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Abstract 

The main aim of this work is to quantify the ability of an extensive living roof to provide onsite source 

control for stormwater mitigation. Stormwater mitigation ability was tested by quantifying the 

components of the living roof hydrologic budget. These included: runoff volume and peak flow rates, 

water storage within the substrate, and evapotranspiration (ET). Additionally, this research aimed to 

determine if common methods used to predict ET in agricultural applications could be used to predict 

living roof ET. 

Runoff response to rainfall was continuously monitored for one year from an established 235 m
2
 field 

installation living roof in Auckland, New Zealand. The extent of stormwater control was quantified by 

comparing rainfall and runoff across three different substrate types (Pumice, Zeolite and Expanded 

Clay), at two different substrate depths (50 and 70 mm), in a side-by-side comparison. ET was 

measured directly in greenhouse and field environments using bench-scale trials. Three tray 

configurations were tested: unplanted, planted with Disphyma australe (a native species) and planted 

with Sedum mexicanum (a non-native plant). ET was modelled using ten existing agricultural models. 

The living roof helped restore an impervious-site runoff hydrograph to a shape and magnitude more 

representative of a vegetated-site runoff hydrograph. This was achieved by delaying the onset of 

runoff, delaying peak runoff, and extending the duration of the hydrograph when runoff occurred. The 

living roof operated effectively year-round, exhibiting consistent volume retention and peak flow 

reduction. Annual cumulative retention of rainfall was 66% and median peak flow reduction was 93%. 

Living roof response could not be linked to one factor alone; multiple climatic parameters influenced 

stormwater mitigation.  

Plants provided substantial contribution to storage recovery within the system, with transpiration 

comprising up to 45% of total ET. The influence of water availability overrode the influence of climatic 

parameters on living roof ET rates. When water was available ET rates were up to 5.4 mm·d
-1

, but 

dropped to <0.7 mm·d
-1

 when water became limited. Commonly used agricultural models failed to 

accurately estimate daily ET from a living roof. Instead, empirical regression models for estimating ET 

are presented. They provide a simple and practical solution to allow use of ET in continuous 

hydrologic simulations.  

Overall, extensive living roofs demonstrate significant stormwater mitigation benefits through onsite 

source control. 
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by water availability. 

ET0 Reference Evapotranspiration: potential evapotranspiration when not limited by water availability for an 
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Chapter 1. Introduction 

 

1.1. Stormwater management: why is it necessary? 

The water balance is altered significantly by urban development. When land is converted from its 

natural state, such as forest, to residential or commercial use, its hydrological characteristics change 

drastically (Davis, 2005; Shaver et al., 2007). Vegetation is replaced by impervious surfaces—

rooftops, driveways, roads, car parking, and footpaths—which are connected with hydraulically 

efficient pipes to receiving waters. The remaining vegetated areas tend to be smoothed into lawns and 

parks that are regularly mown and may have fertilisers and pesticides applied (Davis, 2005). The 

natural roughness and filtering action of vegetation, and the infiltration capacity of the underlying soils, 

is replaced by compacted soils and hydraulically-smooth impervious surfaces at the expense of 

hydrologic functions such as interception by plants, depression storage, infiltration, soil water storage 

and flow retardation due to surface roughness (Davis, 2005; Shaver et al., 2007; Simcock, 2009). 

A greater volume of potentially polluted excess water runs off more quickly for a given rainfall event 

(Figure 1-1). As catchments are developed (become more impervious) groundwater recharge is 

reduced causing streams which previously had water flowing year-round to become ephemeral. The 

likelihood of nuisance flooding, stream channel enlargement and bank undercutting is elevated due to 

increased frequency of erosion-producing flows resulting in property loss and aquatic habitat 

degradation (Shaver et al., 2007; Walsh et al., 2009; Walsh et al., 2005). Elevated total suspended 

sediment loads due to stream channel erosion alter channel conveyance capacity through 

sedimentation of estuaries and the formation of sand bars in streams (US Environmental Protection 

Agency, 2005; Ministry for the Environment, 2000). 
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Figure 1-1: Hydrographs of stream runoff before and after urban development 

In many places stormwater runoff and sanitary sewers are separated. However, older parts of many 

cities still have combined sewer systems. Infill housing and intensification can result in the volume of 

water conveyed exceeding the capacity of the reticulation. Nuisance flooding and overflows are of 

particular concern when the stormwater and sanitary sewers are combined (Shaver et al., 2007) and 

where receiving waters are used for recreation or food gathering. 

The traditional means of managing stormwater runoff in urban areas has been to construct a curb-

and-gutter network, with catchpits connecting to reticulation designed to transport water rapidly and 

efficiently to an end of pipe treatment device or direct to receiving waters. Catchpits provide some 

sediment treatment for coarse particles and are increasingly being fitted with devices to filter and 

retain gross pollutants, but they are insufficient to treat stormwater runoff entirely. Conventional end-

of-pipe treatment methods place a heavy emphasis on structural practices such as retention and 

detention basins and ponds (Shaver, 2000). As they are an end-of-pipe solution, runoff which could 

have travelled through sheet flow across vegetated areas is instead concentrated flow through a 

conveyance system, generally piped, but sometimes an open concrete channel. Rapid travel through 

hydraulically-smooth system eliminates any potential pollutant removal prior to water entry into the 

pond. The pond is the only means of treating the runoff water quality, and providing for water quantity 

control. Stormwater management is treated almost as an afterthought in conventional site designs. 

The reticulation and treatment pond are designed to convey and treat the runoff created after the site 

has been planned. If site hydrology was not altered as significantly, or stormwater management was 

incorporated into the site design, there may not be as large a volume of water to treat. 
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In addition to volume and peak flow problems, water quality is also negatively impacted by urban 

development. Detrimental effects on aquatic habitat from elevated total suspended solids loads 

include decreased light penetration, smothering of spawning grounds and transport of additional 

contaminants of concern which attach to particles less than 20 µm in disproportionately higher 

numbers (US Environmental Protection Agency, 2005; Ministry for the Environment, 2000; Auckland 

Regional Council, 2003). Elevated sediment loads are generally associated with urbanisation; 

sediment concentrations in fully urbanised catchments are reduced as sources are limited. The range 

of contaminants elevated in the urban environment includes heavy metals, polycyclic aromatic 

hydrocarbons (occurring in oil/petrol) and nutrients (e.g. total nitrogen and phosphorus) (Ministry for 

the Environment, 2000; Bibby and Webster-Brown, 2005; Vaze and Chiew, 2004). 

1.1.1. Alternative means of stormwater management: the sustainable 

design paradigm 

A single paradigm has typically dominated conventional stormwater management practices in which 

stormwater runoff is considered undesirable and must be removed as quickly as possible to achieve 

―good‖ drainage. Every feature of a conventionally developed site is therefore designed to maximise 

hydraulic efficiency. Runoff is rapidly conveyed, usually through pipes, to a centrally located 

management and/or treatment device (i.e. treatment pond).  

Low Impact Development (LID)
1

 is a stormwater management methodology gaining popularity 

internationally. As a specific concept, LID was pioneered by the Prince George‘s County (Maryland) 

Department of Environmental Resources in the late 1990‘s. The primary goal of LID is to mimic 

predevelopment site hydrology, or ‗hydrologic neutrality‘, by using design techniques that store, 

infiltrate, evaporate, transpire and detain runoff (Prince George's County, 1999). Protection of the 

ecological integrity of receiving waters is achieved by maintaining or restoring the catchment‘s 

predevelopment hydrologic regime (Prince George's County, 1999; Davis, 2005). In the LID context, 

‗predevelopment hydrology‘ refers to the natural or undisturbed hydrology using historic land cover as 

a reference condition, rather than the existing conditions of the site directly before (re)development. 

Logically, if runoff patterns are generated in the same manner as the pre-development condition, 

receiving water impacts are not exacerbated by development. Hydraulic neutrality is sometimes 

restricted to specific storm sizes or return period events (e.g. water quality event, 1 in 5 year event or 1 

in 10 year event). Where LID is replacing a piped drainage network, hydraulic neutrality may be 

defined as the storm the piped network was designed to convey, rather than the predevelopment 

hydrology. Conventional drainage systems are installed in most heavily urbanised catchments. As a 

result of urbanisation, receiving waters are often already impaired and LID may not be able to mimic 

the predevelopment hydrology. Instead, LID can provide a useful tool to mitigate stormwater runoff 

and prevent further impairment of receiving waters resulting from intensification. 

                                                             
1
 Also known as Water Sensitive Urban Design (WSUD) or Sustainable Drainage Systems (SuDS) 
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A principle of LID is to treat stormwater close to source, using plants and suitable soils. Stormwater is 

typically managed in small landscape features located on individual sites or along road verges. Focus 

at a single site scale and the integration of stormwater treatment into the landscape means 

improvements are considered as a cumulative impact integrated over the entire development area 

(Davis, 2005). This source control concept is quite different from conventional treatment (typically 

pipe-to-pond or direct to receiving water) (Prince George's County, 1999). The desired result is not 

only a reduction in runoff volume and peak flow rates from the site but also improved water quality 

(Davis, 2005).  

The treatment train approach involves the use of multiple LID practices in series and is an important 

principle in LID (Auckland Regional Council, 2003). A treatment train provides multiple opportunities 

for hydrological control and is also useful when a variety of contaminants are present in stormwater 

runoff. Different devices may be better suited to removal of each contaminant of concern. When 

multiple issues are considered (such as stormwater quantity, quality, and aquatic ecosystem 

protection) a treatment train will provide a variety of solutions for each issue (Auckland Regional 

Council, 2003). The treatment train approach introduces redundancy into the system; if any single unit 

fails the impact is not dire. Additional benefits of LID and the treatment train are the creation of 

landscape amenities and enhanced urban design. 

Through integrated site design, it is possible to design for multiple objectives, not only stormwater 

management, but also ecology and landscape (Lewis et al., 2010a). Stormwater, landscape, and 

ecology benefits can be maximised when landform (micro-grading, soils, biotechnical stabilisation), 

planting (form, pattern, texture, tone, diversity, ecology) and structural (reduction in impervious 

surfaces, use of appropriate materials) elements are considered both individually and combined 

(Lewis et al., 2010a). 

Prince George‘s County (1999) identify five fundamental concepts which must be integrated into the 

site planning process:  

 Using hydrology as the integrating framework 

 Thinking micromanagement 

 Controlling stormwater at the source 

 Using non-structural methods that do not involve fixed, permanent facilities but work through 

institutional regulation, education and/or economic incentives to change behaviour 

 Creating a multifunctional landscape: primarily achieving stormwater aims but also achieving 

aesthetic, biodiversity, shading and potentially security aims 

The design should retain as much pervious area as possible (Davis, 2005; Shaver, 2000). Infiltration 

practices reduce the total volume of stormwater runoff, provide groundwater recharge and augment 

base flow in streams. In addition, infiltration practices ‗irrigate‘ landscaping. The systems are self 

watering and, especially where rooting volume is restricted and groundwater hydrology truncated as in 

most urban areas, trees are healthier as a result. To mitigate the effects of impervious areas that 
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cannot be avoided, the site can be engineered for greater infiltration by increasing overland flow, 

creating storage and modifying soils to promote infiltration (Davis, 2005). Examples of LID techniques 

are presented in Table 1-1. 

Table 1-1: LID alternatives to traditional design for stormwater management 

Traditional Method LID Alternatives 

Site design 

Narrow driveways 

Narrow streets 

Minimal footpaths 

Permeable pavement 

Curb and gutter systems 

Vegetated filter strips 

Swales 

Bioretention cells (rain gardens) 

Connected rooftop gutter systems 

Disconnected downspouts 

-into vegetated areas/soakaways 

-into rain barrels for later use 

Living roofs 

1.2. Living roofs 

Living roof technology is emerging internationally as a viable LID method for stormwater management 

in dense urban centres. Rooftops comprise a significant proportion of the total impervious area in 

urban settings; opportunity exists to reduce runoff volume and peak flow by retrofit of existing building 

stock. Living roofs offer two advantages for urban stormwater management: they act as at-source 

control to reduce runoff generation from an otherwise impervious area, and they provide stormwater 

management opportunity in otherwise usually unused space, rather than valuable ground space. The 

main disadvantage is their cost compared to other bioretention devices (e.g. rain gardens) 

(Theodosiou, 2009). 

A living roof is also commonly referred to as green roof, vegetated roof, eco-roof, planted roof, roof 

garden or landscape over structure (Weiler and Scholz-Barth, 2009; Snodgrass and McIntyre, 2010). 

―Living roof‖ is used throughout this thesis as it inherently incorporates both plants and associated 

biota (invertebrates etc.) and does not provoke false expectations of a lush green ―garden‖ type roof. 

―Roof garden‖ is used to refer to a living roof that more closely resembles a conventional garden 

planted over a building structure. 

1.2.1. History of living roofs 

Living roofs, particularly in the form of roof gardens, have existed for centuries although little tangible 

evidence of ancient living roofs remains (Osmundson, 1999). As one of the Seven Wonders of the 

World, the Hanging Gardens of Babylon are probably the most famous roof gardens of all time 

(Osmundson, 1999; Earth Pledge, 2005; Dunnett and Kingsbury, 2004). Other ancient roof gardens 
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are The Ziggurats of Ancient Mesopotamia and the Villa of Mysteries, Pompeii. The ―roof garden‖ style 

of living roof was pre-eminent through the middle ages and renaissance, with examples such as Mont-

Saint-Michel, France; Palazzo Piccolomini, Pienza, Italy and Tenochtitlán (Osmundson, 1999).  

Roof gardens were regarded as a luxury in the 20
th
 Century; examples are The Kremlin, Moscow, 

work by the architect Le Corbusier from the 1920s and the theatre roof gardens in the United States of 

America at the turn of the century (Dunnett and Kingsbury, 2004; Osmundson, 1999; Werthmann, 

2007). The term roof garden was originally coined in 1893 for theatre roofs‘ gardens; theatres today 

that recall the era in the names they still use include Madison Square Garden and the Winter Garden 

in New York (Osmundson, 1999). Grass, turf or sod roofs are a complete contrast, design was based 

on function around a cheap roofing material, often used where wood was expensive/scarce 

(Osmundson, 1999; Earth Pledge, 2005; Dunnett and Kingsbury, 2004). Sod roofs have been used in 

Scandinavia, Iceland, Greenland and areas of Turkey, Iraq, Iran and neighbouring countries occupied 

by Kurdish speaking people for centuries. Sod roofs were designed as insulation for buildings; the roof 

was covered in soil for insulation and planted with grasses and other plants to stabilise the soil. This 

technique was also used by early settlers in the Great Plains (USA/Canada) in the mid-to-late 1800s 

(Osmundson, 1999; Dunnett and Kingsbury, 2004). Modern living roof design is much closer in spirit to 

the Scandinavian or Kurdish sod roof than the opulent roof gardens (Dunnett and Kingsbury, 2004). 

The origins of what is recognised as a contemporary living roof are the German-speaking European 

countries (Dunnett and Kingsbury, 2004; Earth Pledge, 2005). Vegetation was installed on roofs to 

mitigate the damaging physical effects of solar radiation on the roof structure at the turn of the 20
th
 

century in Germany (Oberndorfer et al., 2007). Early living roofs (planted with succulents rather than 

grasses) were also employed as fire-retardant structures (Köhler, 2004b). They were originally 

"unintentional" living roofs. Built around 1900, roofs were wooden construction overlaid with tar-board; 

for fire prevention the tar-board was covered with a thin layer of sand and gravel. Over the years, the 

soil mix naturally attracted a layer of spontaneous vegetation (Werthmann, 2007). Living roofs were 

used as an alternative to flammable but cheap bitumous roofs or expensive clay tile roofs common to 

the period (Köhler, 2004b). Living roof research began in Germany in the 1950s as part of a wider 

movement that recognised the ecological and environmental value of urban habitats (Dunnett and 

Kingsbury, 2004). In the 1960s and 1970s, the combination of an environmentally aware public, 

ecological pressure groups, and scientific research produced a favourable social and political climate 

that promoted the widespread implementation of living roofs (Dunnett and Kingsbury, 2004; 

Oberndorfer et al., 2007). The technology was embraced because of its broad-ranging environmental 

benefits. The Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau e.V. (FLL) or 

―Landscaping and Landscape Development Research Society‖, was founded in 1975 and in 1978 a 

subcommittee "Vegetation technology for green spaces of residential areas" was installed for the 

purpose of examining vegetation on roofs (Werthmann, 2007). The FLL recognised not only the 

aesthetic benefits of living roofs but also the ecological benefits. 

Herman (2003) stated that as of 2001 living roofs covered 13.5 million m
2
 of flat roof area in Germany 

and Werthman (2007) stated an estimated 129 million m
2
 of living roofs exist in Germany. Incentive 
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programs and increased public acceptance have seen rapid growth in living roof installations, with 

living roof coverage in Germany increasing by around 13 million m
2
 per year (Oberndorfer et al., 2007; 

Werthmann, 2007). While Germany still is considered a world-leader in living roof construction (in 

terms of overall extent covered), installation is rapidly increasing internationally throughout Europe and 

the UK, Asia, and North America. The 2008 industry survey from the North American industry 

association, Green Roofs for Healthy Cities, indicates a US growth rate of more than 35% over 2007, 

representing more than 288,000 m
2
 installed in 2008. It is estimated that the survey represents 

approximately 65–75% of all major living roof installations for a given year (Green Roofs for Healthy 

Cities, 2008). 

Living roofs of the 21
st
 Century exhibit wide variation. Growth in Germany has arisen based 

predominantly around aesthetics, stormwater mitigation, fire protection and increased roof life. Roof 

types tend to be relatively uniform with thin engineered substrate layers and planted with a carpet of 

sedum. This system has been shown to be effective and reliable for the intended purpose 

(Werthmann, 2007). In contrast, living roofs in Switzerland have been designed from a biodiversity 

perspective. Roofs use deeper more natural substrates designed with undulating depths for habitat 

creation (Werthmann, 2007; Brenneisen, 2006). Living roofs in England have also focussed on 

biodiversity for both flora and fauna, particularly the bird the black redstart (Dunnett et al., 2008b; 

Kadas, 2006; Grant, 2006). Living roofs are being promoted in the US for stormwater mitigation 

(Berghage et al., 2007b) but cities such as Chicago have also encouraged living roof installation as a 

tool for mitigating urban heat island effects (Carter and Fowler, 2008). Regardless of the design 

purpose, living roof installation internationally in the 21
st
 Century is growing rapidly as living roofs are 

recognised as a tool for multifunctional urban design. 

1.2.2. Living roof design and function 

Living roof system design requires integrated multidisciplinary expertise, from environmental and 

structural engineering to vegetation selection and design. A living roof typically consists of multiple 

layers; each component plays an important role in the overall system function (Figure 1-2).  

1. Vegetation: Vegetation acts to reduce albedo, provides a cooling effect and restores substrate 

water storage capacity via transpiration. The vegetation also acts to intercept precipitation, 

while roots prevent substrate migration and help maintain substrate permeability. The canopy 

provides solar shading for the soil surface, reducing overheating of the living roof in summer. 

2. Substrate: The substrate (growing media) supports the plants and provides water and nutrient 

storage. In addition, the substrate extends the flow path for runoff in excess of the system 

storage. The substrate is generally an engineered media optimised to balance weight, water 

retention and drainage. It is usually made from porous aggregates and an organic component. 

The overall mixture is required to maintain a high permeability. 

3. Drainage: A drainage mat or layer (e.g. coarse aggregate) provides rapid drainage for 

precipitation in excess of system storage capacity and is usually covered with a non-woven 
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geotextile to prevent substrate migration into the drainage layer. Plastic drainage mats may 

also include an underlying felt to protect the waterproof membrane from rubbing against cut 

surfaces. Precipitation in excess of the substrate storage capacity follows an extended flow 

path, infiltrating through the media to discharge via the drainage layer, and ultimately to the 

roof‘s gutter or overflow system.  

4. Waterproofing: The impermeable liner consists of the roof waterproofing system and may 

include additional layers such as a root barrier or felt layer to reduce rubbing of the membrane 

against underlying protrusions. Insulation may be placed above or below the waterproofing 

layer. 

Two main living roof categories are defined based on substrate depth: intensive (deeper) and 

extensive (shallower). The depth defining the transition from extensive to intensive living roof varies 

from 100 mm to 200 mm depending on the source (Getter and Rowe, 2008; Getter and Rowe, 2006; 

Oberndorfer et al., 2007; FLL, 2002). The shallow substrate for an extensive living roof limits the plant 

height and species that can be grown without irrigation (Dunnett and Kingsbury, 2004; Snodgrass and 

Snodgrass, 2006), but extensive living roofs are better suited for retrofit application due to lighter 

weight (structural) requirements compared to their intensive counterparts. Extensive living roofs are 

generally not meant to support foot traffic, other than for occasional maintenance. Foot traffic on 

extensive roofs may be confined to defined, and sometimes fenced, pathways that are located over 

weight-bearing structures (e.g. beams) or structurally reinforced areas. 

Additional features may be included within the living roof design to enhance function and vegetation 

health: drainage layers with cups designed to store water, moisture retention mats (geotextiles), 

substrate layers with contrasting textures, surface mulches and distance to downpipe outlets 

(extended flow path) or layers of polystyrene to allow changes in height without affecting weight. 

 

Figure 1-2: Components of a living roof 
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1.2.3. Benefits of living roofs 

Living roofs achieve multiple benefits which operate at a range of scales. Some are only apparent 

when relatively large numbers of roofs are greened in a neighbourhood/region, while other benefits 

are realised at a single building scale. Living roof benefits can be loosely divided into three 

overlapping categories: amenity and aesthetic benefits, environmental benefits and economic benefits. 

Each of these categories can then be discussed according to scale, either private benefit (to the 

building owner/occupier) or public benefit. Table 1-2 presents the potential benefits of installing living 

roofs. However, individual living roof benefits differ according to system depth, composition, and 

vegetation variety. 

Although living roofs offer myriad potential benefits, the focus of this research is stormwater 

management. Detailed discussion of the stormwater management benefits provided by living roofs is 

presented in Chapter 2. Examples of living roof design for different purposes are presented in Figure 

1-3. 

Two disadvantages of living roofs are the relatively high initial cost and the additional building load that 

must be supported (Werthmann, 2007). In the case of existing buildings, this limits the choice of living 

roof type to the extensive type, which in many cases does not need additional support (Theodosiou, 

2009). In contrast to biodiversity benefits, living roofs may also be a source of invasive species. In 

buildings where water is collected either for potable or non-potable (e.g. toilet flushing) uses, living 

roof installation will result in reduced water harvesting due to the reduction in volume of water leaving 

the roof as runoff (see Chapter 2). 
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Table 1-2: Benefits of living roofs 

Benefit Type Public Benefit/ Large Scale Private Benefit/ Smaller Scale 

Amenity and 
Aesthetic 

Value 

Amenity value as a recreational space
1,2,3,

*
 

Amenity value by reducing visibility of buildings and structures in natural landscapes (e.g. 
coastal, rural and mountainous landscapes) 

Food production
1,2

*
 

Aesthetic value/ Quality of Life
1,2,3

* - therapeutic effects such as stress reduction, lowering 
blood pressure, relieving muscle tension and increased positive feeling. Benefits occur if the 

roof is accessible, but also if it is merely visible from the subjects living or office space. 

Economic 
Value 

- Increased roof life
1,2,3

 

- 
Increased insulation and energy efficiency 
through reduced air-conditioning costs

1,2,3
 

- 

Use as a tool for green building assessment 
(such as LEED or GreenStar) and public 
relations (using the building to present an 

environmental attitude)
 1,2

 

- 
Increased building value via ease of 

tenanting
2,3

 

 Decreased hospital stay via faster recovery
2
 

 Increase fire resistance of the roof
5
 

Environmental 
Value 

Biodiversity/ wildlife value
1,2

: 
 Provide urban habitat 
 Conserve/restore endangered habitat 

& vegetation types 
 Create green space networks linking 

larger habitat patches for more mobile 
species 

 Aid visual green space continuity 

- 

Stormwater management
1,2,3,4,#

: 
 Reduce runoff volume and peak flow rates 
 Delay runoff (increase time to peak flow) 
 Act as a source control, prevents reticulate network overflows 

Air pollution
1,3

: 
 Filter airborne particles 
 Absorb gaseous pollutants 
 Release oxygen 

- 

Urban heat island effect
1,2,3

: 
 During daylight hours, air temperature 

is cooled through the process of 
evapotranspiration 

 Overnight, the amount of heat radiated 
from dark/ hard roof surfaces is 
reduced 

- 

- 

Noise pollution
1,3

: 
 Absorbs sound 
 Lower frequencies absorbed by the 

substrate 
 Higher frequencies by the 

vegetation 

1. (Dunnett and Kingsbury, 2004), 2. (Earth Pledge, 2005), 3. (Osmundson, 1999), 4. (Voyde et al., 2010a), 5. (Köhler, 2004b) 

* Potential value at both the public and private scales dependent on individual roof design, location and/or accessibility.  
#
 Stormwater management by living roofs may benefit the building owner in locations where incentives are in place (i.e. 

increased floor area or reduced stormwater management costs when living roofs are installed).  
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Figure 1-3: Examples of New Zealand living roofs with varying design purposes (Sources: 1. Own photo 

2–4. Robyn Simcock) 

1.3. The New Zealand/Aotearoa context 

The Auckland region, located in the North Island of New Zealand (NZ), has a sub-tropical climate with 

warm humid summers and mild winters (NIWA Science, 2007). The mean annual rainfall for the region 

is 1240 mm with 137 wet days (>1.0 mm rainfall) spread relatively evenly through the year (NIWA 

Science, 2000c). Typical summer daytime maximum air temperatures range from 22 to 26°C. Winter 
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daytime maximum air temperatures range from 12 to 17°C (NIWA Science, 2007). Auckland has 

2060 h of sunshine, and an average of 10 ground-frost days per annum (NIWA Science, 2000c). 

1.3.1. Urban development 

Auckland is the largest and most populous urban area in the country with an estimated resident 

population of 1,459,700, or approximately one-third of NZ residents, at 30 June 2010 (Statistics NZ, 

2010). It is the fastest growing region in NZ with growth of 1.6% (Statistics NZ, 2010). Auckland 

region's population density (240 people/km
2
) is more than double that of any other region while 

covering only 2% of New Zealand's land area (Statistics NZ, 2009); however, this density is low by 

comparison with other international cities. 

The high rate of growth, and the associated urban intensification, has given rise to a number of issues 

predominantly related to drainage infrastructure and stormwater management (Paterson and Small, 

2002; Auckland City Council, 2003a): 

 Aging under-capacity infrastructure 

 Combined stormwater/sanitary sewer overflows 

 Flooding 

 Increasing expectations with regard to environmental standards 

 Public concerns about beach water quality 

The Auckland City Council
2
 District Plan provides guidance for development. Stormwater runoff 

objectives result in rules that control the impervious proportion of a site. The current maximum 

residential building coverage (or potential roof area covering a site) is zone dependant and can range 

from 7.5% to 55% (Auckland City Council, 2010; Auckland City Council, 1999b). The lower end (Zone 

4) aims to protect and maintain the predominance of forest in the area. The upper end (Zones 1 and 

3a) is for small lots typical of Victorian/Edwardian subdivision where there is relatively high building 

coverage and little room for landscaping (Auckland City Council, 1999b). Currently, the most common 

residential zone (Zone 6A) allows maximum building coverage of 35% of the net site area. In addition, 

up to 25% of the site area can be covered in paved impermeable surface resulting in an overall site 

imperviousness of up to 60% (Auckland City Council, 2010; Auckland City Council, 1999b). The 

Auckland Central Business District (CBD) allows 100% building coverage, or complete site 

imperviousness (Auckland City Council, 1999a; Paterson and Small, 2002). At a catchment scale, 

Auckland City [excluding the CBD] has roof areas ranging from 30.0% to 57.2% of total impervious 

area (Kingett Mitchell Ltd., 2003). As a proportion of the total catchment area, the median roof area 

contribution is 19.2% (range 11% to 29%). Auckland CBD is currently 86% impervious (Paterson and 

Small, 2002).  

