 49.15 48.17 46.37 46.65 47.56

NZ1 (A6)

Direction
AS/NZS1170.2 

(2011) - A6

Proposed 

(NZ1)
Auckland Kaitaia (1&2) Kaitaia (3) Pukekohe Warkworth Toenepi Cape Reinga Hamilton Tauranga Whangarei Whakatane

N 0.85 0.90 0.90 0.90 0.90 0.90 0.90 0.95 0.94 0.90 0.90 0.89 0.88

NE 0.95 0.95 0.95 0.95 0.95 0.90 0.90 0.90 0.96 0.85 0.90 0.95 1.00

E 1.00 0.95 0.95 0.95 0.95 0.90 1.00 0.90 0.97 0.90 1.00 0.97 1.00

SE 0.95 0.95 0.90 0.95 0.95 0.85 0.85 0.90 0.83 0.85 0.85 0.87 0.85

S 0.85 0.90 0.90 0.85 0.85 0.85 0.85 0.85 0.93 0.85 0.90 0.88 0.90

SW 0.95 1.00 1.00 0.95 0.95 0.95 1.00 0.95 0.99 1.00 0.95 0.96 0.90

W 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.95 0.93 1.00 0.95 0.97 0.95

NW 0.95 0.95 0.95 0.95 0.95 0.95 0.90 0.90 0.90 0.95 0.95 0.92 0.95

NZ1 (A6)
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C.3   Region NZ3 

 

Figure C.3. Design wind speeds (top left) and directional multipliers (bottom left) computed at each station location 

in Region NZ3.  

 

Table C.5. Design wind speeds at each station location in Region NZ3.  

 

 

 

Average recurrence 

internval (year)

AS/NZS1170.2 

(2011) - W

Proposed 

(NZ3)
Wellington Paraparaumu

1 34 37.00 38.46 37.88

5 39 42.05 41.75 42.08

10 41 43.99 43.23 43.90

20 43 45.80 44.70 45.61

25 43 46.36 45.14 46.14

50 45 48.01 46.46 47.85

100 47 49.55 47.72 49.39

200 49 50.98 48.98 50.90

250 49 51.43 49.38 51.37

500 51 52.74 50.63 52.78

1000 53 53.96 51.86 54.04

2000 54 55.10 53.12 55.18

2500 55 55.45 53.52 55.57

5000 56 56.49 54.82 56.69

10000 58 58.00 56.09 57.68

NZ3 (W)
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Table C.6. Directional multipliers at each station location in Region NZ1.  

 

 

C.4   Region NZ4 

 

Figure C.4. Design wind speeds (top left) and directional multipliers (bottom left) computed at each station location 

in Region NZ4.  

 

 

 

 

Direction
AS/NZS1170.2 

(2011) - W

Proposed 

(NZ3)
Wellington Paraparaumu

N 1.00 1.00 1.00 0.95

NE 0.95 0.75 0.75 0.75

E 0.80 0.75 0.75 0.75

SE 0.90 0.85 0.85 0.85

S 1.00 0.95 0.95 0.95

SW 1.00 0.95 0.90 0.90

W 0.90 0.90 0.85 0.85

NW 0.95 1.00 1.00 1.00

NZ3 (W)
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Table C.7. Design wind speeds at each station location in Region NZ4.  

 

 

Table C.8. Directional multipliers at each station location in Region NZ4  

 

 

 

Average recurrence 

internval (year)

AS/NZS1170.2 

(2011) - A7

Proposed 

(NZ4)
Invercargill Tiwai Point Chatham Islands

1 30 38.00 37.35 38.98 37.01

5 32 41.72 41.20 42.52 40.35

10 34 43.14 42.65 44.00 41.75

20 37 44.47 43.99 45.24 43.00

25 37 44.88 44.40 45.59 43.38

50 39 46.09 45.61 46.75 44.49

100 41 47.23 46.72 47.75 45.71

200 43 48.28 47.75 48.77 46.98

250 43 48.61 48.06 49.09 47.39

500 45 49.57 48.99 50.04 48.66

1000 46 50.47 49.84 50.98 49.93

2000 48 51.31 50.63 51.88 51.10

2500 48 51.57 50.87 52.17 51.46

5000 50 52.33 51.58 53.01 52.52

10000 51 53.05 52.24 53.79 53.52

NZ4

Direction
AS/NZS1170.2 

(2011) - A7

Proposed 

(NZ4)
Invercargill Tiwai Point Chatham Islands

N 0.90 0.95 0.95 0.95 0.70

NE 0.90 0.75 0.75 0.75 0.71

E 0.80 0.75 0.75 0.75 0.65

SE 0.90 0.75 0.75 0.75 0.67

S 0.90 0.85 0.85 0.85 0.84

SW 0.90 0.95 0.95 0.95 0.97

W 1.00 1.00 1.00 1.00 0.89

NW 1.00 1.00 0.95 1.00 0.75

NZ4
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