                                                             
2
 From 1 November 2010 the Auckland Council replaced the existing Auckland Regional Council, Auckland City Council, 

Manukau City Council, North Shore City Council, Papakura District Council, Rodney District Council, Waitakere City 
Council, Franklin District Council and any associated community boards. 
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The Auckland Regional Growth Strategy aims to manage the effects of growth by promoting compact 

urban environments to avoid spreading the effects of urbanisation over a greater area (Auckland 

Regional Growth Forum, 1999; Auckland City Council, 2003a). Redevelopment and intensification are 

preferred over infill and urban expansion (Auckland Regional Growth Forum, 1999). The promotion of 

redevelopment and intensification means the proportion of impervious to pervious surfaces in the 

Auckland Region will increase and as such improved stormwater management is critical. Already, the 

CBD is predominantly impervious with a significant portion of impervious surfaces contributed to by 

roof tops which contribute significant volumes of runoff (Figure 1-4). In residential zones, roof area still 

contributes a significant portion of the impermeable surface contributing to stormwater runoff. Roof 

runoff is likely to increase with city-wide plans for intensification and urban development. Without 

additional mitigation, increased roof runoff will cause further problems to already overloaded 

reticulation. Many commercial buildings within the CBD have the potential to be retrofit with living 

roofs, thus mitigating stormwater runoff. Likewise, opportunity for living roof installation exists in the 

residential catchments where new buildings (though redevelopment and intensification) may be more 

appropriate than retrofit application. 

 

Figure 1-4: Auckland Central Business District (Source: Google Maps 26 Jan 2011) 

NZ is currently experiencing a paradigm shift towards sustainable urban design and development. LID 

has been identified as an approach to ensure quality urban design and development while protecting 

and restoring biodiversity in urban areas (Auckland Regional Growth Forum, 2007). The former 

Auckland Regional Council (ARC) (now Auckland Council) has two documents that address the 

concept of LID. ―Technical Publication 124, The Low Impact Design Manual for the Auckland Region‖ 

(Shaver, 2000) (TP 124) presents an alternative approach to site design and development from a 

stormwater management context. ―Technical Publication 10, Stormwater Management Devices: 

Design guidelines manual‖ (Auckland Regional Council, 2003) (TP 10) provides guidelines on the 
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selection and design of structural stormwater management devices. Both documents have recently 

undergone review.  

―Landscape and Ecology Values within Stormwater Management‖ (Lewis et al., 2010a) is a review of 

ARC‘s TP 10, with specific regard to promoting values for landscape and ecology in the design of 

stormwater management devices. The document includes a general technical overview regarding soil, 

planting, and pest control for stormwater management devices and provides a table to guide habitat 

enhancement, a detailed plant schedule, and an operation and maintenance programme. 

The primary focus of TP 124 was ‗greenfield‘ (undeveloped) sites, rather than urban design and 

planning. Aspects of urban design will incorporate the redevelopment of 'brownfield' (developed) sites 

such as land previously used for industrial purposes. ―The Integration of Low Impact Design, Urban 

Design, and Urban Form‖ (Lewis et al., 2010b) combines existing approaches for LID with urban 

design and urban planning objectives for Auckland. The document discusses a variety of scales 

(regional to lot) and a range of population densities and land uses (from industrial through urban to 

rural).  

The ARC‘s objectives for managing stormwater in Auckland are to (Auckland Regional Council, 2003): 

 Match the pre-development and post-development peak flow rates for the 50%, 10%, and 1% 

Annual Exceedance Probability (AEP) rainfall events. 

 Remove 75% of total suspended sediment on a long-term average basis in order to remove many 

of the contaminants of concern, including; particulate trace metals, particulate nutrients, oil and 

grease on sediments and bacteria on sediments. 

 Maintain the physical structure of the receiving system while promoting practices that provide 

habitat conditions conducive to a healthy ecosystem in receiving environments. 

Living roof technology is suitable for retrofit in densely developed urban centres and industrial areas 

with high roof coverage where space for ground-level devices is limited. Controlling peak flow rates at 

predevelopment levels for particular design storms remains the typical regulatory design approach 

required by a stormwater engineer. Living roofs consistently reduce peak runoff rates; however, the 

overall effectiveness of a living roof is targeted at annual response and smaller frequently occurring 

(less than median volume) rainfall events rather than the larger, less frequent, events. Auckland is 

following in the footsteps of other jurisdictions who advocate and/or endorse the LID approach and 

volume control for minimizing environmental impacts from urban stormwater discharges (Puddephatt 

and Heslop, 2007; Argue, 2008; Ontario Ministry of the Environment, 2003; SCVURPP, 2006; SDPD, 

2009; Vermont Agency of Natural Resources, 2002; Western Australian Planning Commission, 2008). 

1.3.2. Contribution of roof runoff to stormwater concerns in Auckland 

Auckland City is serviced by ~258 km of combined stormwater/sanitary sewer systems (Auckland 

Water Industry, 2008; Auckland City Council, 2009). The combined sewers are progressively being 

separated into dedicated stormwater and wastewater systems. It is estimated that approximately 3 GL 
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of stormwater/wastewater overflows from the wastewater and combined systems in Auckland City on 

an annual basis (Mayhew et al., 2008). There are 227 overflow points in the combined system. In 

some areas, system overflows in low-to-moderate rain exceed 100 times per year. Auckland City 

Council‘s 10-year plan, 2009–2019, proposed an expenditure of $751 million on pipe separation over 

20 years to reduce the number of overflows to 12 per year by 2033 (Auckland City Council, 2009). 

Auckland‘s receiving waters are used for recreation and food-gathering, hence nuisance flooding and 

overflows are of particular concern. Bathing is not recommended within 48 h of ‗heavy rain‘ 

(unspecified) which triggers sewer overflows. Section 1.3.1 demonstrated roofs contribute a significant 

proportion of impervious surface area in Auckland and through intensification roof areas are only likely 

to increase. Additional growth through intensification will exacerbate existing overflows. By reducing 

runoff volumes and rates, living roofs can minimise undesirable pipe overflows, particularly in 

combined sewer networks, and where stream bank erosion is an issue (2007b; Getter et al., 2007). 

The contribution roof runoff makes to stormwater flow is dependent upon whether the roof downspouts 

are directly connected to the stormwater system (Kingett Mitchell Ltd., 2003). In a minority of Auckland 

suburbs (Ellerslie, Penrose, Onehunga, Mt Eden, Epsom, Mt Roskill and Mt Albert) reticulation is 

sparse due to the suitability of infiltration techniques (predominantly soakholes) attributable to 

Auckland‘s volcanic heritage and underlying basalt rock (Auckland City Council, 2003b). The 

remaining roofs are virtually all connected to stormwater reticulation. Much of the Auckland region is 

underlain by Waitemata geology on which ultic soils are dominant (Lewis et al., 2010a). Ultic soils 

typically exhibit yellow-brown clay subsoils, have low subsoil permeability and are highly vulnerable to 

compaction (Lewis et al., 2010a). Low permeability soils are not suitable for infiltration techniques 

suggesting that living roofs are a particularly useful LID tool in Auckland. 

Auckland stormwater discharges into varied receiving waters; from small streams to estuaries and 

exposed ocean coastlines. Sedimentation of Auckland‘s estuaries and associated heavy metal and 

organic contamination are of key concern in Auckland (Mills and Williamson, 2008). Urban 

development around the greater Auckland area has caused acceleration in the amount of sediment 

deposited in the estuaries and tidal creeks of the Waitemata Harbour, sediment is sourced from 

stream bank collapse in urbanised areas (Swales et al., 2007). Although roofs do not directly 

contribute sediment to urban runoff, by increasing runoff volume and flow rates roof runoff aids the 

erosion and transport of sediment from other sources. 

For directly connected systems, in addition to quantity and peak flow problems, roof surfaces can 

contribute to runoff contamination. Roofing material itself may contribute to runoff quality and/or land-

use activities occurring near the roof may impair roof runoff quality. Estimates of roof runoff 

contaminant loads indicate that Auckland roofs are important contributors to stormwater contaminants 

for zinc and lead, but minor contributors for total suspended solids, copper and polycyclic aromatic 

hydrocarbons (Kingett Mitchell Ltd., 2003). A review of organic chemicals identified brominated flame 

retardants, Polyvinyl chloride (PVC) used in roof sheeting and membranes, Hexane (a solvent) used in 

glues for roofing, and Ethylene-propylene rubbers and elastomers (EPDM and EPM) in roofing 

membranes as contaminants of potential environmental concern in Auckland (Aherns, 2008). 
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Examination of roof runoff within rural, residential, industrial and near high vehicle traffic areas found 

land use effects are most noticeable for zinc, copper and lead. Minor or no effects were found for pH, 

conductivity and suspended solids between different land-uses (Kingett Mitchell Ltd., 2003). In 

commercial and industrial catchments, roof run-off could account for almost all the zinc in the 

catchment stormwater. Residential catchment roof run-off contributes about 45% of the catchment 

zinc load (Timperley et al., 2005; Kingett Mitchell Ltd., 2003). 

Stormwater runoff in Auckland causes problems due to elevated runoff volumes and peak flow rates, 

but also through water quality issues. Living roofs have the potential to mitigate stormwater runoff 

volumes and flow rates directly. Living roofs have the potential to simultaneously benefit water quality 

entering Auckland‘s streams, estuaries and harbours indirectly by preventing significant volumes of 

roof runoff entering reticulation, and reducing the rate at which runoff arrives. 

1.3.3. Traditional Maori culture and ecological management 

Ecological sustainability is at the very heart of Māori development and is a concept also valued in 

many sectors of mainstream (non-indigenous) society. LID and current sustainable design principles 

share many concepts with the traditional indigenous views on the ecosystem. 

The name Māori have for themselves, as the indigenous people of Aotearoa NZ, is Tangata Whenua 

or People of the Land. Māori have a traditional relationship with the ecosystem which has developed 

over centuries of close interaction with New Zealand‘s indigenous biodiversity, it remains an important 

part of the lives of many Māori and is a source of identity (NZ Ministry for the Environment, 2000). 

Being direct descendants of Papatūānuku (the earth mother), Māori see themselves as not only ‗of the 

land‘, but ‗as the land‘. The living generations act as guardians of the land, like their tīpuna (ancestors) 

before them (Mead, 2003).  

Māori have a spiritual association with the land (Rolleston, 2005). The widely-held belief is that 

through the many phases of creation, as the world evolved, a physical and spiritual element was 

created when Ranginui (the sky father) and Papatūānuku were separated by their children. Once the 

parents were separated their children occupied and flourished in the various realms created; Tāne 

Māhuta covering the land, Tangāroa the oceans, Tūtewehiwehi the fresh water rivers and lakes, and 

Tawhirimātea the air space between their separated parents (Morgan, 2006). A consequence of the 

separation of Ranginui and Papatūānuku was that each would grieve for the other, and so rainfall is 

Nga Roimata O Ranginui (the tears of Rangi) while the wellsprings Nga Puna Tapu O Nga Atua (the 

weeping of Papa) (Morgan, 2006).  

The physical and spiritual elements evolving from the creation of the world are bound by mauri. Mauri 

is the essence or life force that provides life to all living things and the potential to support life to water 

and land; it was passed from Ranginui and Papatūānuku to their children. Mauri is central to the 

holistic view of the ecosystem held by Māori; it establishes the inter-relatedness of all living things. In 

very simplified resource management terms, mauri can be likened to the intrinsic value of ecosystems 
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or the concept that ecosystems should be preserved for their own sake, rather than for their 

instrumental or exploitable value to humankind (Durie, 1998; New Zealand Parliament, 1991; Morgan, 

2008). 

An appropriate level of tapu (sacred/restricted) is associated with water sources due to their spiritual 

origins. Particular practices must be observed to maintain the spiritual balance or mauri of the water. 

Water from rainfall and springs is considered sacred and is only suitable for human use after it has 

travelled over Papatūānuku and become noa (free from tapu/restriction) (Morgan, 2006). The basic 

premise is that water, having been used for whatever purpose, should be returned to Papatūānuku if 

the mauri of that water is not suitable for the subsequent use (Morgan, 2006). Environmental 

management regimes established in the traditional Māori protocols of tapu and noa ensure that the 

requirements of a particular water status can be observed effectively. The key to the Māori view 

towards environmental issues is the importance of not altering mauri to the extent that it is no longer 

recognisable; the essential character of a site must not be changed as a result of human intervention 

(Williams, 2006). 

Kaitiakitanga is the ethic of guardianship over the land practiced by the Tangata Whenua. The use of 

natural resources is governed and regulated through cultural lore and traditions of tapu, rāhui and noa 

(Rolleston, 2006). Kaitiakitanga is central to the traditional Māori interpretation of the term 

sustainability (Harmsworth, 2004; Morgan, 2006; Rolleston, 2006). Kaitiakitanga requires maintaining 

and enhancing the mauri of everything within the ecosystem (Morgan, 2008). Desecration of 

resources is destruction in a physical sense, but also an insult to the spiritual powers which created 

them (Morgan, 2008).  

1.3.3.1. Kaitiakitanga and living roofs 

Corroborating the traditional view that water from rainfall and springs is considered sacred, and its 

mauri must be maintained, Morgan (2006) identified that higher sustainability ratings were achieved 

for stormwater management techniques where a recycled use is associated with returning the water to 

Papatūānuku. The application of stormwater reticulation and the disposal of treated stormwater to 

water bodies rated poorly for sustainability using the Mauri Model (Morgan, 2008). From a Tangata 

Whenua perspective, an integrated holistic approach to stormwater management is required; the need 

is to reduce, recycle/ reuse or eliminate stormwater flow (Morgan, 2006). 

Living roof technology demonstrates compatibility with both current Western sustainable design 

principles (Section 1.1.1) and traditional Māori values (Section 1.3.3). Peak flow and volume control by 

living roofs help achieve LID goals to maintain a site‘s predevelopment hydrology, but also adhere to 

the ethic of kaitiakitanga. Rainwater is managed onsite rather than being piped and discharged directly 

to the receiving water body at accelerated flow rates and increased volumes. Although a living roof is 

not directly connected to the earth, the substrate is of the earth. A treatment train approach would add 

further value in meeting traditional Māori principles. For example by using an infiltration practice (e.g. 
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disconnected downspouts, swale, rain garden) any excess water from the living roof would be treated 

onsite and returned to the earth. 

Roof runoff contributes contaminants to urban stormwater runoff (Section 1.3.2). In a conventional 

stormwater management system, contaminated stormwater runoff discharges directly into the 

receiving water body, negatively affecting the mauri of the water. In contrast, living roof technology not 

only reduces the volume of water, but has the potential to treat it onsite using the substrate, in line with 

the ethic that Papatūānuku is responsible for the ultimate treatment of a pollutant. Māori values of 

guardianship aim to retain the integrity of the receiving water and surrounding environment, thus 

maintaining the mauri of the water and ecosystem as a whole.  

In addition to stormwater management benefits, a living roof provides aesthetic, amenity and 

biodiversity value, improves urban air quality and reduces the heat island effect (Section 1.2.3) further 

enhancing the mauri of what may otherwise be a stark conventional urban development. 

1.4. Research motivation 

Source control and attenuation of roof runoff by living roofs is the focus of this research. Auckland 

City, like many international cities, experiences frequent nuisance flooding and combined sewer 

overflows during rainfall events. The aging infrastructure and intensification of urban development 

mean that stormwater runoff problems will only get worse with time. The Auckland City Council 

10-year plan proposed onsite stormwater control as a method of reducing impacts of intensification 

(Auckland City Council, 2009). Living roofs provide the potential to introduce stormwater management 

in space-limited urban settings, such as Auckland, providing source control and using currently 

underutilised and often unattractive spaces.  

The current design process for conventional ground-level stormwater management devices typically 

assumes that the device is empty and full storage capacity is available to capture runoff or available 

capacity is based upon a defined drawdown period. Storage capacity is calculated based on capture 

volumes for detention structures or pore/void space for media-filled systems. Stormwater retention in a 

living roof is not as easily quantified. The engineered substrate has unique water-holding properties 

not simply explained by pore space. The shallow substrate depth limits storage capacity, and the 

effects of antecedent moisture conditions cannot be ignored.  

There is currently limited research available on stormwater mitigation by living roofs. The majority of 

studies have been completed in the Northern Hemisphere, in a wide variety of climate zones. Living 

roof function in New Zealand has not been researched. Although regulatory bodies wish to promote 

living roofs as a LID technology for stormwater management in the region, the lack of available data 

means that design guidelines cannot yet be technically founded. Thus, it is difficult to defend the 

design criteria or provide potential credits for stormwater mitigation. Uptake of the technology in NZ is 

slow due to lack of design specification, little knowledge of source materials and suppliers and a lack 

of awareness of the benefits of such a system. To remedy this, the research intent is to quantify the 
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hydrologic budget of an extensive living roof under Auckland climate conditions and using locally 

available materials. 

It is critical to quantify each part of the hydrologic budget to determine the efficiency of living roofs at 

reducing peak runoff rates and volumes. A hydrologic budget balances the inputs and outputs of water 

in the system with the change in volume of stored water. The hydrologic balance provides the 

governing equation for determining how much rainfall might be captured by a living roof at any given 

time. The equation has few terms for a living roof (Eqn. 1.1). Water inflow is only from precipitation 

(assuming the roof does not receive direct runon from other rooftop areas); outflow (or losses) is from 

roof runoff and evapotranspiration (ET). Water storage occurs in the substrate, but high permeability 

prevents surface ponding. The basic hydrologic budget equation as it applies to a living roof is: 

 R

S
P Q ET

t
 (1.1) 

Where P = precipitation, S = storage, QR = roof runoff, and ET = evapotranspiration. 

The storage component represents the potential for precipitation retention (volume control) at any 

time. Rainfall in excess of the substrate and plant storage capacity discharges from the roof as runoff. 

ET between rainfall events is the process which restores storage capacity to the system and has an 

integral role in living roof stormwater retention efficiency. Interception is currently accounted for in the 

parameter ET as moisture intercepted directly by plant foliage is returned to the atmosphere via 

evaporation from the leaf surface. Most studies to date quantify only rainfall vs. runoff, or measure ET 

in isolation. Altogether, the lack of existing information or thorough scientific investigation contributes 

to the research intent to quantify the hydrologic budget of a living roof in detail.  

1.4.1. Research objectives 

The overarching research goal is to determine if living roofs are an effective source control for 

stormwater mitigation. Five objectives investigate the research goal from different perspectives based 

upon the components of the hydrologic budget (Eqn. 1.1) to provide a comprehensive analysis of 

living roof hydrology: 

1. Quantify runoff volume and volume reduction by living roofs; 

2. Quantify peak flow rates and peak flow reduction by living roofs;  

3. Quantify water storage within the substrate of living roofs; 

4. Quantify living roof evapotranspiration rates; and 

5. Determine if common methods used to predict evapotranspiration in agricultural applications 

can be used to predict living roof evapotranspiration. 

Specific steps taken to achieve the research objectives are discussed in Section 3.1 and Section 4.1. 
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1.5. Glossary of Maori terms 

Kaitiakitanga    Ethic of guardianship practiced by Tangata Whenua  

Mauri The life force and unique personality of all things animate and 

inanimate 

Nga Puna Tapu o Nga Atua  Weeping of Papa (wellsprings) 

Nga Roimata o Ranginui  Tears of Rangi (rainfall) 

Noa Free from tapu or any other restriction, balance/ neutrality (Mead, 

2003), state of relaxed access (Harmsworth, 2004), sanction 

(Rolleston, 2006) or profane (Morgan, 2006) 

Rāhui Ritual prohibition either placed on a place, or part of a river, part of a 

foreshore or on certain resources 

Ranginui    Rangi the sky father 

Tangata Whenua People of the Land with authority over that place (New Zealand 

Māori) 

Tapu State of being set apart (Mead, 2003), sacred restriction or regulation 

(Harmsworth, 2004) or Sacred (Morgan, 2006) 

Tīpuna    Ancestors 

Papatūānuku   Papa the earth mother 
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Chapter 2. Literature review 

 

It is critical to be able to quantify each portion of the hydrologic budget accurately to determine the 

effectiveness of living roofs as LID stormwater management devices. Literature to date has 

predominantly discussed either rainfall vs. runoff, or evapotranspiration. For clarity, the literature 

review has been split into two sections representing the two major bodies of research: 

1. Rainfall vs. runoff: analysis within the literature often takes a black-box type approach to living 

roof hydrology, discussing retention only in terms of rainfall and runoff. The other components 

of the hydrologic budget (Eqn. 1.1), namely storage and evapotranspiration, are not discussed 

specifically. The combined effects are presented by discussing living roof efficiency as a 

stormwater management tool for peak flow reduction, volume reduction and changes to 

hydrograph timing. 

2. Evapotranspiration: this section of the literature review defines the processes of evaporation 

and transpiration, introduces methods for modelling evapotranspiration (ET) then discusses 

the literature pertaining to ET research in the field of living roofs designed for stormwater 

management. After introducing ET, the section is split into four parts: Part 1 discusses 

measured rates from living roofs; Part 2 presents modelled rates from living roofs; Part 3 

discusses the agriculturally based models commonly used to predict evapotranspiration; and 

Part 4 presents the models that may be most appropriate for estimating living roof 

evapotranspiration. 

2.1. Rainfall vs. runoff 

Living roof runoff is discussed in comparison to runoff from conventional roof surfaces. Two key runoff 

performance measures reported in terms of stormwater management are volume and peak flow rate. 

Living roofs have the ability to mitigate both of these indicators in addition to reducing the frequency of 

runoff occurrence. Volume control is of significance as stormwater engineers plan to prevent or 

minimise nuisance flooding and overflows from runoff volumes overloading stormwater and combined 

sewer reticulation. Peak flow control is the primary water quantity objective of treatment devices in the 

Auckland Region (Auckland Regional Council, 2003) and is of significance for stream bank erosion in 

addition to stormwater and combined sewer overflows and nuisance flooding. The runoff hydrograph is 

also discussed in terms of runoff lag and duration. Living roofs can aid in restoring the runoff 

hydrograph from a developed site to a shape more representative of the pre-development hydrograph 

from a vegetated site by delaying the onset of runoff, delaying peak runoff and extending the duration 

of the hydrograph. 
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2.1.1. Volume of runoff 

Traditional roof surfaces are designed within the conventional stormwater paradigm. Rainfall is 

effectively and efficiently diverted to collection points and removed from the rooftop, then directly 

connected to the stormwater network, discharged to the street, or increasingly into an infiltrating 

device, e.g., rain gardens or swales (Dunnett and Clayden, 2007). Even though conventional roof 

surfaces are 100% impervious there is not 100% runoff. All surfaces have depression storage where 

initial abstractions (losses) of rainfall occur before runoff commences, particularly on rougher surfaces 

such as asphalt and gravel ballast roofs and near-flat roofs. Some rainfall evaporates from roof 

surfaces over time as depression storage is depleted. Based on the literature, from 62% to 91% of 

rainfall becomes runoff from conventional asphalt and gravel ballast rooftops (Mentens et al., 2006; 

Berghage et al., 2009; VanWoert et al., 2005a).  

Field monitoring of full scale (field installation) extensive living roofs show a substantial contribution to 

site runoff volume control with 49–80% of precipitation retained over extended periods of data 

collection (Hutchinson et al., 2003; Moran et al., 2005; Villarreal and Bengtsson, 2005; Mentens et al., 

2006; Berghage et al., 2009; Carter and Rasmussen, 2006; Monterusso et al., 2004; Getter et al., 

2007). Shorter duration studies (<6 months) tended to report lower precipitation retention (DeNardo et 

al., 2005; Liu, 2003; Moran et al., 2005; Villarreal, 2007; Monterusso et al., 2004). Lower reported 

retention is likely a function of the algorithm used to calculate %-reduction; fewer rainfall events were 

captured (less depth) and a single large event had greater potential to skew the overall reduction. 

Villarreal (2007) found that lower retention volumes were observed for experiments with constant rain 

intensity (i.e. simulated rainfall) than rain events with variable intensity (i.e. natural rainfall): 20–29% 

retention compared to 34–52% retention respectively. Modelling studies predict 45–55% annual runoff 

retention (US Environmental Protection Agency, 2000; Berghage et al., 2007b). 

In addition to climate variability, one of the reasons for the relatively wide retention range reported is 

that there is very little consistency internationally in living roof design. The multiple layers and 

vegetation that cover the roof have, in many cases, very few similarities (Theodosiou, 2009). 

Variability is associated with water retention cells and fabrics, and roof slope (VanWoert et al., 2005a; 

Villarreal and Bengtsson, 2005; Getter et al., 2007; Moran et al., 2005). Water retention fabrics and 

cells increase retention, but the effect of roof slope has not yet been firmly established in the literature. 

The FLL (2008) states that as the gradient increases so does the runoff rate of the roof. Several 

German studies cited by Getter et al. (2007) and Mentens et al. (2006) did not identify slope as a 

significant factor, which is contrary to results from other studies (VanWoert et al., 2005a; Villarreal and 

Bengtsson, 2005; Getter et al., 2007). Villarreal and Bengtsson (2005) confirm that although slope 

does not affect the shape of the unit hydrograph, for a given rainfall event retention decreases as 

slope increases. Also, for a specific slope retention is greatest for low intensity events (Villarreal and 

Bengtsson, 2005). VanWoert et al. (2005a) indicate that for comparable stormwater retention, 

increased roof slope is not necessarily offset by increasing media depth. Conversely Uhl and Schiedt 

(2008) comment that although steeply sloped roofs (26.8%) tend to increase runoff in minor order, the 



Chapter 2: Literature review 

 – 23 – Emily A. Voyde 

layer depth dominates the retention effect. It has been shown that living roof performance 

progressively decreases during a rainfall event time series; retention appears to be dependent upon 

antecedent moisture conditions in the substrate (Stovin, 2010; Voyde et al., 2010a; Uhl and Schiedt, 

2008; Getter et al., 2007). 

Regardless of the ranges reported across various climates and locations, volume reduction is an 

undeniable stormwater management benefit provided by living roofs. Water quality will indirectly 

benefit through reduced volume of stormwater discharged (mass of contaminant = volume of 

water x concentration) and reduced stream bank erosion. In addition, the nature of runoff volume 

reduction by a living roof means the frequency of runoff is reduced. The frequency of runoff from an 

urban catchment has been identified as a key contributor to stream ecosystem degradation (Walsh et 

al., 2005; Walsh et al., 2009). With no runoff, erosion cannot occur and contaminants of concern 

cannot be transported within the receiving environment.  

When living roof runoff does occur, runoff quality can vary substantially due to differences in substrate 

composition, maintenance regularity, and fertiliser use (Berndtsson, 2010). For example, based on the 

source and stability of the substrate‘s organic component and fertiliser use, living roofs may be a 

source of nutrients. Although runoff volumes and frequency of discharge are reduced, unstable 

substrate with a high organic content has considerable leaching potential. These factors combined 

may result in low runoff volumes with high contaminant (in this case, nutrient) concentrations. If the 

living roof discharges to a sensitive receiving environment, such as a small biologically diverse stream, 

it will be essential to consider water quality in the design process. High contaminant concentrations 

can result in shock loading, to the detriment of the stream‘s ecology. With high contaminant 

concentrations and low flow volumes, the mass loading and subsequent cumulative loading to the 

receiving water can range from low to high. It is therefore important to consider both concentration and 

mass loading of contaminants in living roof runoff quality. It may be necessary to add another 

component, such as a rain garden, in a treatment train approach to specifically treat living roof runoff 

quality before release to the receiving environment. 

2.1.2. Peak runoff flow rates 

The rational method (Mulvaney, 1851) is a common method for calculating peak runoff from a small 

catchment such as a roof top. Peak discharge is related to rainfall intensity using a non-dimensional 

runoff coefficient calculated as runoff depth/rainfall depth (Eqn. 2.1). The rational method is: 

 Q CiA  (2.1) 

Where Q = peak discharge, C = rational method runoff coefficient, i = mean rainfall intensity, and 

A = catchment area. The runoff coefficient accounts for the integrated effects of rainfall interception, 

infiltration, surface depression storage, and temporary storage in transit on the peak rate of runoff. The 

accepted range of values for roofs (excluding living roofs) is 0.75 to 0.95 (Bedient and Huber, 2002; 
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American Society of Civil Engineers, 1992; Viessman and Lewis, 2003). As with runoff volume, the 

runoff peak flow rate will not be 100% of the rainfall intensity, but will be the major proportion of it. 

Hutchinson et al. (2003) report >80% peak flow reduction per event for four representative events over 

a 15-month period from a Portland (Oregon) extensive living roof, and comment that even when 

saturated, the living roof attenuates the peaks of the largest winter storms. Although Hutchinson et al. 

(2003) use the term ‗saturated‘, it is likely that the substrate is in fact at field capacity, not all of the 

pores will be filled with water as living roof substrates are free draining by design. Moran et al. (2005) 

measured 87% and 57% average peak reduction compared to peak rainfall for two sites in North 

Carolina, with the greater reduction likely due to more events being monitored (67 events vs. 13 

events, respectively). DeNardo et al. (2005) present an average peak flow reduction of 44%. The 

relatively low reduction is likely due to the fact that only seven events were monitored and of these, 

four were large events (>20 mm depth). Berghage et al. (2007b) cite German studies reporting ~50% 

peak flow reduction. Uhl and Schiedt (2008) recorded peak flow reductions from 50–84% when 

compared to a membrane covered roof. Villarreal and Bengtsson (2005) indicate there are continuing 

abstractions for the duration of the runoff hydrograph from a living roof, implying unit runoff rate is less 

than rainfall intensity at any given time. A later report documents 31–65% peak reduction for synthetic 

rainfall events designed to recreate both natural rainfall events and design storms. Improved peak flow 

reduction is attributed to the variation in rainfall intensity (Villarreal, 2007). A slight (up to 5%) increase 

in peak flow rates for synthetic events with constant rainfall intensity (0.8, 0.97 and 1.0 mm·min
-1

) was 

attributed to observed surface runoff; the infiltration capacity of the living roof was overwhelmed 

(Villarreal, 2007). Berghage et al. (2009) report peak flow reduction was most effective on 

Pennsylvania living roofs when there was at least one antecedent dry day. They comment that peak 

attenuation is subject to season, seasonal rainfall pattern and antecedent dry conditions (Berghage et 

al., 2009). Uhl and Schiedt (2008) could not identify dominant individual factors for peak runoff 

reduction, substrate depth did not influence runoff reduction substantially and even 50 mm depth 

systems reduced peak runoff considerably.  

Palla et al. (2008) modelled living roof hydrology at a catchment scale using the EPA Storm Water 

Management Model (SWMM) (Huber and Dickinson, 1992). Within SWMM, the living roof was 

described as an aquifer as thick as the substrate depth, with the water table set at the bottom 

elevation. The model was calibrated and validated using a small scale living roof in the laboratory with 

substrate depth of 120 mm (Palla et al., 2008). Runoff was modelled based on 17 years of rainfall data 

from Genoa, Italy with rainfall events ranging in size from <1 mm to 340 mm. However, only 16% of all 

rainfall events were >25 mm depth. When all roofs were vegetated, mean peak flow reduction ranged 

from 76% for rain events 0–1 mm to 27% for rain events 25–400 mm. When 20% of available roof 

space was vegetated peak runoff was reduced 11–14%, and when 10% of roof space was vegetated 

peak runoff was reduced 5–6%. Peak flow reduction was dependant on the size of the rainfall event 

(Palla et al., 2008). 

As with rainfall retention, a wide range of peak flow reduction efficiencies have been reported, likely in 

response to variation in climate and living roof design between studies. Regardless, the 31–87% peak 
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flow reduction reported in literature from an individual living roof is a significant and undeniable benefit 

(Uhl and Schiedt, 2008; Villarreal, 2007; Berghage et al., 2007b; DeNardo et al., 2005; Moran et al., 

2005; Hutchinson et al., 2003). Even when expanded to a catchment scale, peak flow reduction is a 

clear stormwater mitigation benefit provided by living roofs that increased with the proportion of roof 

vegetated. 

2.1.3. Runoff lag and duration 

The hydraulic efficiency of conventional stormwater systems mean the runoff time of concentration, or 

time for a water molecule to travel from the hydraulically most distant point of a catchment to the 

outlet, is very short. ARC Guidelines for Stormwater Runoff Modelling assume a time to peak runoff 

flow that is two-thirds the time of concentration with a minimum time of concentration of 10 min 

(Auckland Regional Council, 1999). The time to peak flow is very rapid. The combined effect of 

multiple rooftops in a dense urban environment discharging at approximately the same time to the 

stormwater network is the mechanism responsible for stormwater/ combined sewer overflows, 

nuisance flooding and erosion associated with high stream velocities. 

Several extensive living roof studies reported significant time lags for living roof runoff, considering 

either delay in the onset of runoff, time to peak, and/or extended hydrograph duration (Carter and 

Rasmussen, 2006; DeNardo et al., 2005; VanWoert et al., 2005a; Moran and Hunt, 2005; Liu, 2003; 

Getter et al., 2007). Liu (2003) identified a wide range in delay of time to peak from a 36 m
2
 living roof, 

4 min delay was exhibited for a heavy rainfall event while 95 min delay was exhibited for a light rainfall 

event. Moran et al. (2005) identified that 90% of observed rain events experienced time to peak delays 

in runoff and 60% of the rain events demonstrated a minimum of 30 min delay from a 70 m
2
 living roof. 

Carter and Rasmussen (2006) commented that delays varied from storm to storm, but average time to 

peak for a 42.6 m
2
 living roof was 34.9 min. Median time to peak was 23.1 min. DeNardo et al. (2005) 

recorded longer delays in peak runoff with an average of 2 h delay (range of 0–3 h) from a 4.3 m
2
 

living roof. Berghage et al. (2009) concluded living roofs were most effective at delaying peak flows 

when not saturated. 

Delay in runoff initiation was 55 min during light rain events (<2 mm) and 15 min during both medium 

and heavy rainfall events (≥2 mm) from 1.6 m
2
 test plots (VanWoert et al., 2005a). DeNardo et al. 

(2005) recorded greater delays in runoff initiation with average delay of 5.7 h (range of 1–18 h). 

VanWoert et al. (2005a) make the distinction that time lags are observed only for heavy rainfall events 

(>6 mm), as most smaller storms do not produce runoff. The effect of roof slope and media depth on 

runoff delay is minimal for events >2 mm (VanWoert et al., 2005a). Conversely, Getter et al. (2007) 

claimed initial runoff delay was minimal for all slopes tested in experimental roof platforms but slopes 

tested were steeper than previous studies. 

Getter et al. (2007) comment that runoff was spread out over time. Final runoff after rainfall stopped 

lasted 4 h 20 min, 10 h 45 min, and 13 h 45 min for light, medium, and heavy rain events, respectively 
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(Getter et al., 2007). Likewise, VanWoert (2005a) found that the last measured runoff was recorded 

nearly 3 h after the rain event ended during a heavy rainfall event.  

Delay in time to peak, delay in runoff initiation and extended hydrograph duration have all been 

exhibited in field data, but significant variation in response has been established between studies and 

for different rainfall events. The location of a living roof within a catchment will influence the magnitude 

of stormwater mitigation. As with many LID practices, stormwater benefit will be greatest if the device 

is located in the headwaters. A living roof located in the lower catchment will provide significant benefit 

by retaining water. In contrast if water is detained, not removed from the system completely but 

instead delayed in release, then there is the potential to exacerbate the impacts of a rainfall event. 

Detained water may arrive at the discharge point (in the pipes or streams) at the same time as water 

arriving from further up the catchment, thus potentially exacerbating peak flows and volumes later in 

the storm hydrograph. Regardless, living roofs have been shown to reduce both peak flows and 

volumes of water, so even detained roof runoff will be of lesser concern than runoff from a 

conventional hydraulically efficient rooftop. 

2.1.4. Summary 

The runoff hydrograph from a living roof is closer in shape to a predevelopment hydrograph (from 

vegetated land uses) than the typical post development curve; the living roof thus assists achieving 

LID goals (Figure 1-1) by reducing runoff volume and peak flow rates, delaying runoff initiation and 

extending runoff duration. 

Volume and peak flow reduction mean living roofs reduce pressure on stormwater reticulation to 

reduce nuisance flooding and minimise the erosion potential of runoff entering streams (2007b; Getter 

et al., 2007). The location of a living roof within the catchment will influence the effectiveness of overall 

stormwater mitigation. Water quality will indirectly benefit through reduced volume of stormwater 

discharged and reduced stream bank erosion. In addition, the nature of runoff volume reduction by a 

living roof means the frequency of runoff is reduced. Even when runoff occurs, sediment acting to 

transport other contaminants of concern will be less mobile in living roof runoff regimes. However, 

wide variation in runoff quality from living roofs has been identified. As a result, it is important to 

consider the sensitivity of the receiving water to contaminants in living roof design and placement. It 

may be necessary to add another component, such as a rain garden, in a treatment train approach to 

specifically treat living roof runoff quality before release to the receiving environment. 

Peak flow control is a key benefit to quantify in Auckland where the number of overflows from 

combined sewers and stormwater reticulation into the receiving streams, estuaries and harbours is a 

key environmental indicator. Auckland‘s water bodies are extensively used for recreational activities 

and food gathering. Significant investment is going into separating combined sewers and providing 

increased wet-weather capacity in hard infrastructure in Auckland. However, living roofs may offer an 

alternative solution. Cities as diverse as Berlin (Germany), Tokyo (Japan), London, Sheffield 
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(England), Toronto, Seattle (Canada), Portland, and Washington DC (USA), are promoting living roofs 

for stormwater mitigation (Carter and Fowler, 2008; Bamfield and Fox-Davies, 2007).  

The benefits of living roofs for stormwater mitigation have been proven in the existing international 

literature; however, monitoring results cannot easily be directly transferred into other climatic regions. 

Likewise, international research programs often use living roof components unavailable in NZ. For the 

purpose of practical implementation, NZ-specific data is required to calculate local stormwater 

attenuation, peak flow reductions, and hydrograph timing. NZ-specific hydrology data will also identify 

if locally sourced living roof components (such as substrate combinations) provide satisfactory 

stormwater mitigation results when compared with products used internationally. Furthermore, due to 

the inability to directly transfer living roof hydrological results between climate regions, additional 

research is required to include other components of the water balance (namely evapotranspiration and 

substrate moisture) in order to support process based models to allow for modelling of living roof 

response in different regions. 

2.2. Evapotranspiration 

Evaporation (E) is the process responsible for the transfer of soil-water to the atmosphere from a bare 

soil or wet surface. In the process of evaporation from bare soil, loss of water from the soil surface 

establishes a gradient of water potential which drives water towards the surface from deeper, wetter 

layers. This process does not continue indefinitely because the hydraulic conductivity of soil 

decreases as it dries. It usually takes only a few days before the rate of evaporation becomes limited 

by the upward diffusion of liquid water towards the surface (Monteith, 1981). The rate of conductivity is 

impacted by soil texture, the larger the size of the conducting pores, the greater the hydraulic 

conductivity (Hillel, 1971).  

Transpiration is the principal mechanism of soil-water transfer to the atmosphere when the soil surface 

is covered with vegetation; it is caused by the vapour pressure gradient between the leaves and the 

atmosphere. Growing vegetation requires water to sustain life but only a small fraction of the water is 

retained within the plant structure (Jensen et al., 1990). In actively growing plants a large proportion 

passes through the roots to the stem and is transpired into the atmosphere through the leafy part of 

the plant (Wilson, 1990). The process of transpiration is controlled by the opening and closing of 

stomatal pores and vapour pressure gradient. In response to light, most plants open stomata and 

water vapour escapes from within the leaf, but the degree of opening is reduced when the supply of 

water is restricted or when the temperature of a leaf is too high or low. When stomata are closed, 

leaves continue to lose water much more slowly through the cuticle (Monteith, 1981). Transpiration 

rates are effected by factors such as plant type, variety, density, and the stage of growth (Shaw, 1994; 

Wilson, 1990). 

Plant metabolic processes substantially affect transpiration rates. With regards to living roofs, there 

are two metabolisms of particular interest; C3 and Crassulacean Acid Metabolism (CAM). C3 

metabolism plants must open stomata during the day to access carbon dioxide for photosynthesis, 
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and thus release water. In hot dry conditions, C3 plants will continue to lose water during the day 

potentially accelerating their decline in health when water supply becomes limited. CAM plants have 

the capacity to store carbon dioxide in plant tissues, allowing them to close stomata during the day to 

conserve water and instead open stomata at night, to extract carbon dioxide when temperatures are 

generally cooler (and water losses reduced). This increases plant drought tolerance, hence making 

them ideally suited for extensive living roofs which have low substrate moisture storage. More than 

95% of all plant species globally utilise the C3 plant metabolism, only 3–4% can be characterised as 

utilising CAM (Center for the Study of Carbon Dioxide and Global Change, 2009). Sedums, a species 

used extensively on living roofs internationally, are generally thought to be CAM plants (Snodgrass 

and Snodgrass, 2006; Black and Osmond, 2003; Lee and Kim., 1994). Sayed (2001) identifies 26 

sedum species as inducible CAM plants under drought conditions. Inducible CAM means sedums are 

C3 plants with the ability to switch their carbon metabolism to CAM in stressful environmental 

conditions such as drought (Gurevitch et al., 1986; Ting, 1985; Sayed, 2001; Lee and Kim., 1994). 

It is often difficult to separate the processes of evaporation and transpiration thus they are generally 

described using the combined term evapotranspiration (Hillel, 1971). The rate of evapotranspiration 

(ET) from a wet surface or from a leaf depends on four weather parameters: net heat from external 

sources (usually radiation), temperature, humidity, and wind speed (Shaw, 1994; Wilson, 1990; 

Monteith, 1965; Hillel, 1971). When resistance within the leaf is constant, ET increases linearly with 

radiation, saturation deficit and air temperature (when radiation and saturation deficit are constant) 

(Monteith, 1965). The saturation deficit is an indicator of the actual evaporative capacity of the air and 

is the difference between the saturation and actual vapour pressure (Allen et al., 1998). When the air 

is not saturated, the actual vapour pressure will be lower than the saturation vapour pressure. The 

variation of ET with wind speed is more complex, dependent on relative changes of surface 

temperature and the rate of heat exchange of air with the surface. In a simplified explanation, elevated 

wind speeds increase the rate of exchange of air with the surface leading to increased ET rates 

(Monteith, 1965). Wind provides the mechanism to transport the vapour away (Hillel, 1971). Moisture 

availability also plays a significant role in limiting ET rates (Monteith, 1981). Rapid ET requires a 

supply of heat and water movement within the plant to prevent the desiccation of leaf tissue, if water is 

not able to get to the leaves fast enough the plant may wilt (Monteith, 1965; Hillel, 1971). 

Vegetation also contributes to evaporation through interception. Rainfall is captured on the leaf 

surface (intercepted) and returned to the atmosphere via direct evaporation; water intercepted never 

reaches the surface of the ground. Antecedent climate conditions influence the contribution of 

vegetation to rainfall retention capacity. The canopy has a finite capacity for interception; the first 

rainfall event (or heavy fog) will fill the interception capacity. Interception storage will be recovered 

once the stored water evaporates. ET from wet foliage proceeds at least four times faster than from 

the same foliage when dry (Monteith, 1981). Both interception and ET are affected by plant species 

and condition; they depend on plant vigour, leaf shape and density, and extent of coverage (Berghage 

et al., 2007b; Voyde et al., 2010b). In addition to dependence on plant architecture, interception varies 



Chapter 2: Literature review 

 – 29 – Emily A. Voyde 

in relation to rainfall intensity and raindrop size (Dunkerley, 2008). It cannot be defined as a single 

constant value. 

Current living roof studies analyse living roofs as black-box systems and tend to present stormwater 

management results as %-reductions in runoff volume and peak flow. Living roof results are compared 

to either rainfall or runoff from a ‗control‘ conventional roof or modelled conventional roof with specified 

runoff coefficient. From a stormwater management perspective it is important to quantify ET from a 

living roof as it is the mechanism by which rainfall retention storage capacity is recovered by the 

system between rainfall events. In the living roof context, ET also contributes to microclimate 

amelioration (cooling the air above the roof) and carbon sequestration (DiGiovanni et al., 2010; Getter 

et al., 2009), two benefits which are not of primary concern for this research, but which provide 

additional motivation behind quantifying ET rates from living roofs. Cooler air above living roofs is a 

primary mechanism for energy saving gained by reducing air conditioning loads (Meier, 1990; 

Castleton et al., 2010; Sailor, 2008; Del Barrio, 1998). 

2.2.1. Measuring and predicting evapotranspiration in agriculture 

Due to the wide range of potential influences on ET, a variety of methods have been used to measure 

or estimate/predict ET. Associated with the variety in methods is an even greater variety of data or 

equipment requirements. 

Direct measurement of ET is the most accurate method, but can only be achieved using a lysimeter 

which involves significant investment and additional expenses for maintenance (Meissner et al., 2008; 

Allen et al., 1998). A lysimeter is a tank filled with soil in which crops are grown under natural 

conditions to measure the amount of water lost to ET (Jensen et al., 1990). Soil conditions inside the 

lysimeter must be the same as those outside and the lysimeter must be surrounded by the same crop 

as is growing within the lysimeter (Allen et al., 1998). Lysimeters can be grouped into three categories: 

non-weighing, constant water table type; non-weighing, percolation type; and weighing type. Weighing 

lysimeters provide the most accurate data for short time periods (Jensen et al., 1990). Potential 

sources of error with lysimeters are oasis and clothesline effects (Wegehenkel et al., 2008; Allen et al., 

1998), preferential-flow paths at the walls of the lysimeter cylinders due to an insufficient fit of soil 

monoliths inside the lysimeters, and the influence of the lower boundary conditions on the outflow 

rates (Wegehenkel et al., 2008). Noise can be introduced to lysimeter results due to the effect of wind 

(Vaughan and Ayars, 2009). The clothesline effect is where vegetation height is greater than that of 

the surroundings (different roughness conditions), and the oasis effect is where vegetation has higher 

soil water availability than the surroundings (different moisture conditions) (Allen et al., 1998). Practical 

application of lysimeters for measuring living roof ET is restricted due to the lack of available depth on 

a roof top. Monitoring equipment tends to be located underneath the lysimeter. With a shallow 

substrate layer, for a truly accurate lysimeter installation, it is difficult and in some cases not possible 

to set the lysimeter surface flush with the surrounding living roof surface. 
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ET under field conditions can be determined indirectly using a complete water balance approach. 

When all but one parameter is known, it is relatively simple to calculate the missing parameter. 

Rearranging Eqn. 1.1 gives:  

 R

S
ET P Q

t
 (2.2) 

Rainfall, runoff and storage may be measured using sampling equipment, including rain gauges, weir 

and pressure transducer configurations for measuring flow and soil moisture probes. Indirect 

assessment is most accurate when continuous, accurate flow measurement is achieved.  

Predictive methods for estimating ET can be roughly divided into three categories: temperature based 

equations, energy balance methods and combination equations. Temperature based equations 

provide one of the simplest means of calculating ET as the methods do not require significant amounts 

of data. One of the main drawbacks for using temperature based equations is the lag of air 

temperature data relative to solar or net radiation (Jensen et al., 1990). These methods are 

recommended for use only when temperature data is the only measured weather data available, 

empiricism involved in any ET prediction using a single weather factor is high (Doorenbos and Pruitt, 

1977). Temperature methods require local or regional calibration to produce reliable estimates 

(Jensen et al., 1990). 

Energy balance methods can be used for hourly or shorter time steps, especially during daylight 

hours. Accurate night-time values are difficult to obtain because methods rely on average gradients 

determined above the canopy, and these are much less significant at night. However, input data 

accuracy requirements are very high (Jensen et al., 1990). Combination equations may also be called 

energy balance-aerodynamic equations and provide the most accurate estimates because they are 

based on physical laws and rational relationships. 

Current predictive ET methods are used primarily in agriculture where the evaporating surfaces are 

vast, relatively homogeneous, and irrigated crops or pastures. Soil depth tends to be significantly 

greater in crops and pastures (roots explore at least the ploughing depth of 200 to 300 mm) than 

extensive living roof substrates (typically 50 to 150 mm depth). Crop species are generally not 

moisture conservative. By necessity, living roof plants must be adapted to drought and less nutrient-

reliant than plants found in agricultural environments (Jensen et al., 1990; Wilson, 1990; Snodgrass 

and Snodgrass, 2006). Plants that are less nutrient-reliant tend to have smaller, thicker leaves and 

slower growth rates. In combination, this means they have a lower evaporative demand. Living roofs 

designed for stormwater mitigation tend not to be irrigated, in order to preserve the storage capacity 

available within the substrate. In direct contrast, irrigation is essential in agricultural applications and is 

one of the drivers behind ET estimation to determine frequency of irrigation required. 

Predictive ET equations are typically based on any number of climatological parameters, common 

examples are: temperature, relative humidity (RH), wind speed, and solar radiation. Each method 
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uses different combinations with varying degrees of accuracy. For added complexity, the methods 

often use different means of describing ET: 

 Potential Evaporation (PE): The rate of evaporation from an open water surface (also called 

open pan evaporation).  

 Potential Evapotranspiration (PET): The rate at which water, if readily available, would be 

removed from wet soil and plant surfaces. 

 Actual Evapotranspiration (AET): The rate at which water is removed from soil and plant 

surfaces as influenced by water availability. 

 Reference Evapotranspiration (ET0): Potential evapotranspiration when not limited by water 

availability for an arbitrarily standardised and clearly defined reference crop (generally grass 

or alfalfa). 

 Crop Evapotranspiration (ETC): Potential evaporation from a certain crop (plant species) at a 

particular growth stage can be calculated by multiplying a crop factor (KC) and the reference 

evapotranspiration (ET0). 

Many current methods of estimating ETC use a two step process known as the crop-coefficient – 

reference evapotranspiration (KCET0) procedure (Itenfisu et al., 2003). First an estimate of ET0 for a 

reference crop is made using one of the many reference PET equations. Two standardised reference 

surfaces are prevalent in the literature, one representing a short crop (grass) and one representing a 

tall crop (alfalfa) (Ventura et al., 1999). ET0 for grass is defined as the ET from a broad expanse of 

0.08–0.15 m tall grass of uniform height, actively growing, completely shading the ground and when 

ET is not limited by soil water content (Jensen et al., 1990; Wilson, 1990). Allen et al. (1998) describe 

the reference surface more specifically as a hypothetical 0.12 m tall grass reference crop with a fixed 

surface resistance of 70 sm
-1

 and an albedo (reflection coefficient) of 0.23 for use with the Food and 

Agriculture Organisation of the United Nations Irrigation and Drainage Paper #56 Penman-Monteith 

method (FAO-56 PM). Wright and Jensen (1972) describe the alfalfa reference crop as actively 

growing alfalfa at least 0.20 m tall approaching the maximum possible ET for farm crops in (irrigated) 

arid regions where there is advective
3
 sensible heat input from the air. Advection can be important in 

arid regions where irrigated fields are often surrounded by an expanse of dry land; warm incoming air 

transfers heat down onto the crop (Hillel, 1971). Allen et al. (1998) add that densely planted crops 

such as alfalfa and clover reach effective full cover at about 0.3–0.4 m height. ET0 is multiplied by a 

crop coefficient (KC) which accounts for differences between the reference species and the crop to 

produce an estimate of ETC (Jensen et al., 1990).  

ET0 represents the evaporative demand determined by the meteorological conditions and a standard 

crop surface. KC indicates the relative ability of the specific crop (and stage of growth) and soil surface 

to meet that demand (under well-watered conditions). The distribution of the crop coefficient during 

each crop‘s growing cycle is called a ―crop curve‖ and is currently determined empirically (Jensen et 

al., 1990). Crop coefficients represent the integrated effects of changes in leaf area, plant height, 

                                                             
3Advection is the change of an atmospheric property caused by the horizontal movement of air. 
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degree of cover, canopy resistances, and albedo on ET relative to the reference crop (Lazzarin et al., 

2005). Crop coefficients can be determined as the ratio of the measured value of ETC against the 

calculated value of ET0; KC = ETC/ET0 (Itenfisu et al., 2003).  

A report by NZ Meteorological Service (1986) provides crop coefficients for two conditions: high 

humidity (RHmin = 70%) and low wind speed (<5 m·s-1) and under low humidity (RHmin = 20%) and high 

wind speed (>5 m·s-1) using pasture as the reference crop with KC = 1.0. For the total growing period 

in most crops, the KC value is from 0.85 to 0.9 for the two conditions but it varies with the development 

stage of the crop; lowest in the initial stage with a peak mid- to late-season dropping slightly until 

harvest. Crop coefficients assume, 

“disease free crops grown in large fields under optimum soil water and fertility conditions and 

achieving full production potential under the given growing environment” (NZ Meteorological 

Service, 1986). 

The NZ Meteorological Service presents monthly total PET data for Auckland City, calculated using 

the Penman equation (NZ Meteorological Service, 1986). Average annual daily ET is 3.1 mm·d-1. 

When split into seasons, summer, autumn, winter and spring PET rates are given as 5.1, 2.5, 1.3 and 

3.5 mm·d-1. 

Numerous equations can be used to calculate ET0, resulting in some confusion as to the appropriate 

equation to apply to a particular climate and region. In addition, the values for crop coefficients are 

often tied to both the reference surface (grass versus alfalfa) and the particular equation used to 

calculate reference ET. Consequently, transfer of crop coefficients from one region to another requires 

a consistent approach to calculating ET0 and taking into account the specific conditions under which 

crop coefficients and ET equations have been derived (Jensen et al., 1990). 

2.2.2. Models suitable for estimating living roof evapotranspiration 

Where ET cannot be measured, either directly or indirectly, it is necessary to predict ET using models. 

The purpose of investigating multiple ET models is to determine which methods, if any, are 

transferable from an agricultural setting to a living roof environment. Living roof research for 

stormwater management requires climatic sampling over daily and sub-daily time periods. This 

immediately eliminates some ET estimation methods. Jensen et al. (1990) recommended minimum 

time periods for calculating ET based upon the time periods used to derive each method’s 

corresponding coefficients in the ASCE manual, “Evapotranspiration and Irrigation Water 

Requirements” (Jensen et al., 1990). Results are summarized in Table 2-1. All methods presented in 

the table are combination equations.  
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Table 2-1: Recommended ET estimation methods for use with a time frame of daily or less (Recreated 
using data from tables in Jensen et al.(1990)) 

ET Model Minimum 
Time Period 

Type of 
Estimate 

Conditions of  
Equation Suitability Principal Reference 

Penman (1963) Daily PET 

Short green crop completely 
shading the ground and never 
short of water. Variety of wind 

functions presented. 

(Penman, 1963) 

Kimberly-Penman Daily ET0 (Alfalfa) 
Full cover alfalfa at Kimberley, 
Idaho. Variety of wind functions 

produced. 

(Wright and Jensen, 
1972) 

(Wright, 1982) 

FAO-24 Penman* Daily ET0 (Grass) 8-15 cm grass reference at 
various international locations. 

(Doorenbos and Pruitt, 
1977) 

1st edition published 1975 
also referenced. 

Penman-Monteith Hourly or 
Daily 

PET reference 
(Alfalfa and 

Grass) 

Reference type is dependent on 
surface roughness and canopy or 
bulk stomatal resistances used. 

(Monteith, 1965) 
(Allen, 1986) 

(Allen et al., 1989) 

*FAO-24 refers to Food and Agriculture Organisation of the United Nations Irrigation and Drainage Paper #24 

 

The analysis by Jensen et al. (1990) also ranked the methods most suitable for estimating daily ET for 

agricultural irrigation purposes. Although this is a very different environment to that of a living roof, the 

study nonetheless provides valuable information into the potential methods available for calculating 

ET. The models presented will provide a good starting point, if not solution, to estimating living roof 

ET. Thirteen methods were compared with lysimeter readings at eleven international sites. Methods 

included those recommended for daily ET calculation in the original publications and those widely 

used for daily ET estimates within the irrigation profession. The top four methods, from lowest to 

highest standard error of estimate (SEE, presented in brackets) (Jensen et al., 1990) are listed below: 

1. Penman-Monteith (0.74 mm·d-1) 

2. 1982 Kimberly-Penman (0.85 mm·d-1)  

3. FAO-24 Blaney-Criddle (0.87 mm·d-1) 

4. Penman (1963) (0.88 mm·d-1)  

Two other methods are commonly used in practice: the FAO-24 Penman equation and the Hargreaves 

equation. Jensen et al. (1990) ranked the FAO-24 Penman in 7th place with an SEE of 1.00 mm·d-1 

when an adjustment factor accounting for local climate conditions (RH, radiation, wind speed) was not 

applied, and in 9th place with an SEE of 1.06 mm·d-1 when the correction factor was applied (correction 

factor presented in detail in Section 2.2.2.4). The Hargreaves equation was ranked 11th place with an 

SEE of 1.21 mm·d-1. The respective benefits of these methods are that the FAO-24 Penman method 

adjusts the original Penman method by calculating ET0 for a grass reference crop rather than ETC 

directly, so can be used with appropriate crop coefficients (KC). The Hargreaves equation is relatively 

easy to implement; it is a temperature based equation and thus requires reasonably few inputs. 
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Combination equations generally give the most accurate estimates because they are based on 

physical laws and rational relationships. The FAO-24 Blaney-Criddle method, a grass reference, 

temperature-based method, was ranked third among all daily methods, ahead of five forms of 

combination equation. Analysis used daily climatic measurements to calculate the secondary 

parameters required for the FAO-24 Blaney-Criddle method (originally recommended for a 5 day time 

step). The sensitivity of the method decreases if temperature data from a longer time step is used 

(temperature is the only variable). The similarity of SEE values for the methods indicate fairly equal 

performances. 

Since Jensen et al. (1990) published their study, FAO Irrigation and Drainage Paper #56 (Allen et al., 

1998) has recommended the FAO-56 Penman-Monteith method be used as the sole ET0 method for 

determining reference evapotranspiration. Allen (1998) states that this method is relatively accurate 

with strong likelihood of correctly predicting ET0 in a wide range of locations in both arid and humid 

climates, and can be used in data-short situations. The method is also recommended by the World 

Meteorological Organization (WMO), and it is used in the FAO CROPWAT irrigation scheduling 

software (Ventura et al., 1999). The use of older FAO-24 Penman or other reference ET methods is no 

longer encouraged. 

To determine whether or not conventional ET models produced for the irrigation profession are 

appropriate for estimating living roof ET, the methods estimating daily ET rates most accurately need 

to be compared to actual measured ET. Based on the literature, the methods most appropriate for 

comparison are the Penman-Monteith (original and FAO-56); 1982 Kimberly-Penman; FAO-24 Blaney-

Criddle, Penman (Original and FAO-24) and the Hargreaves equation. Detailed description of the 

agricultural models and the parameters required to use them are presented in the following sections. 

2.2.2.1. FAO24 BlaneyCriddle method  

The Blaney-Criddle method is a temperature based method that has gained widespread usage for 

calculating ET0 (Jensen et al., 1990). The original method estimates crop evapotranspiration (ETC) for 

an entire irrigation season or growing period through the use of an empirical crop coefficient (Wilson, 

1990). The monthly crop coefficients originally proposed incorporated both meteorological and crop 

effects (Jensen et al., 1990). Spatial transfer of the original Blaney-Criddle method is impeded by the 

substantial climatic component; the original method can only be used in areas with a climate similar to 

that of California where the method was developed (Hargreaves and Allen, 2002). 

A fundamental revision to the original equation produced the FAO-24 Blaney-Criddle method (FAO-24 

BC) although a variety of other modifications have been made. The FAO-24 BC method utilises a 

grass reference crop, and crop coefficient system in place of the localised crop coefficient that was 

only suitable to a limited climate range, plant species and irrigation period or growing season (Jensen 

et al., 1990). The FAO-24 BC method is based on a linear relationship between reference 

evapotranspiration (ET0) and the Blaney-Criddle f factor. ET data from many world sites was classified 

according to ranges of daytime wind speed, minimum relative humidity (RHmin) and sunshine 
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expressed as the clarity of the atmosphere (where cloudiness ratio, n/N = actual/possible hours of 

sunshine) in order to develop expressions for a and b to satisfy the following (Allen and Pruitt, 1986): 

 = +0ET a bf  (2.3) 

 ( )0.46 8.13af p T= +  (2.4) 

 0.0043 1.41min
na RH
N

= − −  (2.5) 

where ET0 = grass reference ET (mm·d-1) for the period considered, p = mean daily percentage of total 

annual daytime hours for a given time period and latitude, Tā = mean daily air temperature (°C), and 

RHmin = minimum daily relative humidity (%). The coefficient b can be interpolated from tables 

published in the FAO Irrigation and Drainage Paper No. 24 (Doorenbos and Pruitt, 1977) or can be 

calculated using the following regression equation (Frevert et al., 1983; Allen and Pruitt, 1986): 

 
( ) ( )

( ) ( )( )

0.81917 0.0040922 1.0705 0.065649

0.0059684 0.0005967

min d

min min d

nb RH U
N

nRH RH U
N

⎛ ⎞= − + +⎜ ⎟
⎝ ⎠

⎛ ⎞− −⎜ ⎟
⎝ ⎠

 (2.6) 

Where Ud = mean daytime wind speed at 2 m height (m·s-1). Equation 2.6 provides a good estimate of 

b for wind speeds greater than ~1 m·s-1 (Allen and Pruitt, 1986). The coefficient p can be interpolated 

from published tables (Allen and Pruitt, 1986; Doorenbos and Pruitt, 1977).  

The FAO-24 BC method is used to calculate ETC by multiplying ET0 by the appropriate crop factor. A 

10% positive adjustment is recommended for each 1000-m increase in elevation above sea level 

(Jensen et al., 1990; Allen and Pruitt, 1986). The recommended minimum time period for use of the 

method is 5 d, however if only long-term estimates of RH, wind speed and sunshine data are 

available, a monthly time period is recommended (Jensen et al., 1990). Allen and Pruitt (1986) 

comment that, although the method has been recommended for use over longer time frames, good 

estimates can result when applied to daily measurements of air temperature, wind speed, solar 

radiation, and minimum relative humidity. When using the FAO-24 BC method with a daily time step 

the only saving in weather measurement requirements compared to using the Penman equation, is net 

radiation (Allen and Pruitt, 1986). 

2.2.2.2. 1985 Hargreaves equation 

The 1985 Hargreaves equation is another temperature based equation for estimating grass reference 

ET0 (mm·d-1). The equation takes the form (Hargreaves and Allen, 2002): 

 ( ) 0.50
0 0.0023 17.8A aET R T TR= +  (2.7) 
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Where RA = extraterrestrial radiation, also known as Angot radiation (mm·d-1), Tā = mean air 

temperature (°C), and TR = daily temperature range (°C, Tmax - Tmin). 

Extraterrestrial radiation is a function of latitude, date and time of day and can be estimated using 

(Allen et al., 1998): 

 ( )24(60) sin sin cos cos sinA SC r s sR G d ω ϕ δ ϕ δ ω
π

= +  (2.8) 

Where RA = extraterrestrial radiation (MJ·m-2·d-1), Gsc = solar constant (0.0820 MJ·m-2·min-1), dr = 

inverse relative distance Earth-Sun (Eqn. 2.10),  = sunset hour angle (radians, Eqn. 2.12),  = 

latitude (radians, Eqn. 2.9) and  = solar declination (radians, Eqn. 2.11). To obtain RA in equivalent 

evaporation units (mm·d-1) RA is multiplied by a conversion factor equal to the inverse of the latent 

heat of vaporisation (1/λ, where λ = 2.45 MJ·kg-1). 

The latitude ( ) expressed in radians is positive for the northern hemisphere and negative for the 

southern hemisphere. The conversion from decimal degrees to radians is given by: 

  
180

Radians decimal degreesπ
=⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦  (2.9) 

The inverse relative distance Earth-Sun, dr, and the solar declination, , are given by: 

 π⎛ ⎞= + ⎜ ⎟
⎝ ⎠

21 0.033cos
365rd D  (2.10) 

 20.409sin 1.39
365

Dπδ ⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (2.11) 

where D is the number of the day in the year, between 1 (1 January) and 365 or 366 (31 December).  

The sunset hour angle, , is given by: 

 ( )tan tans arccosω ϕ δ= −  (2.12) 

The Hargreaves equation has a tendency to under-predict ET in windy conditions (>3 m·s-1) and over-

predict ET for conditions of high RH (Allen et al., 1998). The appeal of the method is that it requires 

minimal data and is simple to compute, it has been utilised widely in the US and globally to predict ET0 

in data short situations. Development of the equation recommended a weekly or longer period time 

step, but in practice a daily time scale has been used. The method was ranked highest of all methods 

that require only air temperature data by Jensen et al. (1990) and has provided reasonably accurate 

results for a variety of regions (Itenfisu et al., 2003). The FAO-56 states that although temperature 

methods remain empirical and tend to require local calibration in order to achieve satisfactory results, 

the 1985 Hargreaves' method has shown reasonable ET0 results with a global validity (Allen et al., 

1998).  
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2.2.2.3. Original Penman 

Penman (1948) first derived the combination equation which provides the basis for other common 

combination ET equations. The Penman equation combines, in a physical model that approximates 

reality closely, components to account for energy required to sustain evaporation (energy balance, 

using Bowen's ratio) and a mechanism required to remove the vapour (an aerodynamic/mass transfer 

approximation) (Stigter, 1980). The original Penman equation yields potential evaporation from an 

open-water surface (PE), through the consideration of two terms, Rn and Ea, covering energy 

(radiation) and aerodynamics (wind and RH) (Penman, 1948). The theory is based on two 

requirements which must be met for continuous evaporation to occur. Firstly, a supply of energy to 

provide latent heat of vaporisation, and secondly, a mechanism for removing the vapour, once 

produced (Wilson, 1990). It is thus a combination of the mass transfer (vapour flux) and energy budget 

methods (Shaw, 1994; Wilson, 1990). PE (mm·d-1) is equal to: 

 
1

n aR E
PE γ

γ

Δ
+

=
Δ
+

 (2.13) 

where Rn = net radiant energy available at the surface (mm·d-1), Δ = slope of the saturation vapour 

pressure curve at mean air temperature (mm·Hg·°F-1), Ea is a measure of the drying power of the air 

(mm·d-1) and  = psychrometric constant, 0.27 mm·Hg·°F-1 (Penman, 1948; Penman, 1956). 

Net radiation (Rn) measurements can be obtained directly or estimated via calculation methods using 

incoming and outgoing radiation, albedo and the clarity of the atmosphere (Shaw, 1994): 

 ( )= − −1n s OR R r R  (2.14) 

Where Rs = incoming short wave radiation from sun and sky (mm·d-1), r = albedo (Shaw, 1994) or 

radiation reflection coefficient (Penman, 1948), and RO = outgoing longwave radiation from the earth 

(mm·d-1). Rs is dependent on the latitude and the clarity of the atmosphere (Shaw, 1994) and, 

following the Angström model, takes the general format (Penman, 1948; Meza and Varas, 2000): 

 ⎛ ⎞= +⎜ ⎟
⎝ ⎠

s A
nR R a b
N

 (2.15) 

Where RA = extraterrestrial radiation or Rs for a completely transparent atmosphere (Equation 2.8), 

and n/N = cloudiness ratio or ratio of actual/possible sunshine hours. The regression constant a 

expresses the fraction of extraterrestrial radiation reaching the earth on overcast days (n = 0), and a+b 

is the fraction of extraterrestrial radiation reaching the earth on clear days (n = N). Depending on 

atmospheric conditions (humidity, dust) and solar declination (latitude and month), the values a and b 

will vary. Different values have been found (Penman, 1948; Wilson, 1990; Doorenbos and Pruitt, 

1977); however, Penman (1948) utilised the following equation from Rothamsted, Southern England; 
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 ⎛ ⎞≅ +⎜ ⎟
⎝ ⎠
0.18 0.55s A

nR R
N

 (2.16) 

Many studies have been completed in the Northern Hemisphere, however a few studies have been 

completed for latitudes 34–36°S in Australia and South Africa that may be more applicable in New 

Zealand (Doorenbos and Pruitt, 1977). Auckland is a coastal environment at latitude 36°S. Both the 

Australian studies were inland; however, the South African studies were in coastal regions. In the 

Australian and South African studies a ranged from 0.20–0.30 (average 0.26) and b ranged from 

0.50–0.59 (average 0.53). FAO-56 (Allen et al., 1998) states that where no actual solar radiation data 

are available and no calibration has been carried out for improved a and b parameters, the values 

a = 0.25 and b = 0.50 are recommended. 

The net outward flow of radiation, RO is (Wilson, 1990): 

 ( )4 0.47 0.077 0.20 0.80O a d
nR T e
N

σ ⎛ ⎞= − +⎜ ⎟
⎝ ⎠

 (2.17) 

where σ = Lummer and Pringsheim constant (117.74 x 10-9 g·cal·cm-2·day-1), Ta = absolute earth 

temperature (K), ed = actual vapour pressure or saturation vapour pressure at the dewpoint 

temperature (mm·Hg) and n/N = cloudiness ratio. In the current experiment net radiation has been 

measured directly, rather than relying on empirical models which may not be suited to the Auckland 

region. 

Δ is the slope of the relationship between saturation vapour pressure (e) and temperature (T). 

Penman (1948) gives the equation as the slope of the e:T curve at T = Ta as: 

 
 

a s a

a s a

de e e
dT T T

−
Δ = =

−
 (2.18) 

Where Ts and Ta = surface and air temperature, respectively (°F), and es and ea = saturation vapour 

pressure at surface and air temperature respectively (mm·Hg). However, Shaw (1994) gives the 

approximation: 

  (if gradients are small)
  

s d a d

s d a d

e e e ede
dT T T T T

− −
Δ = ≅ ≅

− −
 (2.19) 

where Td = dewpoint temperature (°F), and ed = saturation vapour pressure at dewpoint temperature 

(mm·Hg). The temperature Ta is easily measured, and thus ea is easily obtained, whereas es can be 

difficult to obtain. 

Allen et al. (1998) give a calculation method for Δ based on temperature: 
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Where Δ = slope of saturation vapour pressure curve at mean air temperature (kPa·°C-1) and 

Tā = mean air temperature (°C) where: 

 
2

max m
a

inT T
T

+
=  (2.21) 

For standardisation, Tā for 24-h periods is defined by Allen et al. (1998) as the mean of the daily 

maximum (Tmax) and minimum temperatures (Tmin) rather than as the average of hourly temperature 

measurements. 

In order to use Eqn. 2.20 to calculate Penman PE (Eqn. 2.13) it is necessary to have the 

psychrometric constant, , in kPa·°C-1 rather than mm·Hg·°F-1 (to keep units constant). Allen et al. 

(1998) give  as: 

 30.665 10pc P
Pγ

ελ
−= = ×  (2.22) 

Where P = atmospheric pressure (kPa), λ = latent heat of vaporisation, 2.45 (MJ·kg-1), cp = specific 

heat at constant pressure, 1.013 x10-3 (MJ·kg-1·°C-1), and ε = ratio molecular weight of water 

vapour/dry air = 0.622. 

Evaporation at high altitudes is increased due to low atmospheric pressure (as expressed in the 

psychrometric constant), but temperature decreases so there is some offset. Allen et al. (1998) 

consider the average value for a location is sufficient as the effect of altitude on ET is relatively small, 

and provide the equation: 

 
5.26293 0.0065101.3

293
zP −⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (2.23) 

Where P = atmospheric pressure (kPa), and z = elevation above sea level (m). 

Penman (1948) initially presented Ea in the form of: 

 ( )( )20.35 1 0.01a a dE u e e= + −  (2.24) 

Where (ea - ed) = saturation deficit of the air at mean air temperature, ea and ed = saturation vapour 

pressure at air and dewpoint temperatures, respectively (mm·Hg), u2 = wind speed at 2 m (miles per 

day).  

A later study by Penman (1956) suggested a revised wind function:  
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 ( )( )20.35 0.5 0.01a a dE u e e= + −  (2.25) 

Both the “revised” (Eqn. 2.25) and “original” (Eqn.2.24) versions are discussed in Shaw (1994). The 

revised version is presented as the equation for Ea using coefficients derived by experiment for open 

water and the original version is presented as Eat where the coefficient 0.5 is replaced by 1 to allow for 

extra roughness in the wind speed function. Stigter (1980) considers Eqn. 2.24 accounts insufficiently 

for crop roughness and concludes the revised wind function (Eqn. 2.25) is preferred for estimating PE. 

Penman (1956) comments that the exact form of Ea is not of critical importance as it is possible to 

have 100% overestimate in Ea leading to only 10% overestimate in E0. 

Wright and Jensen (1972) presented further modifications to the wind function for a well-watered 

alfalfa field under the arid advective conditions of Southern Idaho: 

 ( )( )20.35 0.75 0.0185a a dE u e e= + −  (2.26) 

The larger coefficient, 0.0185 versus 0.01, illustrates the effects of increased surface roughness of 

alfalfa compared to short grass and the combined effects of lower leaf diffusion resistance of alfalfa as 

compared to turf and lower foliage temperatures that occur in an arid area because of sensible heat 

advection.  

Actual vapour pressure cannot be directly measured; it is instead commonly derived from relative 

humidity or dewpoint temperature. Saturation vapour pressure can be calculated from the air 

temperature. The relationship is (Allen et al., 1998): 

 ( ) 17.27
0.6108

237.3
o a

a
a

T
e T exp

T
⎛ ⎞

= ⎜ ⎟
+⎝ ⎠

 (2.27) 

Where e°(Ta) = saturation vapour pressure at air temperature Ta in °C (kPa). 

Due to the non-linearity of the above equation, the mean saturation vapour pressure (ea) should be 

calculated as the mean between the saturation vapour pressure at the mean daily maximum and 

minimum air temperatures: 

 
( ) ( )

2

o o
max min

a
e T e T

e
+

=  (2.28) 

Using mean air temperature instead of daily minimum and maximum temperatures results in lower 

estimates for the mean saturation vapour pressure. The corresponding vapour pressure deficit 

(expressing the evaporating power of the atmosphere) will also be smaller and the result will be 

underestimation of ET.  

As the dewpoint temperature is the temperature to which the air needs to be cooled to make the air 

saturated, the actual vapour pressure is the saturation vapour pressure at the dewpoint temperature 

(Td). However, if the dewpoint is unavailable, the actual vapour pressure can be derived from 
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psychrometric data as the difference between the dry and wet bulb temperatures, or from relative 

humidity data. A method using relative humidity data is presented by Allen et al. (1998) as: 

 
( ) ( )

100 100
2

o omax min
min max

d

RH RHe T e T
e

+
=  (2.29) 

where ed = actual vapour pressure or saturation vapour pressure at the dewpoint temperature (kPa), 

e°(Tmin) and e°(Tmax) = saturation vapour pressure at daily minimum and daily maximum temperatures 

respectively (kPa), and RHmax and RHmin = maximum and minimum relative humidity respectively (%). 

The Penman method is accurate for estimating daily ET rates; however it assumes a surface with zero 

resistance, i.e. a soil heat flux (G) equal to zero. To reduce the time step utilised from daily to hourly, 

G must be added into the equation. Over an hourly time step the soil heat flux can consume 5–15% of 

the energy from net radiation (Mesarch, 1999).  

2.2.2.4. FAO24 Penman 

The FAO-24 publication presents a modified version of the original Penman equation for estimating 

reference ET for grass, ET0 (Jensen et al., 1990; Doorenbos and Pruitt, 1977). The major 

modifications are the use of a revised wind function, and the addition of an adjustment factor c that 

accounts for local climate conditions. The equation is in the form (Jensen et al., 1990): 

 ( ) ( )0 2.7n f a dET c R G W e eγ
γ γ

⎡ ⎤Δ
= − + −⎢ ⎥Δ + Δ +⎣ ⎦

 (2.30) 

where c is an adjustment factor, Δ = slope of the saturation vapour pressure curve at mean air 

temperature (kPa·°C-1),  = psychrometric constant, (kPa·°C-1), Rn = net radiant energy available at the 

surface (mm·d-1), G = heat flux to the ground (assumed zero in daily calculations), and (ea - ed) = 

saturation deficit of the air at mean air temperature (kPa). Wf is the wind function and is presented as 

(Jensen et al., 1990; Doorenbos and Pruitt, 1977): 

 ( )21 0.864fW u= +  (2.31) 

Where u2 = wind speed at 2 m above ground surface (m·s-1). The effect of wind on ET0 was 

recognised in the development of the FAO-24 revision of the Penman equation, and was subsequently 

studied for different climates (Doorenbos and Pruitt, 1977). Equation 2.31 presents a single wind 

function generated to avoid the need for local calibration and to simplify the use of the Penman 

method. Stigter (1980) concludes that Eqn. 2.31 by Doorenbos and Pruitt (1977) provides an 

appreciable improvement to estimating reference crop ET over the use of the revised wind function 

(Eqn. 2.25) when calculating Penman PE. 
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However, as a result of the simplification of the wind factor additional corrections are necessary. The 

values for the correction factor c are presented in FAO-24 (Doorenbos and Pruitt, 1977). Frevert et al. 

(1983) generated a polynomial equation for c: 
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0.0097 0.430 10

d
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−
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+ + ×
 (2.32) 

Where RHmax = maximum daily relative humidity (%), Rs = solar radiation received at the Earth’s 

surface (mm·d-1),  = ratio of daytime to nighttime wind speed, and Ud = daytime wind speed (m·s-1). 

For consistency, daytime is defined as 0700-1900 hrs (Jensen et al., 1990). The following limits should 

be applied to Eqn. 2.32: 

0.5 4.0 

30 90 

3.0 12.0 

9.0 

Where Rs has not been measured it can be calculated following the Angstrom model (Eqn. 2.15) and 

using values for a and b recommended by Allen et al. (1998) to give: 

 
λ

⎛ ⎞= +⎜ ⎟
⎝ ⎠

1 0.25 0.50s A
nR R
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 (2.33) 

Rs is in mm·d-1 and RA is in MJ·m-2·d-1. The FAO-24 Penman method is suitable for daily analysis as it 

incorporates the assumption that G = 0 for daily periods. Greater transportability has been 

incorporated into the method by modifying the equation to estimate ET0 for grass. Predetermined crop 

coefficients, KC, can be utilised with ET0 to predict ETC.  

2.2.2.5. 1982 KimberlyPenman 

The Kimberly-Penman method follows the general form of the original Penman equation but uses 

alfalfa as a reference crop. The method is based on studies in Kimberly, Idaho. The equation takes the 

form (Jensen et al., 1990):  

 ( ) ( )0 6.43n f a dET R G W e eγλ
γ γ

Δ
= − + −
Δ+ Δ+

 (2.34) 

Where λET0 is in MJ·m-2·d-1, Rn = daily solar radiation (MJ·m-2·d-1), G is the soil heat flux (MJ·m-2·d-1), 

ea = mean saturation vapour pressure (kPa) as per Eqn. 2.28, ed = actual vapour pressure (kPa) as 
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per Eqn. 2.29,  = psychrometric constant (kPa·°C-1) as per Eqn. 2.22 and Δ = slope of vapour 

pressure curve (kPa·°C-1) as per Eqn. 2.20. Wf = wind function and is given by: 

 2f w wW a b u= +  (2.35) 

where u2 is daily wind speed (m·s-1) at 2 m height, and aw and bw are variable wind function 

coefficients from Kimberly, Idaho. The original coefficients were only applicable for 90 < D < 305, but 

these were later simplified to extend the range, reduce possible errors and simplify calibration (Jensen 

et al., 1990): 

 
21730.4 1.4

58w
Da exp

⎡ ⎤−⎛ ⎞⎢ ⎥= + −⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 (2.36) 

 
22430.605 0.345

80w
Db exp

⎡ ⎤−⎛ ⎞⎢ ⎥= + −⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 (2.37) 

where D = calendar day. For southern latitudes, use D’ where D’ = (D-182) for D≥182 and D’ = 

(D+182) for D<182. The equation was developed using 24-h data, however it has been applied in 

practice at an hourly time step (Itenfisu et al., 2003). 

2.2.2.6. PenmanMonteith 

Monteith (1981) formulated an equation for evapotranspiration that took the same general form as the 

original Penman equation (Eqn. 2.13). Monteith (1981) added in a footnote that this format of the 

equation was: 

“...sometimes referred to as the Penman-Monteith equation in the mistaken belief that I 

derived it (Monteith, 1965). In fact, Penman (1953) developed a formally identical equation for 

single leaves whereas my own analysis was applied to evaporation from a canopy.” 

The combination equation referred to as the Penman-Monteith method is based upon the physical 

principals applied by Penman with extended physical representation of water loss from vegetation 

(Jensen et al., 1990). The Penman-Monteith equation attempts to incorporate the physiological and 

aerodynamic characteristics of the reference surface. The main difference between the Penman and 

the Penman-Monteith methods is that the Penman-Monteith includes the effect of canopy resistance 

on ET. A crop controls ET by closing stomata, which inhibits vapour transfer from leaves to the air. 

Canopy resistance changes during the day, so hourly estimations of ET are needed to accurately 

estimate canopy resistance throughout the day (Ventura et al., 1999).  

The commonly used form of the Penman-Monteith equation is (Allen et al., 1998; Jensen et al., 1990; 

Monteith, 1965; Rezaei, 2005): 
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where  is in MJ·m-2·d-1 (divide by λ = 2.45 MJ·kg-1 for ET in mm·d-1), Rn = daily net solar radiation 

(MJ·m-2·d-1), G = soil heat flux (MJ·m-2·d-1), ea = mean saturated vapour pressure at air temperature 

(kPa) as per Eqn. 2.28, ed = mean daily ambient vapour pressure (kPa) as per Eqn. 2.29, ra = bulk 

surface aerodynamic resistance for water vapour (s·m-1), rs = canopy surface resistance (s·m-1), Δ = 

slope of saturation vapour pressure curve at mean air temperature (kPa·°C-1) as per Eqn. 2.20 and  = 

psychrometric constant (kPa·°C-1) as per Eqn. 2.22. cp = specific heat at constant pressure, 1.013 x10-

3 (MJ·kg-1·°C-1) and ρa is air density in (kg·m-3) and can be calculated by (Allen et al., 1998): 

 
( )1.01 273a

a

P
T R

ρ =
+

 (2.39) 

Where P = atmospheric pressure (kPa) as per Eqn. 2.23, Tā = mean air temperature (°C) and R = 

specific gas constant = 0.287 kJ·kg-1·K-1. 

Diffusion by atmospheric turbulence governs the processes of exchange between the atmosphere and 

the surface of a crop. When the roughness length of a surface is constant, its aerodynamic resistance 

is inversely proportional to wind speed (Monteith, 1965).The aerodynamic resistance, ra (s·m-1) can be 

calculated as (Monteith, 1965; Jensen et al., 1990; Allen et al., 1998): 
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 (2.40) 

Where kw = height of wind measurements (m), kh = height of humidity measurements (m), d = zero 

plane displacement height (m), zom = roughness length governing momentum transfer (m), zoh 

roughness length governing transfer of heat and vapour (m), k = von Karman's constant = 0.41, and 

ukw = wind speed at height kw (m·s-1). d, zom, and zoh can be estimated using crop height (hc in m) and 

the following equations (Allen et al., 1998; Jensen et al., 1990):  

 2
3 cd h=  (2.41) 

 0.123om cz h=  (2.42) 

 0.1oh omz z=  (2.43) 

Surface resistance, rs (s·m-1), represents the coupled effect of resistance to vapour flow through leaf 

stomates and within soil to the soil surface. It also contains some effects of resistance to vapour flow 

within the canopy structure (Allen et al., 2006). The same basic principals are valid despite the 
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exchange of heat and water vapour between a stand of vegetation and the atmosphere being a more 

complex process than the corresponding exchange at the surfaces of individual leaves (Monteith, 

1981). Oversimplifying, the effective surface resistance of a transpiring crop is equivalent to the 

stomatal resistance of three or four leaf layers in parallel, each layer containing unit leaf area 

(Monteith, 1965). For densely growing vegetation, rs has often been computed as a function of 

effective leaf area by assuming all leaves function as resistors in parallel (Allen et al., 2006; Allen et 

al., 1998): 

 l
s

eff

r
r

LAI
=  (2.44) 

where rl = bulk stomatal (or surface) resistance of the vegetation per unit leaf area (LAI) (s·m-1) and 

LAIeff = effective leaf area index involved, on average, in energy exchange, and thus contributing to 

ET. 

Allen et al. (2006) present two different methods for calculating LAIeff: 

 0.5LAIeffLAI =  (2.45) 

 LAI
0.3LAI 1.2effLAI =

+
 (2.46) 

Both methods show that LAIeff is a fraction of leaf area index, LAI, suggesting that only the upper part 

of a dense canopy is active in heat and vapour transport and is the zone of major net radiation 

absorption. Equation 2.45 was formulated for dense grass and alfalfa reference crops; Eqn. 2.46 was 

formulated for semi-dense agricultural crops, such as maize, or partial canopies (Mehrez et al., 1992). 

Eqn. 2.46 may be more applicable for living roof application which is not always densely vegetated.  

rl varies during the course of a day with levels of solar radiation, leaf temperature, and vapour 

pressure gradient and increases with environmental stresses such as soil moisture deficit. Allen et al. 

(2006) comment that earlier studies fixed the value of rl at 100 s·m-1 for well-watered agricultural crops 

when calculations were made on a 24-h basis. For 24-h computational time steps, it is common to use 

rs = 70 s·m-1 in an agricultural setting, Allen et al. (2006) recommend rs = 50 s·m-1 for daytime and rs = 

200 s·m-1 for night-time periods when applied on an hourly or shorter basis. Living roof models have 

estimated stomatal resistance between 50 s·m-1 and 300 s·m-1 (Del Barrio, 1998; Sailor, 2008; Allen et 

al., 2006). 

Living roof models have estimated LAI in the range of 0–5.0 (Clark et al., 2008; Del Barrio, 1998; 

Kumar and Kaushik, 2005; Sailor, 2008; Lazzarin et al., 2005). There is currently no field data 

published with specific regard to living roof plant species to confirm these ranges. 

Studies have shown that ET0 computed using the Penman-Monteith equation yields estimates close to 

measured lysimeter ET0 values (Ventura et al., 1999; Itenfisu et al., 2003; Allen et al., 1998; Jensen et 

al., 1990; Allen et al., 1989). The equation can be used for the direct calculation of any crop 
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evapotranspiration as the surface and aerodynamic resistances are crop specific (Allen et al., 1998). 

The Penman-Monteith equation is most accurate when used on an hourly basis and the values 

summed to obtain daily estimates of ET (Jensen et al., 1990). 

The aridity of thin living roofs during periods of low or intermittent rainfall may play a significant role in 

determining the method most suitable modelling ET from a living roof. Monteith (1981) states that one 

of the few practical cases which cannot be handled by Eqn. 2.38 is the evaporation from a row crop 

with incomplete ground cover. Even mature living roofs may have periods of incomplete ground cover; 

particularly during summer dry spells when leaves of succulent plants shrink and leaves may senesce 

(die). The method can be affected by the use of weather data collected from poorly watered sites 

because, like the Penman, the method is based upon conditions where water is not limiting 

(Hargreaves and Allen, 2002).  

2.2.2.7. FAO56 PenmanMonteith 

FAO-56 recommends use of the Penman-Monteith method to compute reference ET and has 

standardised a form of the method which allows calculation of hourly ET0 using a grass reference crop 

(Jensen et al., 1990; Shaw, 1994; Allen et al., 1998). ETC can be calculated from ET0 using the 

appropriate Kc.  

The FAO-56 Penman-Monteith (FAO-56 PM) method  assumes an actively growing grass crop 

completely shading the ground and with adequate water (Jensen et al., 1997). Allen et al. (1998) 

simplified Eqn. 2.38 by defining the reference crop as a hypothetical crop with an assumed height of 

0.12 m, having a surface resistance of 70 s·m-1 and an albedo of 0.23. This closely resembles an 

extensive surface of well-watered, actively growing grass, completely shading the ground. Wind 

speed, temperature and humidity were assumed to be recorded at 2 m height, thus aerodynamic 

resistance simplified to ra = 208/U2 where U2 is the wind speed (m·s-1) at 2 m. 

The FAO-56 PM takes the format (Allen et al., 1998): 
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 (2.47) 

Where ET0 is in mm·d-1, Rn = net radiation at the crop surface (MJ·m-2·d-1), G = soil heat flux density 

(MJ·m-2·d-1),  = psychrometric constant (kPa·°C-1) as per Eqn. 2.22, Tā = mean daily air temperature 

(°C), u2 = wind speed at 2 m height (m·s-1), ea = mean saturation vapour pressure (kPa) as per Eqn. 

2.28, ed = actual vapour pressure or saturation vapour pressure at the dewpoint temperature (kPa) as 

per Eqn. 2.29 and Δ = slope of vapour pressure curve at mean air temperature (kPa·°C-1) as per Eqn. 

2.20. 

The FAO-56 PM method is recommended in FAO Irrigation and Drainage Paper #56 as the sole ET0 

method for determining ET0 (Allen et al., 1998). The document states that the method is relatively 
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accurate and has consistent performance in both arid and humid climates. It is a method with strong 

likelihood of correctly predicting ET0 in a wide range of locations and climates and has provision for 

application in data-short situations. The use of older FAO Penman or other reference ET methods is 

no longer encouraged. The FAO-56 PM method is also recommended by the World Meteorological 

Organization (WMO), and is used in the FAO CROPWAT irrigation scheduling software (Ventura et al., 

1999). 

2.2.3. Measured living roof evapotranspiration 

Sedums and other succulents commonly used on living roofs at first glance appear to be poor choices 

for storage recovery via ET. They tend to be low growing species with densely packed, even foliage 

and thus have less exposed surface area available for ET. They are architecturally and metabolically 

adapted to reduce water loss and survive drought conditions. Such adaptations suggest that these 

plant species would provide relatively little storage recharge when compared to the substrate alone 

and therefore transpiration would not be a significant component of ET. To the contrary, it has been 

shown plants play a significant role in the functionality of a living roof for stormwater management. 

Dependent on plant type, season and water availability, plants can contribute 20–48% of total ET via 

the process of transpiration, thus aiding storage recovery within the substrate (Berghage et al., 2007b; 

VanWoert et al., 2005a; Voyde et al., 2010b; Rezaei, 2005). Studies have found drought-tolerant 

species suitable for living roofs use water rapidly when available but conserve water in drought 

conditions. In contrast to the expected response of low transpiration rates, sedums contribute 

substantially to storage recovery via ET when water is available. 

2.2.3.1. Daily evapotranspiration rates 

Rezaei (2005) determined ET empirically for an 80% Delosperma nubigenum and 20% Sedum album 

mix by using greenhouses to simulate four seasonal climatic conditions in Pennsylvania (USA): winter 

(mean temperature 8°C), autumn/spring (mean temperature 19°C), early summer (mean temperature 

28°C), and hot summer (mean temperature 31°C). Planted plots transferred 34%, 51%, 42% and 35% 

more water respectively than unplanted plots during a 21-day period when no water was added. 

Rezaei (2005) differentiated between two plant conditions; well-watered and water-stressed. All plants 

had water available for the initial days of the trial then lapsed into a water-stressed condition with 

lower associated ET rates. The time to reach the stressed condition varied between seasons; 4 d for 

hot summer, 6 d for early summer, 10 d for autumn/spring and 8 d for winter. The average well-

watered ET rate across all climatic conditions was 1.68 mm·d
-1

 when planted and 1.06 mm·d
-1

 

unplanted. Well-watered ET rates per season when planted were: winter, 0.84 mm·d
-1

; autumn/spring, 

0.78 mm·d
-1
; early summer, 1.82 mm·d

-1
; and hot summer, 2.67 mm·d

-1
. Well-watered E rates when 

unplanted were: winter, 0.76 mm·d
-1

; autumn/spring, 0.46 mm·d
-1

; early summer, 0.83 mm·d
-1

; and hot 

summer 1.54 mm·d
-1

. Well-watered ET rates during autumn/spring were less than in winter, which was 

unexpected as in the winter conditions plants approached dormancy (period of arrested plant growth). 

No explanation was given; it may be that other climatic factors such as RH and radiation over-rode the 
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temperature effect. In the water-stressed condition, ET rates from planted trays were similar to those 

from unplanted trays and, with the exception of planted trays in the winter condition (0.76 mm·d
-1

), 

ranged from 0.26 mm·d
-1
 to 0.40 mm·d

-1
. No explanation was given for the variation in response from 

the planted trays under winter conditions, but again other climate factors may have overridden the 

temperature effect. 

Another Pennsylvania State University study determined ET empirically for four different planting 

designs; 100% Sedum spurium, 100% Sedum sexangulare, 80% D. nubigenum and 20% S. album, 

and substrate only (Berghage et al., 2007b). For all species, water loss for the first 5 to 6 days was 

rapid (when plants were not dormant) with planted trays losing water approximately twice as fast as 

unplanted trays. After the rapid loss phase, the rate of water loss between planted and unplanted trays 

converged and followed a slower, close to linear, rate of loss (Berghage et al., 2007b). Immediately 

after irrigation, ET rates for S. spurium, S. sexangulare, and the D. nubigenum/S. album mix were 

approximately 3.0 mm·d
-1
, 2.7 mm·d

-1
 and 1.4 mm·d

-1
 respectively. The average temperature for these 

trials was approximately 27 C, or similar to the ―early summer‖ regime for Rezaei (2005). ET rates 

presented are all greater than the well-watered ―early summer‖ ET for the same D. nubigenum/ S. 

album mix by Rezaei (2005) which was 0.83 mm·d
-1

. Berghage et al. (2007b) credits the different ET 

rates to plant architecture, the variation was likely a function of the exposed surface available for ET 

(Figure 2-1). Unplanted trays had E rates of 1.7, 2.4 and 0.9 mm·d
-1

 for the S. spurium, S. 

sexangulare, and the D. nubigenum/ S. album trials respectively. In the water-stressed condition all 

trays demonstrate ET <0.5 mm·d
-1
 after Day 10. 

 

Figure 2-1: Examples of plants used by Berghage et al. (2007b), from left to right: Sedum spurium, Sedum 

album, and Delosperma nubigenum 

Greenhouse experimental results for two non-CAM Michigan (USA) native plants (Schizachyrium 

scoparium and Coreopsis lanceolata) and three CAM non-native plants (Sedum acre, Sedum reflexum 

and Sedum kamtschaticum ellacombianum) found ET rates were highest on the day plants were 

watered and, when watered every two days, increased over three watering days from approximately 

2.9–5.7 mm·d
-1

 to 4.6–6.8 mm·d
-1
, excluding C. lanceolata, which did not show any substantial 

increase from 2.9 mm·d
-1

 (Durhman, 2005). ET rates dropped to 0.1–0.2 mm·d
-1

 six days after water 

was withheld (Durhman, 2005). Additional work in Michigan studied a seed mix of seven Sedum spp. 

(S. acre, S. reflexum, S. kamtschaticum ellacombianum, Sedum pulchellum, S. reflexum, S. spurium 
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'Coccineum' and S. spurium 'Summer Glory') and also reported ET was greatest on the day of 

watering: 2.1–3.8 mm·d
-1

 and 2.3–5.4 mm·d
-1

 for two separate trials (VanWoert et al., 2005b). When 

water was withheld, peak ET decayed to near 0 mm·d
-1
 by day 4 for the substrate with the least water 

holding capacity and by day 7 for treatments with greater water holding capacity (both deep substrate 

and shallow substrate with retention fabric). For both Michigan experiments, mean air temperature 

was 21°C (Durhman, 2005; VanWoert et al., 2005b). In a separate hydrology study, VanWoert et al. 

(2005a) concluded substrate depth and/or presence of water retention fabric were the most important 

factors controlling water retention of living roofs, however vegetation contributed 20% of ET via 

transpiration in their experiments. 

Research in central Florida (USA) presented daily average living roof ET for each calendar month 

(Hardin and Wanielista, 2007; Wanielista et al., 2007). Comparison was made between vegetated and 

non-vegetated trays, and two different substrates (an expanded clay mix and a tyre crumb mix (Black 

& Gold
TM

) and two levels of irrigation (25 mm per week over two separate irrigation events or 50 mm 

per week over two separate irrigation events). The plants trialled were four Florida natives: Helianthus 

debilis (Dune sunflower), Gaillardia pulchella or aristata (Blanket flower), Lonicera sempervirens (Coral 

honeysuckle), Myricianthes fragrans (Simpson's stopper); and three exotics; Clytostoma 

callistegioides (Argentine trumpet vine), Tecomaria capensis (Cape honeysuckle), and 

Trachelospermum jasminoides (Confederate jasmine). The plants were selected based on hardiness, 

drought tolerance, aesthetics and origin (Hardin and Wanielista, 2007; Wanielista et al., 2007). These 

plants vary from the predominantly sedum based experiments discussed thus far in that they tend 

towards larger, leafier plants and vines rather than the low growing dense succulent type plants. 

Maximum ET of 6.6 mm·d
-1

 was recorded in the vegetated trays in tyre crumb when 50 mm irrigation 

per week was received in summer. It is possible that with more irrigation, ET could have been greater 

as average weekly ET accounted for 46.2 mm of the 50 mm irrigation applied. The overall range of 

summer ET for vegetated trays under all conditions (substrate type and irrigation regime) was 3.6–

6.6 mm·d
-1

. Minimum ET was 2.0 mm·d
-1
 in winter when vegetated trays in either substrate received 

25 mm irrigation per week. The overall range of winter ET for vegetated trays under all conditions was 

2.0–3.0 mm·d
-1
. Maximum E from the unplanted tyre-crumb trays was 5.6 mm·d

-1
 in summer under 

50 mm irrigation per week. The overall range of summer ET for unplanted trays under all conditions 

was 3.3–5.6 mm·d
-1

. Minimum E was 1.8 mm·d
-1

 in winter from non-vegetated trays of either substrate 

receiving 25 mm irrigation per week. The overall range of winter ET for unplanted trays under all 

conditions was 1.8–3.0 mm·d
-1

. The conventional roof top control trays consistently demonstrated 

negligible ET year round (0–0.8 mm·d
-1

). ET rates for both the vegetated and non-vegetated trays 

were the same during the winter months demonstrating plant dormancy and the absence of 

transpiration. The use of vegetation had a significant effect on ET rates, but increasing irrigation from 

25 mm to 50 mm had no statistically significant effect (Hardin and Wanielista, 2007; Wanielista et al., 

2007). Temperature ranges were not defined for the study, but average daily summer and winter 

temperatures for central Florida (Orlando) are ~28°C and ~16°C respectively (Climate Zone, 2003). 
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Mean living roof ET from lysimeter stations in Berlin (Germany) can increase up to 8 mm·d
-1

 due to 

high radiation rates, high wind speed, high temperatures and low humidity in cities (Köhler and 

Schmidt, 2008). Seasonal data has been analysed from living roof lysimeter stations in 

Neubrandenburg (Germany), under ‗saturated‘ (likely field capacity) conditions winter ET rates were 

0.1–0.5 mm·d
-1
 (no frost), spring/autumn ET rates were 0.6–1.5 mm·d

-1
 and hot summer ET rates were 

1.5–4.5 mm·d
-1
. Hot summer conditions with dry substrate reduced ET rates to 0.0–0.2 mm·d

-1
 (Köhler 

and Schmidt, 2008). The temperature range was not presented, but average highs for winter, 

spring/autumn, and summer are 4°C, 18°C and 22°C respectively (MSN Weather, 2011). Conditions 

for ―hot summer‖ suggest temperatures above 22°C. After more than 10 days without rain, the living 

roof showed evidence of stressed conditions and the evaporative cooling capacity decreased (Köhler 

and Schmidt, 2008). Köhler (2004a) report daily ET was 2–3 mm on a day without rain in moderate 

temperatures but dropped to 1–2 mm on rainy days. The reduction is possibly due to increased RH 

during days with rainfall or perhaps reduced incoming solar radiation due to cloud cover. 

Preliminary research on a New York (USA) living roof reported September (early autumn) ET rates in 

the range of 5–6 mm the day after rainfall reducing to approximately 1 mm eight days after rainfall 

(DiGiovanni et al., 2010). A combination of six different sedum species (S. album, S. sexangulare, S. 

reflexum, S. floriferum, S. hybridum, and S. spurium) was used in the small scale living roof. 

Preliminary results from a sedum living roof in Villanova (Pennsylvania, USA) present July (mid-

summer) ET rates between 3 and 6.2 mm·d
-1

 (Hickman et al., 2010) and August (late summer) ET 

rates between 1.8 and 6 mm·d
-1

, mostly 3–5 mm·d
-1
 (Feller et al., 2010). Both studies were during 

periods when water supply was likely to be non-limiting to ET. Temperature data is not presented for 

either study location, however average September temperature is 20°C in New York (La Guardia 

Airport) and average July and August temperatures in Philadelphia are 24.8°C and 24.2°C 

respectively (Climate Zone, 2003). 

A living roof planted with sedums in Vincenza (Italy) was studied from the energetic perspective. Three 

separate operating conditions were identified; dry living roof in summer, wet living roof in summer and 

wet living roof in winter. ET was presented in the units W·m
-2
 as a normalised ratio per 100 incident 

solar irradiation units. For the three conditions, ET was 12, 25 and 60 units ET per 100 units incident 

solar radiation (W·m
-2

) respectively (Lazzarin et al., 2005). Based on the average daily solar radiation 

and temperature at the site, these figures equate to approximately 0.89 mm·d
-1

 ET from the dry living 

roof in summer, 1.85 mm·d
-1

 from the wet living roof in summer and 1.26 mm·d
-1

 from the wet living 

roof in winter. Lazzarin et al. (2005) concluded that during the summer ET is controlled by water 

availability, but in the winter when water is readily available, ET is driven by saturation deficit. Summer 

and winter temperatures were approximately 27°C and 4°C respectively. 

Kasmin et al. (2010) indirectly measured ET by quantifying mean seasonal ET as a function of initial 

losses and antecedent dry days for individual storm events. Seasonal mean ET (mm·d
-1

) was 

presented as a function of antecedent dry days and initial losses: winter (December–February) = 0.32, 

spring (March–May) = 0.62, summer (June–August) = 1.71, autumn (September–November) = 0.51 

(Kasmin et al., 2010). Indicative values of ET were presented, but the data were highly scattered 
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which left limited confidence in the values (Kasmin et al., 2010). This method was sensitive to 

definition of a storm event and its antecedent dry days, and incorporated interception into the ET 

component. Temperature data is not presented, but seasonal maximum temperatures in Sheffield for 

winter, spring, summer, and autumn are 6.8°C, 12.3°C, 19.9°C and 13.3°C respectively (MetOffice, 

2011). 

Table 2-2 and Table 2-3 present summary tables of daily ET for the water available and water 

stressed conditions respectively. The overall range of ET from a living roof in the well-watered 

condition was from 0.1 to 6.6 mm·d
-1

. Temperature influenced ET rates with a general trend 

demonstrating increased ET with increased temperature. Also, ET from planted living roofs was 

consistently greater than that from unplanted living roofs. Research using non-sedum species tended 

to demonstrate slightly higher ET, but the increase was not substantially greater than ET recorded 

from some sedum trials. In all temperature ranges, when water became limiting to ET, rates from both 

planted and unplanted trials were <1 mm·d
-1

. 

Table 2-2: Summary of daily evapotranspiration rates from living roofs when water was available 

Vegetation 
Daily ET 
mm·d

-1
 

Temperature 
°C 

Days water 
remains 
available 

Source 

Sedum 

0.84 8 (winter) 8 

(Rezaei, 2005) 
0.78 19 (autumn/spring) 10 

1.82 28 (early summer) 6 

2.67 31 (hot summer) 4 

1.4–3.0 27 5-6 (Berghage et al., 2007b) 

2.1–5.4 21 - (VanWoert et al., 2005b) 

0.1–0.5 4 (winter) 

- (Köhler and Schmidt, 2008) 0.6–1.5 18 (spring/autumn) 

1.5–4.5 >22 (hot summer) 

5–6 20 (early autumn) - (DiGiovanni et al., 2010) 

3–6.2 24.8 (mid-summer) - (Hickman et al., 2010) 

1.8–6** 24.2 (late summer) - (Feller et al., 2010) 

1.85 27 (summer) 
- (Lazzarin et al., 2005) 

1.26 4 (winter) 

Up to 8 ―high‖ - (Köhler and Schmidt, 2008) 

Sedum & non-sedum 2.9–5.7** 21 - (Durhman, 2005) 

Non-sedum 
3.6–6.6 28 

Irrigated 
(Wanielista et al., 2007) 

(Hardin and Wanielista, 2007) 2–3 16 

Unplanted 

0.76 8 (winter) 8 

(Rezaei, 2005) 
0.46 19 (autumn/spring) 10 

0.83 28 (early summer) 6 

1.54 31 (hot summer) 4 

0.9–2.4 27 5-6 (Berghage et al., 2007b) 

3.3–5.6 28 
Irrigated 

(Wanielista et al., 2007) 
(Hardin and Wanielista, 2007) 1.8–3 16 

*Increased to 4.6–6.8 mm·d
-1

 when watered every 2 days 
**Mostly 3–5 mm·d

-1
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Table 2-3: Summary of daily evapotranspiration rates from living roofs when water was scarce 

Vegetation 
Daily ET 
mm·d

-1
 

Temperature 
°C 

Days after 
saturation 

Source 

Sedum & Unplanted 
0.26–0.40* All seasons - (Rezaei, 2005) 

<0.5 27 Day 10 (Berghage et al., 2007b) 

Sedum 

0.89 27 (summer) - (Lazzarin et al., 2005) 

1 20 (early autumn) Day 8 (DiGiovanni et al., 2010) 

0.0–0.2 >22 (hot summer) - (Köhler and Schmidt, 2008) 

Near 0 21 Days 4-7 VanWoert et al., 2005b) 

Sedum & non-sedum 0.1–0.2 21 Day 6 (Durhman, 2005) 

*Except planted trays in winter, 0.76 mm·d
-1

 

 

2.2.3.2. Hourly evapotranspiration rates 

Sedum species have been shown to operate as C3 plants under conditions of adequate substrate 

moisture, then switch their carbon metabolism to CAM when water becomes limiting to ET (Gurevitch 

et al., 1986; Ting, 1985; Sayed, 2001). If this is true in the living roof environment then it can be 

expected that once water becomes scarce these plants would exhibit reduced water losses during the 

day and increased losses during the night when evaluated at an hourly time scale. In addition to 

evaluating evidence of the CAM mechanism in living roof plants, by considering ET losses at the 

hourly time step it is possible to quantify potential storage recharge during short inter or intra-event dry 

periods. 

Rezaei (2005) introduce doubt regarding CAM classification for D. nubigenum and S. album because 

maximum ET occurring at night (rather than during the day) was not observed once water availability 

became limited. In all climate conditions tested and in both well-watered and water-stressed 

conditions, peak ET occurred around 15:00. Depending on the season, peak ET ranged from 0.15–

0.36 mm·h
-1
 for well-watered, planted trays and from 0.11–0.18 mm·h

-1
 for well-watered unplanted 

trays. In the water-stressed condition, ET from planted and unplanted trays were similar, ranging from 

0.04 to 0.09 mm·h
-1

 (Rezaei, 2005). Berghage et al. (2007b) also found no evidence to support higher 

water loss by CAM plants (S. spurium, S. sexangulare, D. nubigenum, and S. album) at night under 

water-limited conditions. The difference in hourly loss rate between the planted and unplanted trays 

differed most around noon and in the early afternoon (S. spurium 13:00, D. nubigenum 11:00-13:00 

and S. sexangulare 12:00-13:00). Peak ET under early summer conditions ranged from 0.14 to 

0.44 mm·h
-1
 for well-watered planted trays and 0.16 to 0.52 mm·h

-1
 for well-watered unplanted trays 

depending on plant species trialled. Peak ET was similar between planted and unplanted trays with 

some events demonstrating greater hourly ET from the unplanted trays than from the vegetated trays. 

Overall planted trays demonstrated greater daily loss than unplanted trays, but distribution of ET 

during the day varied. Planted trays lost more water during the morning and early afternoon, similar 

amounts during mid afternoon and more during late afternoon than unplanted trays (Berghage et al., 

2007b). ET under water-stressed conditions was similar in planted and unplanted trays, ranging from 

0.02 to 0.14 mm·h
-1

 (Berghage et al., 2007b). Peak ET in the Neubrandenburg living roof trial occurred 
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between 12:00 and 15:00 and was 0.17–0.29 mm·h
-1

 under ‗saturated‘ (likely field capacity) autumn 

conditions (Köhler and Schmidt, 2008).  

A wind tunnel experiment in Japan quantified hourly ET rates from a roof lawn garden under four 

conditions: no water supply and no solar radiation (in the dark), with water supply in the dark, no water 

supply and solar radiation, with water supply and solar radiation (Onmura et al., 2001). For each 

condition temperature and RH were controlled at 20°C and 50%. For the four conditions, average ET 

rates were 0.11 mm·h
-1

, 0.12 mm·h
-1

, 0.28 mm·h
-1

 and 0.31 mm·h
-1
 (Onmura et al., 2001).  

Peak hourly ET rates were a similar order of magnitude across species and trials (Table 2-4). The 

overall range of ET from a living roof in the well-watered condition was 0.11–0.52 mm·h
-1

. When water 

became scarce, ET was 0.02–0.28 mm·h
-1

. Water availability had the greatest influence on ET rates. 

ET rates were greater when water was available than in water-stressed conditions. Solar radiation 

also exerted a clear influence on hourly ET rates. When water was available, all trials demonstrated 

clear diurnal variation in response with peak ET focused around midday to early afternoon. RH was 

not discussed in the trials presented, but may also influence ET rates and can possibly account for 

some variation between results. No research to date on living roof ET has identified sedums switching 

from the C3 metabolism to CAM when experiencing water limited conditions.  

Table 2-4: Summary of hourly evapotranspiration rates from living roofs 

Water availability Vegetation Peak ET (mm·h
-1

) Source 

Water available 

Sedum 

0.15–0.36 (Rezaei, 2005) 

0.14–0.44 (Berghage et al., 2007b) 

0.17–0.29 (Köhler and Schmidt, 2008) 

Non-sedum 0.12–0.31 (Onmura et al., 2001) 

Unplanted 
0.11–0.18 (Rezaei, 2005) 

0.16–0.52 (Berghage et al., 2007b) 

Water-stressed 

Sedum & 
unplanted 

0.04–0.09 (Rezaei, 2005) 

0.02–0.14 (Berghage et al., 2007b) 

Non-sedum 0.11–0.28 (Onmura et al., 2001) 

 

2.2.3.3. Influences on evapotranspiration 

Research in Belgium by Mentens et al. (2003) determined a significant difference between ET for 

different roof aspects, with the magnitude of difference being a result of climatologic differences such 

as shade (also cloud cover) and air temperature. Seasonal variations were caused by an overall 

difference in climatic conditions such as the solar zenith angle. Roof slope also played a substantial 

role in ET, with the greater slope exhibiting reduced ET. Roof slope and aspect play a significant role 

in determining the intensity of direct solar radiation falling upon a living roof surface (White et al., 

1992). For example, in the Southern Hemisphere, a roof slope of northerly aspect will receive solar 

radiation when solar elevation is greatest. In contrast, a roof of southerly aspect will receive low 

intensity radiation, if any at all. With regard to slope, the intensity of direct radiation is dependent on 

the angle of incidence of the incoming solar radiation. If the roof slope is perpendicular to the incident 
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rays, then radiation intensity will be greatest. As the slope becomes more parallel to the incident solar 

radiation then intensity will be reduced. Radiation is a key factor influencing ET and thus as slope and 

aspect influence incoming radiation, they also directly influence ET. 

Theodosiou (2003) studied the thermal behaviour of living roofs for use as a passive cooling technique 

in Greece. It was concluded that in a humid environment, ET is minimised, and the main function of 

the living roof is the protection of the underlying layers, by shading and the high thermal inertia. 

Relative humidity is the most important climatic factor in the performance of living roofs as a cooling 

technique (Theodosiou, 2003). 

Wolf and Lundholm (2008) investigated the effect of plant architecture on ET using 14 plant species in 

Nova Scotia (Canada), 10 of which were indigenous (Plantago maritima, Rhodiola rosea, Campanula 

rotundifolia, Minuartia groenlandica, Sagina procumbens, Sibbaldiopsis tridentata, Danthonia spicata, 

Deschampsia flexuosa, Empetrum nigrum, Gaultheria procumbens), and four were non-natives 

frequently used on living roofs throughout Europe and North America (Sedum acre, Sedum x 

rubrotinctum, Sedum spurium, Poa compressa). Species were divided into four growth forms: 

succulents, herbaceous dicots, low-growing woody plants, and grasses. Watering regimes were 

divided into ‗wet‘ (watered every four days), intermediate (watered every 11 days) and dry (watered 

every 24 days). The study affirmed the contribution of vegetation to ET in living roof systems 

compared to bare substrate, although plants had a greater effect only when water availability was low. 

Water loss in the dry treatment was approximately 33% greater in planted trays than unplanted. The 

study was not broken down into shorter timeframes. Wolf and Lundholm (2008) found large 

differences in overall water loss between species with the same growth form, especially in the wet 

treatment. Microcosms planted with P. compressa (grass) lost the most water over all moisture 

treatments, with R. rosea (succulent) and C. rotundifolia (herbaceous) performing as well as P. 

compressa in intermediate and wet treatments. S. acre retained more water than (non-vegetated) 

controls and plots vegetated with other species under wet and intermediate treatments, suggesting 

that its growth form impeded E from the soil surface. The authors concluded ET would be enhanced 

by planting a variety of species and that generalisations about water loss from living roofs should not 

be made based on growth form alone. 

To date, no research has been completed into NZ native plant species, or exotic plant species (Sedum 

species) suitable for living roofs under sub-tropical climate conditions in NZ. 

2.2.4. Modelled living roof evapotranspiration 

Evapotranspiration is an important component of both hydrologic and energy models of living roofs 

(Del Barrio, 1998; Lazzarin et al., 2005; Jarrett et al., 2007; Hilten et al., 2008; Sailor, 2008). 

Experimental ET data for a variety of living roof plants and climatic conditions is therefore fundamental 

to allow calibration and validation of models. Lazzarin et al. (2005) modelled the thermal and energetic 

behaviour of a living roof, and Levallius (2005) modelled both the energetic behaviour and the 

stormwater response of a living roof. Both used energy balance methods to estimate ET and 
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commented that limited data was available to explain ET in a living roof environment. Levallius (2005) 

validated an energy balance model using greenhouse trials but concluded that further validation and 

study were required as the measurements used for validation were taken under constrained climate 

conditions. Sailor (2008) identified that the existing models presented by Del Barrio (1998) and Kumar 

and Kaushik (2005) and developed to calculate the energy transfer through living roofs simplify the 

effects of ET. Both Del Barrio (1998) and Kumar & Kaushik (2005) present models based on leaf area 

index (LAI), vapour pressure deficit and internal and canopy resistance. Sailor (2008) presents a 

physically based model of the energy balance that uses more components to estimate ET. Few purely 

hydrological living roof models have been generated. Regardless of whether the purpose of the living 

roof model is for thermal behaviour, energetic behaviour or stormwater management, the main 

assumption of a reliable estimate of daily ET is difficult to satisfy due to a paucity of experimental data.  

Rezaei (2005) applied six different ET models (original Penman, FAO-56 PM, Penman-Monteith, 

Wright-Penman, Jensen-Haise and Blaney-Criddle) using measured climatic parameters. All six 

predicted ET rates were compared to the measured ET presented in Section 2.2.3 to find the best 

model to predict ET from living roof substrates and plants. A daily time-step analysis was completed 

for each ET model. The Penman-Monteith was the best model overall for predicting well-watered ET 

rates. During the hot summer condition, the Penman model showed a better fit (correlation = 0.988) 

than the Penman-Monteith (correlation = 0.903). However, due to overall response, the Penman-

Monteith model was selected as the best model in general for predicting living roof ET from a mixed 

bed of D. nubigenum and S. album. 

Hilten (2005) analysed ET for a living roof using three methods: direct measurement through a re-

arrangement of the water balance, the FAO-56 PM and the Hargreaves method. ET was simulated 

using the modelling program HYDRUS-1D and validated via a water balance calculation based on 

measured rainfall, runoff, and changes in volumetric soil moisture (experimental results were not 

presented). Due to difficulty measuring small changes in runoff and soil water content, longer intervals 

(≥7 d) were required to obtain accurate ET values (Hilten, 2005). Measured ET was then compared 

with output ETC from the HYDRUS-1D model. FAO-56 PM ET was input to HYDRUS-1D and ETC was 

calculated based on water availability in the soil. Regression analysis showed an R
2
 of 0.88 and a 

slope of 0.99 for simulated versus measured actual ET. Once verified, the FAO-56 PM method was 

deemed accurate enough to be used for estimating reference ET in any location with sufficient data 

available (Hilten, 2005). The evaluation also attempted to show Hargreaves‘ method could be equally 

accurate. Without direct inputs for solar radiation and wind speed, the simpler Hargreaves‘ method 

over-predicted ET during cloudy periods, and under-predicted ET during high winds. The FAO-56 PM 

method takes cloudiness and wind into account directly. The slope of the linear correlation between 

Hargreaves‘ and FAO-56 PM methods was 1.4. However, the relative simplicity afforded by 

Hargreaves‘ method allowed ET to be estimated for seven evaluation cities for which extensive 

climate data required by the FAO-56 PM method was not readily available (Hilten, 2005). Neither 

model was used directly to calculate ETC, but rather they defined the upper limit of ET. ETC was 

calculated based on water availability in the soil. 
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Feller et al. (2010) plotted August (late summer) lysimeter data from a living roof in Villanova 

(Pennsylvania, USA) with Penman, Penman-Monteith, Priestly-Taylor and Slatyer & McIlroy models. 

Penman and Penman-Monteith predicted ET gave the best overall fit. Predicted ET was well within the 

error range of the load cells used to measure ET. When eight months of lysimeter data was compared 

to the Penman model there was only a 2.21% difference between lysimeter ET and predicted ET for 

the period. On a monthly basis, %-difference ranged from 0.1% to 15.2%. In all months ET was 

overestimated by the model. Hickman et al. (2010) presented July (mid-summer) data from the same 

Villanova living roof, and compared measured ET to the Penman and Penman-Monteith models. Both 

models demonstrated a good fit for the month of daily data presented. Eight months of lysimeter data 

was compared to the Penman and Penman-Monteith models. The Penman data is the same as 

presented by Feller et al. (2010). Overall there was -0.5% difference between Penman-Monteith 

modelled ET and the measured ET for the period. On a monthly basis, %-difference ranged 

from -14.7% to 7.9%. Depending on the month, Penman-Monteith ET both over and under predicted 

measured ET. Hickman (2010) and Feller et al. (2010) both concluded that it will soon be possible to 

reliably predict ET from a living roof using meteorological data. 

In a concurrent study, preliminary analysis from a New York (USA) living roof by DiGiovanni et al. 

(2010) showed September (early autumn) lysimeter recorded ET compared to the Holdridge model 

and a modified version of the Penman-Monteith method, accessed from the North-eastern Regional 

Climate Centre (NRCC). Unexpectedly, measured ET was at times greater than estimated PET. PET 

should provide the upper limit for ET. Measured ET decayed in the days after rainfall while estimated 

PET remained high. For many days estimated PET was much greater than measured ET. It was 

concluded that the two selected methodologies for estimating ET may not be optimal for living roof 

application (DiGiovanni et al., 2010). 

Lazzarin et al. (2005) compared experimental data from a research site in Vincenza (Italy) to the 

Penman equation and found the model was satisfactory when the living roof was in the well-watered 

state, but did not provide a good correlation when the living roof was dry. These results are consistent 

with the Penman model development that assumes water is freely available. The model was tuned 

using calculated KC discussed in Section 2.2.4.1. 

Kasmin et al. (2010) modelled ET using 2 different approaches: 1) used continuous simulation to 

determine the best-fit ET value on a month-by-month basis, and 2) used the Thornthwaite formula to 

predict ET as a function of temperature. Approach 1 used two alternative calibration methods to 

estimate monthly ET. First, ET was estimated using model calibration based on the assumption that 

total modelled runoff over the month should match total observed runoff. However, in some instances, 

particularly when runoff was low, suspiciously high ET rates were generated. As an alternative, ET 

was estimated using model calibration based on the best fit of the temporal runoff profile. ET was 

estimated only for months where total runoff >15 mm (17 of a potential 28 months). The model 

provided good fits (R
2
 > 0.7) for 8 months; the remainder (which were generally characterised by low 

runoff) were presented as preliminary estimates only. The ET values determined from the temporal 

runoff profile ranged between 0.5 mm·d
-1

 in winter up to 3.0 mm·d
-1

 in spring (Kasmin et al., 2010). 
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When compared to ET values determined empirically based on the temporal runoff profile, the 

Thornthwaite model (Approach 2) demonstrated a good correlation (R
2
 = 0.72) when a multiplier, or 

crop coefficient, of 0.75 was applied (Kasmin et al., 2010). Long term modelling suggests that ET falls 

below 1 mm·d
-1

 for much of the year under UK climatic conditions. It was expected that ET rates would 

be less than modelled ET from a living roof due to the shallow substrate and low water requirements 

of sedums. Results suggest that although the Thornthwaite method tends to over-predict living roof 

ET, there is potential to use a modified form of the Thornthwaite approach to generate suitable ET 

values from local climatic data (Kasmin et al., 2010). 

A number of models have been tested with mixed results. Hilten (2005) recommend the use of the 

FAO-56 PM and acknowledges that the Hargreaves‘ method may be a suitable alternative when data 

is short, however neither method is used directly to calculate living roof ET. Kasmin et al. (2010) used 

a continuous simulation approach to estimate ET using model calibration by fitting modelled runoff to 

measured runoff. Application was limited to months where total runoff was >15 mm. Rezaei (2005) 

identified the Penman-Monteith method as the best model overall for predicting well-watered ET rates 

from sedum living roofs, but limited use of the model to well-watered conditions, representative of the 

assumptions behind the model development. Likewise, Lazzarin et al. (2005) found the Penman 

equation was satisfactory when the living roof was in the well-watered state, but did not provide a 

good correlation when the living roof was dry. Hickman (2010) and Feller et al. (2010) demonstrated 

that both the Penman and Penman-Monteith equations provided reasonably accurate estimation of 

ET, although the Penman-Monteith provided the better results. In contrast DiGiovanni et al. (2010) 

found a modified version of the Penman-Monteith was not appropriate for estimating measure ET. 

Research from Villanova used site specific meteorological data. In contrast the study from New York 

used site specific temperature data for the Holdridge model, but accessed the Modified Penman-

Monteith data from a regional database. It may be that the estimation would be more accurate with 

local data. Furthermore, the Holdridge method is a temperature based method. Having only a single 

input reduces the accuracy. The Holdridge method may be enhanced by local calibration. In addition, 

the Penman-Monteith modelled ET presented by Hickman (2010) was acknowledged as biased since 

the data used for calibrating the surface and aerodynamic resistances was also used for validation. 

Kasmin et al. (2010) identified potential to use the Thornthwaite method to generate suitable living roof 

ET values if a crop coefficient is applied. Overall, there is still uncertainty as to whether commonly 

used agricultural ET models are appropriate for use estimating living roof ET. In addition to the 

Thornthwaite method, the Penman and Penman-Monteith methods have both been identified as 

suitable. Both the Penman and Penman-Monteith methods were limited to periods when water was 

readily available, which may not always be applicable on a living roof, particularly a non-irrigated roof. 

2.2.4.1. Analysis including crop coefficients 

ET modelled by Rezaei (2005) using the Penman-Monteith equation was correlated to observed ET 

values using a linear equation. Adjustment coefficients for winter, autumn/spring, early summer and 

hot summer presented were: 0.74, 0.24, 1.17, and 3.25 respectively (Rezaei, 2005). The adjustment 
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coefficient is used as a multiplier to Penman-Monteith ET to calculate actual ET. There was a constant 

associated with each linear fit of actual to modelled ET (Eqn. 2.48); the adjustment factors are not true 

crop factors where ETC relates directly to ET0 (Eqn. 2.49). The constant and adjustment coefficient of 

the equation are site and plant species specific. 

 ( ) ( )Observed Adjustment Coefficient Penman-Monteith constant= +  (2.48) 

 ( )Observed= Penman-MonteithCK  (2.49) 

During the hot summer condition, when the Penman model showed a better fit, the adjustment 

coefficient for the Penman model was 2.24.  

Lazzarin et al. (2005) presented crop coefficients for two conditions; well-watered and water-stressed. 

The crop coefficients followed a logarithmic curve and varied dependent on the RH of the soil4. For the 

well watered condition the crop coefficient ranged from approximately 0.33 to 0.52. For the water-

stressed condition KC was lower, approximately -0.13–0.34. Due to the nature of a logarithmic curve, 

the range of KC values can be reduced significantly when RH < 5% is excluded. The ranges reduce to 

approximately 0.4–0.52 and 0.1–0.34 respectively (Lazzarin et al., 2005).  

The City of Riverside Water Efficient Landscaping and Irrigation Ordinance Summary and Design 

Manual uses crop coefficients of 0.25–0.35 for two species used on living roofs; Delosperma alba 

(white trailing iceplant) and S. rubrotinctum (pork and beans). Both plants were categorised as “low 

water use plants", but there is no reference indicating the source of these crop coefficients (City of 

Riverside Planning Department, 1994).  

Baraglioli et al. (2008) created a theoretical hydraulic model for living roofs using a water balance 

approach. The paper acknowledged a shortage of crop coefficient data, particularly for plants such as 

sedums. The study tested two “reasonable” vegetation coefficients; values of 0.5 and 1 were 

assumed. The crop coefficient had a significant effect on modelled runoff. When KC = 0.5, mean 

annual overflow rate was 40–50% for living roofs with <100 mm substrate depth. When KC = 1.0, mean 

annual overflow rate was 15–35% for living roofs with <100 mm substrate depth. The authors 

consequently concluded that improved knowledge of the water requirements of living roof plants 

species was needed to improve model accuracy (Baraglioli et al., 2008).  

KC = 1.0 may not be a realistic assumption for living roofs, it suggests that living roof species are able 

to transpire at the same rate as a well watered actively growing grass or alfalfa crop. The modelling 

study by Lazzarin et al. (2005) reflects this presenting maximum KC of 0.52. However, only one 

experimental study from an extensive living roof incorporating KC has been found to date, presenting 

values from 0.24 to 3.25 (Rezaei, 2005).  

                                                            
4 Relative humidity of the soil is a measure of moisture content. It is equal to [specific water content of the soil (kg/m2)]/ [specific 
water content of the soil in the saturated condition (kg/m2)]. 
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A paucity of data on suitable crop coefficients for living roof plants and the appropriateness of 

agriculturally based ET estimation methods for living roof application indicate that further research is 

required. A better understanding of how living roof plants transpire is needed to determine the best 

method to estimate ET rates from a living roof.  

2.2.5. Summary 

ET recovers storage availability in living roof substrate and thus has the potential to be a significant 

factor in determining living roof retention capabilities. It has been shown plants play a significant role in 

the functionality of a living roof for stormwater management, over and above that offered by the 

substrate alone. Plants can contribute 20–48% of total ET via the process of transpiration, thus aiding 

storage recovery within the substrate (Berghage et al., 2007b; VanWoert et al., 2005a; Voyde et al., 

2010b; Rezaei, 2005).  

The range of daily ET from a living roof in the well-watered condition was 0.1–6.6 mm·d
-1

 (Table 2-2). 

ET from planted living roofs was consistently greater than that from unplanted living roofs. Research 

using non-sedum species tended to demonstrate slightly higher ET, but the increase was not 

substantially greater than ET recorded from some sedum trials. When water became scarce, ET from 

both planted and unplanted trials was <1 mm·d
-1
, in all temperature ranges (Table 2-3). The range of 

peak hourly ET rates from a living roof in the well-watered condition was 0.11–0.52 mm·h
-1

 (Table 2-4). 

When water was unavailable peak hourly ET rate was 0.02–0.28 mm·h
-1
. When water was available, 

all trials demonstrated clear diurnal variation in response with peak ET focused around midday to early 

afternoon. No research to date on living roof ET has identified sedums switching from the C3 

metabolism to CAM under water-limited conditions. Hourly ET rates can be used to quantify potential 

storage recharge during short inter or intra-event dry periods. 

Water availability had the greatest overall influence on ET rates. Additional influential factors identified 

were radiation, RH, temperature, roof slope, roof aspect, and plant architecture. Average annual daily 

potential ET for Auckland City, calculated using the Penman equation is 3.1 mm·d
-1

 (NZ 

Meteorological Service, 1986). When split into seasons, summer, autumn, winter and spring PET rates 

are given as 5.1, 2.5, 1.3 and 3.5 mm·d
-1
 (NZ Meteorological Service, 1986). ET has the potential to 

play a significant role in the living roof hydrologic budget in Auckland as living roof plants have been 

shown to reach ET rates similar to the maximum seasonal PET during summer of 5.1 mm·d
-1

. To date, 

no research has been completed into NZ native plant species, or exotic plant species suitable for living 

roofs under sub-tropical climate conditions in NZ. Studies have not identified the effects of ET at 

height where climatic conditions differ to those at ground level. 

A review of ET estimation methods commonly used in agriculture identified that the methods likely to 

be most appropriate for estimating living roof ET using a daily time step are the Penman-Monteith 

(original and FAO-56); Penman (Original and FAO-24); 1982 Kimberly-Penman; FAO-24 Blaney-

Criddle, and the Hargreaves equation. It would be expected that the Penman-Monteith method would 

perform best, by giving an accurate estimate of living roof ET when compared with measured data. 
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The Penman-Monteith equation is a combination equation based on physical laws and rational 

relationships designed to include the effect of canopy resistance on ET. It was expected that the 

temperature based equations—FAO-24 Blaney-Criddle and Hargreaves—would perform worst, or give 

the least accurate estimates of living roof ET, due to the limited data inputs required to estimate ET. 

With the exception of the Original Penman, the remaining methods are reference combination 

equations. They were expected to perform well, but not as well as the Penman-Monteith due to 

simplifications involved in generating the methods. 

Studies comparing measured ET to common agricultural models have identified that the Penman, 

Penman-Monteith and Thornthwaite ET models may be utilised for estimating ET from a living roof, 

however all require adjustment using an experimentally derived crop coefficient. There is little 

consensus over which would be the most appropriate model to use and whether it is even appropriate 

to use agriculturally based models. Studies limit use of both the Penman and the Penman-Monteith 

methods to the well-watered condition, a condition that may not be applicable on a living roof. 

Crop coefficients have been presented in the range of 0.1 to 3.25 for use with the Penman, Penman-

Monteith and Thornthwaite models. A paucity of data on suitable crop coefficients for living roof plants 

and the appropriateness of agriculturally based ET estimation methods for living roof application 

indicate that further research is required. A better understanding of how living roof plants transpire is 

needed to determine the best method to estimate ET rates from living roof plant species. 
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Chapter 3. Living roof rainfall and runoff 

 

Field monitoring results from an established 235 m
2
 extensive living roof in Auckland are presented 

herein to quantify the extent of stormwater source control over one full year. Comparison is made 

between living roofs with three different substrate types and two depths in a side-by-side comparison. 

The overall ability of the living roof to mitigate stormwater runoff annually is presented, as well as 

analysed based on seasonal and event-based response. Mitigation is assessed using volume and 

peak flow reductions. Detailed analysis of consecutive rainfall events investigates effects of 

antecedent rainfall and climate conditions on runoff response. 

3.1. Methodology 

3.1.1. Site Description 

An extensive living roof was constructed in September–October 2006 on the ~250 m
2
 roof of the 

13-storey University of Auckland (UoA), Faculty of Engineering building in Auckland‘s CBD 

(-36.852377,174.769928; elevation of 71.4 m a.s.l). The living roof is 235 m
2
 (94% of total roof area), 

including a typical gravel edge (200–800 mm width). Three substrates that were developed at the UoA 

in an earlier research project were installed on the full-scale living roof test site (Table 3-1). Substrates 

were developed using predominantly locally available materials and were characterised using FLL 

methodology (FLL, 2002); a detailed description of substrate development is found in Fassman and 

Simcock (2008). The substrates used were named by their distinguishing aggregate components; 

expanded clay, zeolite and pumice, not necessarily the dominant components. Design criteria for 

substrate used in the UoA living roof focused on cost, accessibility of base materials, and meeting FLL 

objectives. The final substrates have similar physical characteristics; significant differences in 

hydrological performance were not anticipated.  
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Table 3-1: Characteristics of substrates on the University of Auckland full scale living roof test site 

Substrate
a
 

Components 
(% by volume) 

Dry 
Bulk 

Density 

Max. 
Water 

Capacity
b
 

Saturated 
Permeability

c
 

Wet 
Weight 

at 
50 mm

d
 

Porosity
e
 

Material % kg·m
-3
 % cm·s

-1
 kg·m

-2
 % 

Pumice 

Pumice 4-10 mm 60 

988.9 46.6 0.005 92.3 58.7 Pumice 1-7 mm 20 

Composted bark 
fines 

20 

Zeolite 

Pumice 4-10 mm 50 

856.7 49.6 0.007 93.9 66.0 Zeolite 1-8 mm 30 

Composted bark 
fines 

20 

Expanded 
Clay 

Pumice 4-10 mm 20 

819.7 40.8 0.034 83.2 - 

Pumice 1-7 mm 20 

Expanded clay 40 

Composted bark 
fines 

20 

a. Substrate name not necessarily based on predominant component. 
b. Calculated as per FLL methodology (FLL, 2002) for maximum water capacity. 

c. Calculated as per FLL methodology (FLL, 2002) for saturated permeability. 
d. Includes 0.8 kg·m

-2
 of drainage layer + 17 kg·m

-2
 plants. Substrate and drainage layer weights determined after 24 h 

soaking, followed by 2 h draining. Plant weights based on measurement as per Voyde et al. (2010b). 

e. Calculated using values for bulk and particle densities measured from 5 intact, undisturbed cores taken from the 
UoA living roof. Data is unavailable for Expanded Clay. 

 

The UoA living roof comprises six hydraulically isolated plots to allow comparison between substrate 

types and depths, as described in Figure 3-1. Average roof slope is 1.2% towards four vertical 

drainage points. The living roof design goal was a ―light-weight‖ system, consistent with extensive 

living roof designs, with target maximum wet weight set at 100 kg·m
-2

. Maximum substrate depth was 

70 mm; back-calculated from the self imposed weight limit. Greenhouse trials deemed 50 mm the 

minimum depth able to support the chosen plant palate. The bulk blending process resulted in a 

substrate wet weight greater than the original target goals at 70 mm depth, but the discovery was 

made only after system installation (Fassman et al., 2010).  
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Figure 3-1: University of Auckland living roof configuration describing plot drainage area, substrate 

depth, and aggregate composition 

Each plot was underlain with Delta NP drainage mat. The mat is an 8 mm high system of dimpled high 

density polyethylene with nonwoven polypropylene geotextile attached and is installed with cups down 

(Figure 3-2). The drainage mat was laid directly over the existing bituminous asphalt membrane after 

any significant cracks in the asphalt had been sealed with a primer and bitumine sealant (Fassman et 

al., 2010). Figure 3-3 gives the detailed cross section of the installed UoA extensive living roof above 

the roof deck. The building was constructed in 1964 so it is unlikely to be insulated. 

 

Figure 3-2: Delta NP drainage mat 
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Figure 3-3: Detailed cross section of University of Auckland living roof (Fassman et al., 2010). 

All plots, excluding Plot 2, were planted with plugs using a combination of native and non-native 

(sedum) species. The initial plant list and plant photos are given in Appendix 1. Plot 2 was vegetated 

using a 25 mm deep sedum mat that had greater than 90% cover at the time it was rolled out. The 

sedum mat consisted of five sedum species (S. rubrotinctum, S. rupestre, S. mexicanum, S. spurium 

and S. album) in approximately 10 mm of substrate on a 12–15 mm thick coconut coir erosion mat 

reinforced with plastic polymer netting (Fassman et al., 2010). Water storage potential of the coconut 

coir mat in Plot 2, containing entrained substrates and sedum roots, was measured as the difference 

between moisture content at field capacity and when air-dry but containing unstressed plants. The 

difference between these two states was equivalent to a water depth of 4.7 mm and approximated the 

influence of the mat on attenuating rainfall (Fassman et al., 2010). The research site was also used as 

a demonstration site. In analysis not related to this thesis, the sedum mat was used to assess the 

effect of immediate visual impact and plant establishment on public perception of the living roof. 

The UoA living roof is considered an established roof. Although all plots (with the exception of Plot 2) 

were planted using identical species and planting schemes, over the 3 year period vegetation has 

developed differently between the plots (Table 3-2). Total plant cover over all plots in December 2008 

was 85% (Table 3-2). In December 2008 the overall vegetation mean height was 40 mm, reflecting the 

dominance of sedums (mean 38%) and low-growing adventive groundcovers (Table 3-2). Dominant 

planted species were Sedum mexicanum (mean cover 22%) and the native Festuca coxii. Plant cover 

data for the UoA living roof is from Fassman et al. (2010). Photos of vegetation cover for the six plots 

are given in Figure 3-4. Plant cover was in a similar range to data from over 30 established living roofs 

sampled in the USA with an mean cover of 72%, and a maximum of 95% (Berghage et al., 2008). 

Plant cover exceeds the FLL definition of >60% plant coverage for an established living roof (FLL, 

2002). Since construction in late 2006 until December 2009, the UoA living roof has only been 

irrigated during establishment and occasionally during extreme dry summer periods (>3 weeks without 

rain). 
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Table 3-2: Total plant cover and Sedum cover (%) and plant height (mm) in December 2008 by plot 

(Fassman et al., 2010) 

Establishment Treatment 
Vegetation cover by plot number (Dec 2008) Grand 

mean 1 2 3 4 5 6 

Total plant cover by plot (%) 72 90 93 83 89 84 85 

Total sedum cover by plot (%) 30 75 35 32 65 28 38 

Mean plant height (mm) 25 31 36 31 54 46 40 

Notes re plant cover in Dec 2008: 
1. Festuca coxii was the sole perennial native species that maintained a significant cover. 
2. An average 20% of plant cover was contributed by two adventive groundcover species: Polycarpon tetraphyllum 
and Sagina procumbens, both weeds. Areas with high cover of planted species generally had the lowest cover of 

adventive weeds 

 

 

Figure 3-4: Plant cover for field installation living roof plots at the University of Auckland. Clockwise 

from top right: Plot 1 to Plot 6. Photos taken 23 September 2009. 
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3.1.2.  Data Collection 

3.1.2.1. Rainfall 

Rainfall was measured for the sampling duration using a Sigma 2149, 0.01 inch (0.254 mm) accuracy, 

tipping bucket rain gauge. In addition to verification of the factory calibration of the rain gauge, 

accuracy was assessed via comparison with data from the Khyber Pass National Institute of Water 

and Atmospheric Research (NIWA) climate station ~1 km from the field study site (NIWA Science, 

2010b). The gauge was installed on the balustrade of the living roof to help avoid the effects of the 

central utilities shaft and the balustrade itself. Rain gauge location and a photo are presented in Figure 

3-5 and Figure 3-6 respectively. The gauge was levelled when installed then checked monthly to 

ensure it remained level. Due to equipment limitations the potential for spatial variation in rainfall was 

not quantified. 

 

Figure 3-5: Location of monitoring equipment on University of Auckland living roof 
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Figure 3-6: Installation of the Sigma 2149 rain gauge on the University of Auckland living roof 

3.1.2.2. Runoff 

Recording runoff from the field installation living roof was restricted by the physical construction of the 

roof. The gutter boxes are small and shallow (approximately 230 mm x 230 mm x 420 mm deep), 

draining into an 80 mm diameter vertical pipe. A variety of different V-notch weir configurations were 

originally tested, however the accuracy of each set-up was inadequate. Runoff was recorded from 

each plot using a data-logging Global Water WL16USB pressure transducer rated for 0–0.91 m depth. 

However, the limited pressure transducer accuracy (±2 mm) introduced a significant error margin 

given little total flow depth over the weirs. In order to increase depth, and to fit within the 80 mm down-

pipe, narrow orifice restricted devices (ORDs) were custom designed.  

The ORD is a 1.2 m long, 35 mm diameter tube with holes drilled along the tube length, increasing in 

diameter from tube bottom to top. The holes are smaller and located further apart at the tube bottom to 

ensure sufficient increase in head for changes in very low flows.  The design allows for a 5 mm head 

increase for a change from 10 mL·min
-1

 to 20 mL·min
-1
. The time required for stabilisation of the water 

level as a result of changes in flow rate (at very low flows) is approximately 3–4 min. As water depth 

was sampled at 5 min intervals this delay was deemed acceptable. The ORDs were custom designed 

for the current application through laboratory trials to enable measurement over a range from 

10 mL·min
-1

 (0.0002 L·s
-1

) to 1 L·s
-1

. The lower rate is minimal; however, small rainfall events are of 

particular concern in determining living roof response and use as an appropriate LID device in the long 

term. The higher rate (1 L·s
-1

) represents peak flow from a conventional plot the equivalent size of the 

largest living roof plot during a 10 yr storm. The pressure transducer stands in 250 mm of water and 

below the lowest hole, which prevents measurement interference by turbulence. The transducer head 

does not interfere with incoming flow and is not likely to dry out due to evaporation and thus lose its 

calibration. A detailed drawing of the ORD is presented in Appendix 2. 
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The ORDs were constructed with a removable base so that they could be flushed to remove any 

particulate matter which fell into the device during operation. Furthermore, mesh screens were 

installed at the top of the ORDs to prevent larger particulate matter entering the ORDs. The ORDs 

were checked weekly for any debris in front of the mesh and cleaned immediately when debris was 

visible to prevent algal growth and substrate particles blocking the holes. Physical installation used a 

wooden, sloped brace that directs water from each plot into the mouth of the ORD (Figure 3-7). The 

depth sensors were suspended within the ORD such that the entire sensor was permanently 

submerged. Figure 3-8 gives the relative component depths once the ORDs were installed. If the ORD 

filled to its maximum capacity (1 L·s
-1

 outflow, 751 mm maximum water depth) then the maximum 

storage provided by the system was 722 ml, or equivalent to 0.02–0.06 mm across the plot 

(depending on plot size). The ORDs should not interfere with the accuracy of runoff measurement. 

Runoff from each plot flowed through an ORD (Figure 3-7 and Figure 3-8). All transducers were 

manually calibrated following the manufacturer‘s directions (Global Water, 2006). A rating curve was 

determined in the laboratory by recording depth inside the ORD using the Global Water WL16USB 

pressure transducer at known flow rates (Figure 3-9). Due to the roof configuration, Plots 2 & 3 and 

Plots 4 & 5 share a drainage point, but equipment configuration enabled separate measurement from 

each plot (Figure 3-7). Instantaneous measurements of water depth were taken at 5 min intervals. 

 

Figure 3-7: Orifice restricted devices (left) are installed below surface level. An oblique view (right) from 

Plot 4 to Plot 6 shows Plots 4 & 5 have a shared drainage point (middle bottom). A sealed wooden barrier 

enables separate measurement. 
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Figure 3-8: Engineering drawing demonstrating installation of the orifice restricted devices 
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Figure 3-9: Orifice restricted device rating curve
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3.1.2.3. Climatic parameters 

Wind speed and direction were measured using a Gill Windsonic sonic anemometer. Ambient air 

temperature and RH were recorded using a Campbell Scientific CS215 Temperature and Humidity 

Probe mounted with the Windsonic, including a six plate aspiration shield. Net radiation was a 

differential measurement by a REBS *Q.7 Net Radiometer. The value was adjusted for wind speed as 

measured by the anemometer. The location and photo of the climate station are given in Figure 3-5 

and Figure 3-10 respectively. 

 

Figure 3-10: University of Auckland living roof climate station: anemometer with combined temperature 

and humidity probe to the left, net radiometer to the right. 

In any observation of wind, it is important to specify the height above the ground at which it was taken 

due to the frictional effects of the ground over which the wind is blowing (Wilson, 1990). For 

consistency between field observations, the standard height for wind measurement is commonly 2 m 

Due to the unique location of living roofs and the urban environment in which they are situated, the 

2 m standard height for recording wind speed may not be appropriate. The UoA living roof is located 

within the CBD and has a 1.25 m solid balustrade around the edge of roof that further influences wind. 

Wind speed and direction have been monitored 0.3 m above the living roof surface to accurately 

record the wind experienced by the living roof.  

Data was recorded by a Campbell CR1000 Measurement and Control Module with an AM16/32 16-

channel relay multiplexer. The system included a NL115 Ethernet network link interface and compact 
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flash module to allow for remote download of data. All climate data, except rainfall, was output as 15 

min, hourly and daily means. Rainfall was output as 5 min, 15 min, hourly and daily totals. 

3.1.3. Data processing and analysis 

Rainfall and runoff was analysed per rainfall event. Raw data from the pressure transducers gave a 

depth of water over the base of the transducer. This data needed to be converted into an equivalent 

depth of water generated from the living roof plots in order to be compared directly with rainfall data. 

The first step of analysis was to determine a zero flow baseline for the data. When there was no flow 

through the ORD, the raw depth recorded by the sensor was stable. For each event, this stable 

baseline value was subtracted from the raw data to give a record of actual depth flowing through the 

ORD. An example of baseline selection is given in Figure 3-11. In some rainfall events, the baseline 

did not settle to exactly the same level. For these events, the baseline was adjusted at the peak. The 

method preserved the maximum depth so as to not under-represent peak flow runoff rate and also 

provided a defined point of change to enable consistency in baseline selection between rainfall events. 

Overall, with the exception of a few events, baseline adjustments did not affect the total runoff volume 

per rainfall event substantially. Baseline shifts were possibly a result of water tension or clogging of 

the smallest two holes in the ORD. Laboratory tests at the lowest flow rates (flow through the bottom 

four holes) analysed how the calibration curve changed with either one or both of the bottom two holes 

blocked. Changes in calculated flow rate were insignificant, assuring confidence in measured runoff. 

After baseline selection, data was presented as an adjusted depth of water within the ORD (Figure 

3-12). Adjusted depth over the duration of the event was then converted to a discharge hydrograph 

using the laboratory determined rating curve (Figure 3-9). 

 

Figure 3-11: Example of baseline selection 
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Figure 3-12: Adjusted depth transducer data after baseline has been subtracted 

Conversion from flow rate (L·s
-1

) to runoff as an equivalent depth of water over the plot (mm) used 

Equation 3.1.  

 
2

300

(Plot Area)

L s
mm

s m
 (3.1) 

Plot areas and the resulting multiplication coefficient for conversion from flow (L·s
-1

) to equivalent 

depth (mm) are shown in Appendix 3. After flow was converted to an equivalent depth it could be 

compared directly with 5-min rainfall totals for analysis of living roof stormwater mitigation ability. 

Data was manipulated using the US Army Corps of Engineers time series database program HEC-

DSS (Charley, 2005) and Microsoft Excel. In all analyses, runoff response was compared directly with 

rainfall captured, rather than with runoff from a conventional rooftop. A comparison control roof was 

not directly monitored due to site limitations. 

The SPSS software package was used for statistical analysis. Shapiro-Wilk and Kolmogorov-Smirnov 

tests identified the datasets were not normally distributed (p < 0.05). Multiple transforms (logarithm, 

inverse, square root, power etc.) were attempted but failed to generate a normal distribution. As a 

result, non-parametric tests were used in the statistical analyses. Kruskal-Wallis tests were used to 

investigate statistically significant differences (p < 0.05) between rainfall and runoff, and between 

individual runoff records from the six plots. Multiple Mann-Whitney tests with Bonferroni correction 

identified specific differences between individual plots. 
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3.2. Results and discussion 

Continuous rainfall and runoff data from the UoA living roof was analysed over the period 23 October 

2008 to 23 October 2009. With 1093 mm of rainfall and 143 wet days, the sampled year was 

comparable to a typical year (Section 1.3). Mean annual temperature in Auckland is 15.1°C (NIWA 

Science, 2000c) and mean annual daily global radiation is 15.0 MJ·m
-2

 (NIWA Science, 2000a). The 

sampled year was comparable with mean daily temperature of 15.6°C and mean daily global radiation, 

slightly lower than average, of 13.6 MJ·m
-2

 (NIWA Science, 2010b). 

The purpose of the analysis is to compare runoff response from a living roof with that from a 

conventional rooftop. Rainfall events of <2 mm are unlikely to produce runoff from a conventional roof, 

thus these events have been excluded from event-based analysis. A total depth of 1035 mm was 

recorded for 91 individual rainfall events ≥2 mm, identified for event-based analyses of retention and 

peak flow mitigation. The depth, duration and frequency of occurrence of rainfall events are given in 

Figure 3-13. 

Rainfall events were defined by an inter-event dry period ≥6 h (Shamseldin, 2010). When runoff from 

the previous rainfall event was still discharging from the living roof at the start of the next rainfall event, 

events were combined as one larger event. Eleven of the 91 rainfall events analysed were generated 

by combining two or more individual events with extended runoff durations. 

The water quality design storm is the rainfall depth chosen to enable 80% of the runoff volume of all 

storms to be captured and treated to achieve an objective of 75% removal of total suspended solids 

on a long term average basis (Auckland Regional Council, 2003). In Auckland City, the water quality 

design storm is 25 mm (Auckland Regional Council, 2003; Auckland Regional Council, 1999). From 

the sampled year of rainfall events ≥2 mm, 82 of the 91 events captured were ≤25 mm. The water 

quality design storm depth provides an appropriate comparison for determining whether or not living 

roofs are an effective source control for stormwater mitigation in Auckland. 
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Figure 3-13: Total depth and duration of 91 rainfall events ≥2 mm depth 

3.2.1.  Annual assessment 

Comparisons were made between runoff data from each of the six plots to identify the stormwater 

control capabilities of a living roof on an annual basis. Peak flow per event and total volume per event 

from each of the six plots did not fit the normality assumption required for parametric tests. Kruskal 

Wallis tests confirmed runoff from the six plots responded differently; p = 0.004 and p = 0.024 for 

volume and peak flow respectively. Multiple Mann-Whitney tests with Bonferroni correction indicated 

significant differences in total volume per event were restricted to between Plots 2 and 3 (p < 0.001), 

Plots 2 and 5 (p = 0.045) and Plots 2 and 6 (p = 0.030). The common factor was Plot 2, which 

consistently retained more runoff than the other plots. The key factor in improving the retention 

efficiency of Plot 2 was the 4.7 mm of storage provided by the coconut coir in the sedum mat. 

Statistically significant differences (p < 0.05) in runoff peak flow were not observed between any plots 

once the Bonferroni correction was applied. Figure 3-14 and Figure 3-15 present data used in the plot 

by plot comparisons for total runoff volume per event and runoff peak flow rate per event respectively. 

Charts are presented using a log scale to help improve visual clarity of the skewed data. 
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Figure 3-14: Runoff volume per plot 

 

Figure 3-15: Runoff peak flow per plot 



Chapter 3: Rainfall and runoff 

 – 77 – Emily A. Voyde 

With the exception of Plot 2, there were no statistically significant differences in hydrologic response 

from the three different substrate types. This implies either of the locally sourced aggregates provides 

an effective material compared to the benchmark expanded clay product with respect to hydrological 

performance. There is no measurable benefit to importing expanded clay to NZ, which increases the 

cost of the living roof project and of which manufacture and importing is contrary to principles of 

sustainable development. Furthermore, an increase in substrate depth from 50 mm to 70 mm did not 

provide a measureable increase in hydrological performance. When substrate depths were sampled 

2.5 y after installation (June 2009) mean depth for the 50 mm and 70 mm design depth plots was 

49.1 mm and 64.8 mm respectively (Table 3-3). Some consolidation had occurred reducing the 

difference in depth between the two design depths. The statistical results suggest that a ~15 mm 

substrate depth difference is insufficient to significantly influence the stormwater mitigation response 

of a living roof. Plot 2 was not included in the depth measurements due to the presence of the pre-

grown mat which added to the apparent depth. Previous research has shown that although a 50 mm 

depth living roof may prove less expensive than a 70 mm depth to construct, the 70 mm depth is likely 

to improve plant viability as increased depth reduces irrigation requirements (Fassman et al., 2010; 

VanWoert et al., 2005b).  

Table 3-3: Substrate depth on the UoA living roof (Fassman et al., 2010). 

Plot 
Design depth 

mm 
Mean depth as of Jun 2009 

mm 

Plot 1 50 49.4 

Plot 3 70 57.9 

Plot 4 70 66.7 

Plot 5 70 69.7 

Plot 6 50 48.8 

 

For subsequent analysis data from the living roof plots was combined, excluding Plot 2, using an area 

weighted mean to present runoff data from the 217.4 m
2
 roof as a whole. In some cases, due to 

equipment error, data is not available for all five plots to produce a runoff response. Of the 178 rainfall 

events captured, 136 events used data from all five plots, 32 events used data from four plots, 5 

events used data from three plots and 5 events used data from two plots.  

Cumulative retention of rainfall by the living roof was 66% over the monitoring period (Figure 3-16). 

Based on 178 rainfall events over 12 months, 1093 mm of rainfall produced 367 mm of runoff. Plot 2 

(with coir) was missing runoff data for one event (29.8 mm depth), but using a worst case scenario 

(100% runoff from that event) cumulative retention of rainfall by Plot 2 was 69%. For the best case 

scenario (100% retention) cumulative retention of rainfall by Plot 2 was 72%. 
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Figure 3-16: Annual runoff response of the University of Auckland living roof. Living roof runoff 

represents the mean runoff measured at up to five monitoring stations (always excluding Plot 2). 

Due to site limitations preventing direct measurement of a conventional roof surface, living roof runoff 

data is compared directly with rainfall. However, it is possible to extrapolate for comparison with a 

conventional roof surface. Although conventional roof surfaces are designed to be hydraulically 

efficient, all surfaces have depression storage where initial abstractions (losses) of rainfall occur 

before runoff commences, particularly on gravel ballast roofs. Some rainfall evaporates from roof 

surfaces over time as depression storage is depleted. Based on the literature, from 62–91% of rainfall 

becomes runoff from conventional asphalt and gravel ballast rooftops (Mentens et al., 2006; Berghage 

et al., 2009; VanWoert et al., 2005a). The UoA living roof replaced a conventional asphalt roof covered 

by a thin gravel ballast layer. Cumulative retention of 66% by the UoA living roof is equivalent to 34% 

of rainfall becoming runoff. There is a clear and considerable reduction in runoff from the UoA living 

roof compared to the roof in its original state. 

It is noted that the largest storm monitored was less than the 2-y 24-h return period event (75 mm for 

Auckland). Although the UoA living roof demonstrated significant annual retention (66%), the overall 

volume of rainfall retained may decrease as the frequency of events increase (prolonged saturated 

conditions) or if a large storm event occurs. 

3.2.2.  Individual events 

The mean retention efficiency for events ≥2 mm rainfall depth was 78%, ranging from 33–100% 

(Figure 3-17). Median retention per event was 82%. Mean peak flow reduction efficiency for events 

≥2 mm depth was 91%, ranging from 31–100% (Figure 3-18). Median peak flow reduction per event 

was 93%. Figure 3-17 shows a decreasing trend, as the rainfall event increased in size, mean 

retention decreased. However, there was reasonable scatter in the data. Figure 3-18 shows a similar 

trend for peak flow reduction compared to total rainfall but there was more scatter and the decrease in 

peak flow mitigation was not as large when rainfall event size increased. When peak flow reduction 
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was compared to peak rainfall intensity there was no clear trend and significant scatter (Figure 3-18). 

Peak rainfall is the sum of all rain gauge tips over a 5-min period, and thus is a function of the 

discretisation interval adopted. 

 

Figure 3-17: Comparison of mean retention efficiency to rainfall volume per rainfall event, error bars give 

the SEM for runoff reduction 

 

Figure 3-18: Comparison of mean peak flow reduction to both total rainfall volume (left) and peak rainfall 

intensity (right) per rainfall event, error bars represent the SEM for peak flow reduction 

Large variations in runoff response were exhibited between the five combined plots on a per event 

basis, but there were no obvious or consistent causes for this variation. These results concur with 

Berghage et al. (2009). The living roof design itself may contribute to disparity in response. In addition 

to localised variation in plant establishment, the central utilities shaft likely produces a rain shadow 
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effect and variation in solar radiation received. Peak flow variation between plots may be due to plot 

orientation/drainage path to gutter, each plot had a different flow path to get to the drainage point 

(Figure 3-5). Mean values taken from the installed climate station and rain gauge were assumed 

constant across all plots. Although the variation was not sufficient to produce statistically significant 

differences in response between plots in the overall datasets, variation may have been influential on 

an individual event basis.  

In a few very high intensity rainfall events, surface flow occurred over the living roof because its 

infiltration capacity was overwhelmed; sustained surface ponding was not observed. At the time of 

construction, living roof-specific products were not available in NZ. The substrate mix installed had a 

lower saturated permeability than designed due to the bulk blending process (Fassman et al., 2010). 

Also, based on observation and monitoring results, subsequent installations used a deeper more rigid 

drainage mat to improve drainage performance (Fassman et al., 2010). It is possible that the reduced 

permeability substrate, and possible influence by the drainage mat, impeded flow and thus enhanced 

peak flow reduction by the living roof. 

There was a single clear outlier with only 31% ± 4% peak flow reduction during a May storm (Figure 

3-18), perhaps because peak rainfall intensity was very low (0.254 mm·5-min
-1

) thus influencing the 

calculation of the reduction. Rainfall intensity for the duration of the event was consistent and low. In 

comparison, mean peak intensity for the monitored year was 1.4 mm·5-min
-1
 for rainfall events ≥2 mm. 

In terms of stormwater management, the rainfall event was relatively small with 18.3 mm total rainfall. 

Volume reduction was also relatively low (43% ± 14%). The event occurred in autumn with an 

antecedent dry period of 1.5 d. In the 10 days preceding the event there was 20.3 mm rainfall, and 

mean Penman evapotranspiration was 2.0 mm·d
-1
 (NIWA Science, 2010b). There was likely moisture 

within the substrate limiting the volume of storage available. 

As a comparison, an earlier April event of similar size is presented (Figure 3-19). The April event had a 

total rainfall volume of 17.8 mm with peak rainfall nine times greater than the May event at 

2.286 mm·5-min
-1

. Peak flow reduction was 93% ± 2% and volume reduction was 83% ± 4%. The 

results demonstrate that peak rainfall intensity does not have as substantial an influence on 

stormwater mitigation compared to the overall shape of the hydrograph and antecedent climate 

conditions. The April event delivered a very similar volume of rainfall to the May event, but it was 

distributed over a longer time period (Table 3-4). Although the 5-min peak intensity for the April event 

was greater, the mean intensity for the event duration was lower (Table 3-4), as demonstrated by the 

slope of the cumulative rainfall curve (Figure 3-19). Retention during the April event was aided by the 

fact that rainfall in the month preceding was 17.3 mm. The event had an antecedent dry period of 7 d. 

In the 10 days preceding there was only 0.3 mm rainfall and mean Penman evapotranspiration was 

3.0 mm·d
-1

 (NIWA Science, 2010b). Storage capacity within the substrate would have been greater at 

the start of the April rainfall event than the May event. 
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Figure 3-19: Runoff hydrograph for outlier event with low peak flow reduction and retention, (May 2009, 

top) and an equivalent sized event with high peak flow reduction and retention (April 2009, bottom) 

Table 3-4: Differences in rainfall between the outlier May event and an equivalent sized event in April 

Influencing rainfall parameter May event (outlier) April event 

Rainfall depth (mm) 18.3 17.8 

Rainfall duration (h) 15.7 34.4 

Peak rainfall intensity (mm·5-min
-1

) 0.3 2.3 

Mean rainfall intensity (mm·5-min
-1

) 0.10 0.04 

 

Living roof response cannot be linked to one factor alone; multiple parameters such as rain depth, rain 

intensity, temperature, RH, radiation and antecedent dry days all play a role in influencing the 

hydrologic response of a living roof. For the majority of the May rainfall event (64% of the time) net 

radiation was negative, RH was high (mean 88%) and the mean ambient temperature was 11˚C. 

These factors act together to retard evapotranspiration, the process responsible for restoring the 

volume of storage available within the substrate. For the April rainfall event, the majority of the event 

had negative net radiation (64% of the time); RH was lower (mean 79%) and the mean ambient 

temperature was slightly higher at 14˚C. In addition to greater storage availability in the substrate, 

conditions were slightly more favourable for evapotranspiration. 
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The April event used combined data from all plots (excluding Plot 2). Data for the May event was 

limited to Plots 3 and 4 due to equipment faults, thus presenting a wide standard error for volume 

reduction (±14%). Plot 3 had higher runoff than Plot 4 (13.9 mm compared to 6.9 mm). There was no 

obvious explanation for the difference between the two plots. Plot 3 had 96% plant cover in November 

2009, while Plot 4 had 87% in November 2009 (Fassman et al., 2010); plant cover did not contributed 

to increased retention. Water holding capacity was similar between the two substrates (Table 3-1). 

This type of event, where substrate is at field capacity prior to the event and evapotranspiration 

(storage recovery) is low, is of particular interest with regards to stormwater management. It 

demonstrates that under worst-case conditions the living roof's performance appears to be reduced 

compared with the annual mean. 

Time lags between rainfall initiation and the onset of living roof runoff, and between peak intensity 

rainfall and runoff peak flow rate have been identified as living roof benefits for stormwater mitigation 

(Carter and Rasmussen, 2006; DeNardo et al., 2005; VanWoert et al., 2005a; Moran et al., 2005; Liu, 

2003; Getter et al., 2007). Figure 3-20 shows the delay between rainfall initiation and the onset of 

living roof runoff per rainfall event. There was significant scatter in the data, but median delay in runoff 

onset was 50 min with a mode of 10 min. The overall range was from 0 min to 7.5 h.  

As with the delay in runoff onset, there was substantial scatter in the time to peak data (Figure 3-21). 

Median time delay between peak rainfall intensity and peak runoff flow rate was 20 min with a mode of 

10 min. The overall range was 0 min to 33.7 h. Nine data points were excluded from Figure 3-21 

because the time between peak rainfall and runoff was negative. All nine events were all multi-peak 

events where peak runoff occurred with one of the smaller earlier rainfall peaks rather than the 

absolute maximum peak of the rainfall event. 

Time lags on the UoA living roof are influenced by the roof configuration (Figure 3-1). Although the 

total area of roof monitored for this analysis was 217.4 m
2
, individual plot sizes ranged from 16.8–

54.2 m
2
, when contributing gravel edges were included in the area. The maximum horizontal distance 

from any one point on the roof to a drainage outlet was ~10 m, but the drainage path to outlet varied 

between plots (Figure 3-5). 
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Figure 3-20: Time delay from rainfall initiation to the start of measureable runoff 

 

Figure 3-21: Time delay between peak rainfall intensity and peak runoff flow rate 

Extended hydrograph duration has been recognised as a benefit of living roofs in matching the post 

development runoff hydrograph to the predevelopment runoff hydrograph (VanWoert et al., 2005a; 

Getter et al., 2007). Figure 3-22 demonstrates runoff duration plotted against rainfall duration. Rather 

than showing a clear distribution of data points above the 1:1 line (runoff duration > rainfall duration) 

as might be expected, the data is scattered fairly evenly either side of the 1:1 line. The ability of the 

living roof to mitigate runoff volumes means that for many rainfall events, runoff duration is in fact 

shorter than rainfall duration as for much of the event rainfall is simply being captured by the living roof 

– there is no runoff to extend the hydrograph duration. Of the 178 rainfall events captured, 71 had no 



Chapter 3: Rainfall and runoff 

Emily A. Voyde – 84 –  

measureable runoff. For 21 rainfall events runoff ceased before rainfall; the remaining 86 events 

demonstrated runoff continuing after rainfall had ceased (Figure 3-23). The period of continued runoff 

ranged from 7 min to 1.4 d with a median delay of ~3 h for the 86 events where runoff continued after 

rainfall had ceased. The lack of consistency in draw down period may be explained by the orientation 

of the monitored site (Figure 3-1). The orientation of each plot in relation to its drainage point varies, 

thus so does each plot‘s maximum flow path. The data analysed is a weighted mean of up to five 

different plots which likely accounts for the lack of consistency in time to drain. Variability may also be 

explained in part by impeded flow through the substrate. 

 

Figure 3-22: Runoff duration vs. rainfall duration for all monitored 

 

Figure 3-23: Time delay between rainfall end and runoff end for all monitored events 
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Due to the variability in response at an individual event scale, depth- and peak flow- frequency curves 

have been used to provide a general picture of expected flows, inherently incorporating antecedent 

climate conditions, plant condition, and rainfall characteristics (Figure 3-24 and Figure 3-25). Figure 

3-24 shows significantly less (p < 0.001) runoff volume is generated from the UoA living roof than 

rainfall volume onto the roof. Living roof runoff volumes are still low even when compared to a 

conservative runoff estimate of 62% of rainfall volume from a conventional gravel ballast roof 

(Mentens et al., 2006; Berghage et al., 2009; VanWoert et al., 2005a). Data from Plot 2 was used to 

examine the impact of the coconut coir mat. Runoff volumes from Plot 2 were consistently less than 

rainfall volumes, but not consistently less than runoff from the rest of the living roof. For larger rainfall 

events exceeded 4% of the time or less, runoff from Plot 2 was greater than runoff from the living roof. 

By chance the change in operation coincides with the water quality design storm depth. Plot 2 exhibits 

more volume retention for rainfall events less than or equal to the water quality design storm. For 

rainfall events greater than the water quality design storm, the runoff volume from Plot 2 was higher 

than from the rest of the living roof, but still significantly less than rainfall. The unexpected result may 

be due to the rainfall events captured to calculate the depth-frequency curve. Two rainfall events 

>50 mm depth produced ~41.5 mm runoff, yet the next highest volume of runoff was only 25 mm. 

 

Figure 3-24: Depth-frequency curves for rainfall and three types of runoff; a conventional gravel ballast 

rooftop, an extensive living roof, and an extensive living roof with coconut coir mat. 

The rational method (Mulvaney, 1851) is a common method for calculating peak runoff from a small 

catchment such as a rooftop that utilises C (a runoff coefficient). The accepted range of C values for 

roofs (excluding living roofs) is 0.75–0.95 (American Society of Civil Engineers, 1992; Bedient and 

Huber, 2002; Viessman and Lewis, 2003). When equivalent peak discharge from a conventional roof, 

such as a gravel ballast roof, is calculated using the rational method and compared to living roof 

runoff, regardless of the peak rainfall intensity living roof runoff is consistently significantly lower (p < 

0.001, Figure 3-25). Peak flow from a gravel ballast roof is at the conservative end of the runoff 



Chapter 3: Rainfall and runoff 

Emily A. Voyde – 86 –  

coefficient range (C = 0.75). For small to medium-sized rainfall events, runoff peak flow reduction from 

Plot 2 was similar to that from the rest of the living roof. However, for medium to large rainfall events 

(exceeded 30% or less) peak flow rate from Plot 2 was greater than that from the rest of the roof. The 

saturated permeability of the Plot 2 substrate (expanded clay) was five to seven times greater than 

from the majority of the rest of the roof (Table 3-1). Higher peak flow rates from Plot 2 are attributable 

to its high saturated permeability (Table 3-1). Regardless, peak runoff flow rates from Plot 2 are 

consistently significantly less (p < 0.001) than both peak rainfall intensity and equivalent peak runoff 

rates from a gravel ballast roof. 

 

Figure 3-25: Peak flow-frequency curves for rainfall and three types of runoff; a conventional gravel 

ballast rooftop, an extensive living roof, and an extensive living roof with coconut coir mat. 

The runoff coefficient for a living roof cannot be represented using a single number, with both volume 

and peak flow reductions there were considerable scatter in the data (Figure 3-26). In addition to 

runoff coefficients calculated per rainfall event ≥2 mm depth, mean values for C are shown per 10 mm 

band of total rainfall. The worst case scenario from the rainfall events monitored to date was C = 0.67, 

which is equivalent to runoff from residential apartments and thus still an improvement upon C = 0.75, 

the best case scenario roof runoff from a conventional roof (Viessman and Lewis, 2003). In general, 

as rainfall depth increases, the runoff coefficient also increases. The UoA mean coefficients for rainfall 

events >40 mm (C = 0.53) were comparable to C = 0.5 reported by Moran et al. (2005) for 10 storms 

>38 mm depth. The mean annual runoff coefficient presented by Uhl and Schiedt (2008) was 0.31, 

which is more comparable to rainfall events of 10–20 mm depth from the UoA roof. 



Chapter 3: Rainfall and runoff 

 – 87 – Emily A. Voyde 

 

Figure 3-26: Runoff coefficients calculated per rainfall event 

Event-based results and the overall retention efficiency of the UoA living roof thus far have identified 

that living roofs can be a useful tool for stormwater mitigation in Auckland on an annual basis. Living 

roof volume reduction and peak flow reduction have been compared to antecedent dry days (Figure 

3-27) and the climate parameters RH, net radiation, temperature and wind speed (Figure 3-28), to 

identify the relative influence of these factors on living roof efficiency as a stormwater mitigation tool. 

The climate parameters presented are mean hourly data for the duration of each event. Both volume 

retention and peak flow reduction demonstrated weak correlations to all parameters tested. Living roof 

response cannot be linked to one factor alone; multiple parameters play a role in influencing the 

hydrologic response of a living roof. 

 

Figure 3-27: Influence of antecedent dry days on volume retention and peak flow reduction 
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Figure 3-28: Influence of relative humidity, net radiation, temperature and wind speed on volume 

retention and peak flow reduction 

3.2.3.  Seasonal assessment 

Seasonal variation in living roof performance was originally anticipated from the UoA living roof due to 

the change in temperature and rainfall experienced with the change of season. Figure 3-29 presents 

near normal (34th to 66th percentile) historic seasonal rainfall and temperature ranges for Auckland 

(NIWA Science, 2010a) plotted against summary data for the sampled year. 

 

Figure 3-29: Auckland's climate by season 
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When analysed by season, neither the rainfall nor runoff data sets followed a normal distribution 

(Figure 3-30). Kruskal-Wallis tests indicated there were no statistically significant differences between 

the seasons for both rainfall depth (p = 0.477) and runoff depth (p = 0.721). Likewise, neither the 

percent retention data, nor peak flow reduction data were normally distributed (Figure 3-31). Kruskal-

Wallis tests showed there were no statistically significant differences between seasons for both 

percent retention (p = 0.097) and peak flow reduction (p = 0.299). The implications for Auckland are 

significant: living roofs will operate effectively year round in Auckland‘s sub-tropical climate. These 

results are contrary to those found by Berghage et al. (2009) who identified seasonal variation in living 

roof performance in Rock Springs (Pennsylvania). 

Although not statistically significant, peak flow reduction and retention results likely reduced in autumn 

and winter due to elevated substrate moisture levels, as suggested by the smaller ranges and lower 

values in the upper quartiles for each parameter. Low temperatures and solar radiation levels meant 

that evapotranspiration was suppressed, thus the rate of storage recovery was reduced.  

Auckland experiences climate variation between the seasons, but the overall difference between the 

most extreme seasons—summer and winter—is relatively small. This likely explains how results from 

the UoA roof were contrary to those of Berghage et al. (2009) who experience significantly greater 

seasonal variation in Rock Springs. Annual mean rainfall and ambient temperature of the sampled 

year were comparable to a typical year in Auckland, but when considered seasonally, summer was 

slightly wetter and winter was warmer and drier than expected (Figure 3-29). Overall, the range of 

seasonal variation was less than the typical year, thus reducing the likelihood of seasonal variation in 

runoff response. A likely un-insulated supporting roof surface may also be contributing heat from the 

building below which will enhance evapotranspiration rates and thus retention performance in winter 

conditions. Even in a typical year, it seems likely that Auckland‘s subtropical climate with relatively 

narrow variation seasonally and frequent small rainfall events will be conducive to effective living roof 

operation year round. 
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Figure 3-30: Rainfall and runoff response distributed by season for all rainfall events 

 

Figure 3-31: Per event percent retention and peak flow reduction distributed by season for rainfall events 

≥ 2 mm depth 
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3.2.4.  Consecutive events 

The period from 23–27 September 2009 has been isolated to demonstrate the detailed UoA living roof 

response to consecutive rainfall events (Table 3-5, Figure 3-32). The 4-day period had 57.9 mm 

rainfall, and comprised multiple small to medium size events, the largest being 19.8 mm. 

Corresponding climatic parameters (rainfall, ambient temperature, RH and net radiation) are 

presented in Figure 3-33. 

Table 3-5: Living roof response to consecutive rainfall events, 23-27 September 2009 

 
Units Individual Events Overall 

Total Rainfall mm 4.3 15.2 19.8 1.8 16.0 57.9 

Peak Rainfall Intensity mm·5-min
-1
 1.5 1.3 6.6 0.8 1.0 6.6 

Total Runoff mm 0.01 2.81 6.70 0.26 6.59 16.36 

Peak Runoff Intensity mm·5-min
-1
 0.00 0.22 0.52 0.04 0.25 0.52 

Time Between Peaks hh:mm 00:00 00:10 00:10 00:15 00:15 00:10 

Delay in Runoff Onset hh:mm 01:25 00:25 00:00 00:00 00:20 01:25 

Peak Reduction % 100% 83% 92% 95% 75% 92% 

Retention % 100% 82% 66% 86% 59% 72% 

 

 

Figure 3-32: Living roof runoff hydrograph in response to consecutive rainfall events, 23-27 Sep. 2009 
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Figure 3-33: Climatic parameters for the duration of 23-27 Sep. 2009 

The overall retention efficiency of the living roof from 23–27 September 2009 was 72%; however 

retention varied per event. Prior to 23 September 2009, there had been only 1.0 mm rainfall in the last 

ten days; hence the first rainfall event (4.3 mm) had virtually no runoff. The second event (15.2 mm) 

had a 25 min delay in the onset of runoff (Figure 3-32), likely a result of the still available storage 

capacity, and a retention efficiency of 82%. The third event (19.8 mm) resulted in runoff almost 

immediately, an indication of limited storage availability within the living roof due to wetter antecedent 

moisture conditions. The retention efficiency of the third event was only 66%, likely a combination of 

the larger size of the event, limited storage availability, high RH, and low net radiation (Figure 3-33) for 

the majority of the event duration. The retention efficiency of the fourth small event (1.8 mm) was less 

than that of the first event (4.3 mm) due to limited storage availability within the substrate. The final 

event was 16.0 mm, with a hyetograph similar to the second event. However, the retention efficiency 

was significantly less at 59% (compared to 82%), again due to limited storage availability within the 

substrate. Storage availability was limited due to low net radiation and high RH, which retarded 

evapotranspiration for much of the final event. Although the living roof retained significant volumes of 

rainfall over the entire period, retention for each rainfall event was dependent predominantly on the 

antecedent moisture conditions and subsequent storage availability. In a similar trend to results from 

the UoA living roof, Stovin (2010) found a progressive decrease in retention performance during a 

storm event time-series. Retention in Sheffield, UK, was dependent upon antecedent moisture 

conditions. Climatic variables, such as solar radiation and RH, became influential in the UoA living roof 

once substrate storage became limiting as they provided the mechanism for storage availability 

recharge. Mitigation of peaks was substantial throughout the four-day period, regardless of retention 

variation. 
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The time-to-peak is similar for all of the rainfall events (Figure 3-32, Table 3-5) with a delay from 0–

15 min, consistent with the majority of the rest of the data from the sampled year (Figure 3-21). Delay 

in the onset of runoff shows significant variation and appears to be predominantly related to the 

antecedent dry conditions. The event started with low intensity rainfall that was likely intercepted by 

vegetation, thus delaying runoff initiation further. The more moisture storage there is available in the 

system, the greater the likelihood of delayed runoff from a living roof. 

3.3. Summary 

Three different media types, with distinguishing aggregate components of expanded clay, zeolite and 

pumice, at two different depths; 50 mm and 70 mm, were tested on the UoA living roof. No statistically 

significant differences were found between the three substrate types tested (excluding Plot 2 which 

included a coconut coir mat) or the two plot depths (50 mm and 70 mm) in terms of stormwater 

mitigation potential. The implication to the NZ living roof industry is that either of the locally and 

naturally sourced aggregate alternatives provides an effective material when compared to expanded 

clay based substrate, commonly used internationally. There was no additional stormwater 

management benefit found when increasing plot depth from 50 mm to 70 mm. Plot 2 proved the 

exception, showing statistically significant differences to Plots 3, 5 and 6. The reason for this was the 

use of a pre-grown sedum mat to establish vegetation. The mat had coconut coir mesh which can 

retain an additional 4.7 mm of moisture over and above the retention capabilities of the substrate 

alone, according to lab tests.  

Over one year, the cumulative retention efficiency of the UoA living roof (excluding Plot 2) was 66%. 

Of the 1093 mm rainfall received, only 367 mm discharged from the living roof as runoff, based on 178 

rainfall events with rainfall depth ≥2 mm. Cumulative retention efficiency by Plot 2 exceeded that from 

the rest of the roof ranging from 69–72% depending on response of one rainfall event where data was 

missing. The coconut coir mesh was a beneficial addition to living roof design in terms of water 

retention. 

On an individual event basis, the living roof retained a median of 82% of rainfall received, with a 

median peak flow reduction of 93%. Median delay in runoff onset was 50 min with a mode of 10 min. 

Median time delay between peak rainfall intensity and peak runoff flow rate was 20 min with a mode of 

10 min. Extended hydrograph duration was not consistently exhibited. The ability of the living roof to 

mitigate runoff volumes meant that for many rainfall events, runoff duration was shorter than rainfall 

duration as for much of the event rainfall was simply being captured by the living roof – there was no 

runoff to allow extension of the hydrograph duration. However, when runoff did continue after rainfall 

ceased the median time delay was ~3 h. 

Significant scatter in retention efficiencies was exhibited in all analyses on a per event basis. Living 

roof response could not be linked to one factor alone; multiple parameters such as rain depth, rain 

intensity, climatic conditions (net radiation, RH, temperature and wind speed) and antecedent dry days 

all play a role in influencing the hydrologic response of a living roof. Due to the variability in response 
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at an individual event scale, depth and peak flow- frequency curves were used to provide a general 

picture of expected flows, inherently incorporating all influential parameters. The living roof 

consistently demonstrated significant reductions in both runoff and peak flow rates regardless of the 

rainfall characteristics. The living roof also showed consistent improved stormwater mitigation when 

compared to conventional roof design. For all rainfall events less than 25 mm (96% of events), Plot 2 

with coconut coir mat exhibited higher volume retention over the rest of the living roof; the coconut coir 

was a beneficial addition. The small proportion of events (4%) where runoff from Plot 2 exceeded 

runoff from the rest of the living roof still showed a significant reduction from the total volume of rainfall 

received. Plot 2 demonstrated equivalent peak runoff flow rates to the rest of the roof for the majority 

of rainfall events. For medium to large rainfall events exceeded 30% of the time or less, peak runoff 

from Plot 2 was greater than that from the rest of the roof. This occurrence is likely attributable to the 

high saturated permeability of the plot rather than related to the presence of the coconut coir mat. 

The runoff coefficient is a commonly used metric to compare the volume of rainfall converted to runoff 

from different surface types. Results from the UoA living roof demonstrated that the runoff coefficient 

from a living roof tends to vary with rainfall depth. In general, as rainfall depth increased, the runoff 

coefficient also increased, but there was significant scatter in the data. The worst case scenario 

monitored to date was C = 0.67, which is equivalent to runoff from residential apartments and thus still 

an improvement on roof runoff from a conventional roof of C ≥ 0.75. However, analysis has indicated 

that living roof response cannot be linked to one factor alone, it was not appropriate to simply estimate 

living roof runoff response based on rainfall depth. Presentation of runoff coefficients allows for 

comparison with the commonly used methodology, to show indicative response compared to a 

conventional roof surface, but is a substantial simplification of how a living roof operates. The rational 

formula approximation does not take into account external influences on living roof response, such as 

storage availability within the substrate, and thus is not recommended for use in estimating living roof 

response to rainfall events.  

It is important to note that the largest rainfall event monitored was 55.6 mm. As a reference, the 

50% AEP (equivalent to the 2-yr 24-hr annual recurrence interval) rainfall event for the study site is 

75 mm. Although results demonstrate significant volume retention for the events monitored, it is 

important to recognise that living roofs may not be suitable as the sole means of volume control for 

very large rainfall events. 

There were no statistically significant differences between seasons for either rainfall or runoff 

response. The implications for Auckland are significant: contrary to expectations, living roofs will 

operate effectively for stormwater management year round in Auckland‘s sub-tropical climate. 

Antecedent moisture conditions as a result of consecutive rainfall events appeared to impact both 

retention efficiency and time delay in the initiation of runoff from a living roof, even though no 

statistically significant correlation was demonstrated on a per event basis. When the substrate is at 

field capacity prior to a rainfall event and evapotranspiration (storage recovery) is low, living roof 
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performance appears to be reduced. Consecutive rainfall events do not appear to influence peak flow 

reductions or delay in timing of peak flow. 

Overall extensive living roof performance was excellent; the living roof outperformed a modelled 

conventional roof surface for all parameters tested. Consistent volume retention and peak flow 

reduction were influenced by a climate well suited to the living roof system. The technology is a 

suitable and effective means of source control to mitigate stormwater runoff in Auckland. 
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Chapter 4.  Measured evapotranspiration 

 

Evapotranspiration is a key component of the water balance that has potential to provide substantial 

storage recovery within living roof substrates. Living roof plants, sedums in particular, have been 

shown internationally to reach ET rates similar to Auckland‘s mean summer PET of 5.1 mm·d
-1

. 

However, to date, no research has been completed into NZ native plant species, or exotic plant 

species (sedums) suitable for living roofs under sub-tropical climate conditions in NZ. Furthermore, 

studies have not identified the effects of ET at height where climatic conditions differ to those at 

ground level. Three approaches were used to quantify ET from an Auckland living roof: 

1. Direct measurement of ET in greenhouse trials using bench-scale trays (0.07 m
2
) with the 

Zeolite substrate used on the UoA roof (Section 3.1.1); 

2. Direct measurement of ET in a field trial using the bench-scale trays placed on the UoA roof 

(Level 13); and 

3. Indirect measurement of ET from the UoA living roof using the water balance equation, solving 

for ET. 

The approaches allowed comparison at bench and field scales; and in greenhouse and field 

environments. The greenhouse trials enabled measurement of E from bare substrate, ET from 

substrate planted with one of two plant species, and clarification of the environmental variables driving 

ET. 

This chapter describes the methods and results of direct and indirect measurements of ET. The next 

objective is to determine if common methods used to predict ET in agricultural applications can be 

used to predict living roof ET. Chapter 5 models ET and compares modelled results to ET measured 

herein. 

4.1. Methodology 

The bench-scale studies quantify the range of expected ET values from a living roof system both in a 

controlled environment and under natural rooftop conditions. ET was first measured within the 

controlled environment of a greenhouse. Greenhouse trials simplified the experimental process by 

eliminating external variables (such as wind) which were re-introduced in the field trials. The bench-

scale trays (subsequently referred to as ‗trays‘) were similar in construction to the 70 mm depth field 

plots except the plant palate was limited to either a single species per tray or bare substrate. 
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The next approach was to move the trays from the greenhouse into the field environment. The trays 

were installed at the UoA field site and ET was measured under the influence of a greater number of 

climatic parameters at height. The third approach was to quantify actual ET from the full-scale field 

installation living roof following a water balance method (Section 2.2.1). ET was calculated by 

completing the water balance using measured rainfall, runoff and substrate moisture values. 

4.1.1. Greenhouse measurement of evapotranspiration 

Four replicates of greenhouse ET trials were completed to generate repeat ET data from a range of 

seasons: Trial 1 from 28 April to 26 May 2008 (autumn), Trial 2 from 17 June to 25 July 2008 (winter), 

Trial 3 from 22 December 08 to 28 January 2009 (summer) and Trial 4 from 5 February to 16 March 

2009 (late summer) with mean daily temperature maintained at ~21 C in all trials. Plant-leaf condition 

determined trial duration. Trials ceased before irreversible desiccation of plant leaves. 

4.1.1.1. Tray configuration 

Square plastic trays were lined with an 8-mm thick plastic drainage layer (Delta NP) with bonded 

geotextile (the same drainage layer as on the full-scale living roof). Neither the drainage layer nor the 

geotextile can store water. Each tray was overlain by 70 mm of the same Zeolite substrate installed on 

of the UoA field trial living roof (Section 3.1.1, Table 3-1). In Trials 1 and 2, the trays were 0.068 m
2
 

(0.26 m × 0.26 m × 0.12 m). In Trials 3 and 4 the trays were 0.072 m
2
 (0.265 m × 0.27 m × 0.15 m). In 

both configurations, a slot and holes were cut into the bottom of the tray to allow water to drain freely 

(Figure 4-1). 

 

Figure 4-1: Trays used (from left to right): trays used in Trials 1 and 2, trays used in Trials 3 and 4, 

example of drainage holes and slot along tray length 

A goal of the greenhouse studies was to quantify ET from contrasting individual plant species instead 

of using a mixed-species planting scheme. The two species with the most rapid growth and highest 

cover on the UoA living roof at the time of experimental set up were Sedum mexicanum (Mexican 

Stonecrop, a non-native plant) and Disphyma australe (NZ Iceplant, a native species).  
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For all trials, trays were planted with cuttings grown from the same stock as the field study living roof 

at densities of 120 cuttings·m
-2

 and 90 cuttings·m
-2

 for S. mexicanum and D. australe, respectively. S. 

mexicanum were planted more densely because the plants were smaller. Roots were washed before 

placement to ensure only living roof substrate was in the tray. Plants were grown to a minimum of 90% 

leaf cover, with even canopy and full root exploitation of the substrate achieved before each trial 

began to represent a mature living roof. Reproductive (flowering) shoots were removed from plants. 

Table 4-1 gives the planting scheme for all 4 trials. Logger capacity enabled measurement of 8 trays 

at a time. In all trials, the position of each tray within the greenhouse was randomly selected. In Trial 3, 

three trays were originally planted with D. australe, however plant growth was insufficient at trial 

commencement and these trays had to be excluded. A backup S. mexicanum tray had been prepared 

and this was included in the trial. 

Table 4-1: Planting scheme for each Trial 

 S. mexicanum D. australe Unplanted 

Trial 1 3 3 2 

Trial 2 3 3 2 

Trial 3 4 - 2 

Trial 4 4 3 1 

4.1.1.2. Greenhouse configuration 

Trays were placed on PF-1 Bench Platform single beam load cells (capacity 12 kg, accuracy 2 g) 

manufactured by Universal Weight Enterprise Company (Figure 4-2). The bench platforms were 

connected to an E1310 TCP/IP Network Programmable Indicator manufactured by Avery Weigh-

Tronix (Figure 4-3). The load cells were installed, calibrated and tested for accuracy by the supplier. 

During each trial, tray mass was measured and recorded hourly. Change in mass represented water 

loss by ET for planted trays and by E for bare substrate. Plant transpiration was the difference 

between measured ET and E. 

The greenhouse had nominal temperature control via an air-conditioning/heating unit. The 

temperature was set to approximate Auckland summer temperatures with a daily mean air 

temperature of 21°C (NIWA Science, 2007). RH and temperature were recorded hourly using an 

Escort iLog (Figure 4-3). Global solar radiation data was accessed from the Pakuranga NIWA climate 

station, ~4.75 km from the greenhouse site (NIWA Science, 2010b). 
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Figure 4-2: Tray location within the greenhouse 

 

Figure 4-3: Recording equipment, left to right: E1310 TCP/IP Network Programmable Indicator for tray 

mass; Escort iLog for temperature and relative humidity. 

4.1.1.3. Watering regime 

All trays (planted and unplanted) were watered daily for 40 min for at least 1 week prior to experiment 

start, to ensure non-limiting water availability, i.e. unstressed plants with fully turgid leaves. On the day 

tests began, trays were saturated for 45 min then drained for 2 h (Figure 4-4) to ensure substrates 

were at field capacity. Trays were wet from the base rather than the surface to avoid plant leaves 

becoming wet, thus results discuss ET alone and do not incorporate interception.  

 

Figure 4-4: Tray saturation, left to right: trays wetted from the base to the substrate surface; draining 

substrate to field capacity, trays are tilted to ensure no water remains trapped in the drainage layer. 
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For Trials 1, 2 and 3, water was withheld for the remainder of the test to assess plant response in 

water-limiting conditions, or as they became drought stressed. In Trial 4, the substrate tray, two 

randomly selected S. mexicanum trays and two randomly selected D. australe trays were subjected to 

drought conditions as in Trials 1-3. The remaining D. australe tray and two S. mexicanum trays in Trial 

4 were rehydrated every seven days, to assess ET rates under well watered (unstressed) conditions. 

To rehydrate, trays were saturated for 45 min then drained for 2 h to restore the substrate to field 

capacity. 

Plant-leaf condition determined test duration, assessed every two days against a ‗control‘ of plants 

watered daily. Plants were considered stressed when the majority of leaves were flaccid. To preserve 

the plant stock, trials ceased before irreversible desiccation. The four trials differed in length due to the 

requirement to preserve plant stock. Trial 1 was the shortest as it was not known how far the plants 

could be taken into water stress before they would not recover on re-watering. The D. australe 

experiment in Trial 4 was restarted at a later date because equipment malfunction occurred over the 

period at which plants were reaching significant moisture stress, a period of significant importance for 

ET analysis. A timeline of trial duration and the days on which plants were rehydrated (in Trial 4) is 

presented in Figure 4-5. 

 

Figure 4-5: Timeline for each trial, including trial duration and days on which substrate samples were 

taken or plants were rehydrated 
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4.1.1.4. Substrate moisture samples 

In Trial 4, two additional trays of bare substrate were placed next to the weighed, unplanted tray 

(Figure 4-6, left). To avoid disturbing the continuously weighed tray, a sample of known volume was 

taken from the non-weighed sampling tray (Figure 4-6, middle). The sampling hole was filled using 

substrate from the non-weighed refill tray to ensure the sampling tray remained as undisturbed as 

possible, so it would exhibit the same ET properties as the weighed tray. Sampling location was 

marked to ensure that samples were not taken from that place again (Figure 4-6, right). Each sample 

was weighed then dried for 48 h at 80°C. The dry mass was recorded after 48 h and gravimetric water 

content (GWC, % w/w) was calculated. Substrate samples were collected twice weekly for the first two 

weeks, and weekly thereafter to calculate the change in GWC over time (Figure 4-5) and identify the 

water content at which plants became visibly stressed. 

 

Figure 4-6: Substrate moisture sampling, left to right: weighed tray, sampling tray and refill tray; 

substrate sampling; refilled and marked substrate sample. 

4.1.1.5. Plant biomass samples 

Biomass samples were taken at the start (Day 1) and end of all trials to calculate the GWC. Each 

sample was randomly selected and comprised a single stem cut at the substrate surface. Samples 

were oven dried at 80°C for 48 h. Examples of the samples taken are given in Figure 4-7. The number 

of samples taken and day of sampling (trial end) are presented in Table 4-2. Rather than calculating 

the mean of GWCs for all samples, overall GWC data presented in the results was calculated using 

total masses of all samples by plant species (Eqn. 4.1). 

 1 1

1

wet sample mass dry sample mass

, n = number of samples

wet sample mass

n n

i i
i i

n

i
i

 (4.1) 
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Figure 4-7: Example cuttings taken at trial start and end to calculate plant biomass 

Table 4-2: Number of samples and day of sampling to quantify plant biomass before and after each 

greenhouse trial 

Trial 
Start (Day 1) End 

Samples per tray Day Samples per tray 

Trial 1 
D. australe 3* 17 2 

S. mexicanum 2* 29 2 

Trial 2 
D. australe 2 24 4 

S. mexicanum 2 37 4 

Trial 3 
D. australe - - - 

S. mexicanum 6 38 6 

Trial 4 
D. australe 6 21 2 

S. mexicanum 6 39 2 

*Samples were taken at trial end from a healthy control tray for each species to represent the 

initial conditions 

 

In addition to individual samples of water-stressed plants, destructive sampling of all surface plant 

material occurred following rehydration of the trays at the end of Trial 2, after the trial had ended and 

plants had regained full turgor. Rather than taking individual samples, the entire biomass was sampled 

to see if plants returned to their original GWC when rehydrated after a drought period (Figure 4-8). 

Samples were oven dried at 80°C for 48 h and GWC was calculated. Rehydration at the end of the 

trial was achieved by saturating the trays for 45 min then draining for 2 h. Trays were watered daily for 

40 min on subsequent days. Mass sampling occurred seven days after trial end for D. australe trays 

and three days after trial end for S. mexicanum trays. D. australe was allowed longer to recover as it 

had been taken further into the state of water stress. 
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Figure 4-8: Mass sampling of rehydrated plant biomass at the end of Trial 2, left to right; S. mexicanum 

and D. australe 

4.1.2. Field measurement of evapotranspiration 

Field measurement of ET was achieved using two methods: 

1. Bench-scale: ET was measured directly using the same trays as used in the greenhouse 

experiments installed in the field; and 

2. Full-scale: ET was measured indirectly from the field installation living roof plots using the 

water balance method (Eqn. 2.2). 

4.1.2.1. Bench-scale measurement of field evapotranspiration 

The same trays as used in Trial 4 (Section 4.1.1.1) were used for the field installation. The 

composition was 4 x S. mexicanum, 3 x D. australe and 1 unplanted tray. After the termination of Trial 

4, plants were initially saturated for 45 min then drained for 2 h (Figure 4-4) then were rejuvenated by 

watering daily for 40 min. This ensured the plants were unstressed, with fully turgid leaves prior to 

being placed on the UoA roof. On the day field tests began, trays were saturated for 45 min then 

drained for 2 h to ensure substrates were at field capacity. The trays were subjected to natural climatic 

influences for the remainder of the study period. 

The same equipment as used in the greenhouse trials (4.1.1.2) was moved to the UoA living roof. The 

load cells were installed, calibrated and tested for accuracy by the supplier. Trays were placed on the 

non-greened section of the field site to enable levelling of the load cell platforms and to avoid 

disturbance to existing vegetated areas. Tray position on the rooftop was randomised (Figure 4-9). 

Tray mass was measured and recorded hourly from 26 March 2009 to 15 May 2009. A photo of the 

installed trays is presented in Figure 4-10. Although Figure 4-10 suggests the trays were directly under 

the cantilever arm due to shadow, they were not.  

Rainfall and climatic parameters were measured on site using the equipment presented in Section 

3.1.2.1 and Section 3.1.2.3. The location of monitoring equipment relative to the bench-scale trays is 
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presented in Figure 4-9. Global solar radiation data was accessed from the Khyber Pass NIWA climate 

station to provide a comparison to the greenhouse studies (NIWA Science, 2010b). 

 

Figure 4-9: Location of bench-scale living roof trays on the field installation site 

 

Figure 4-10: Installed bench-scale living roof trays 
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On days with rainfall it was not possible to separate water loss due to runoff from water loss due to ET. 

Therefore, data is only analysed over the period 26 March 2009 to 4 May 2009 as rain fell every day 

from 5–15 May 2009. Data for each plant species were averaged to present a single ET output per 

hour for each plant type as there were no statistically significant differences in ET results (excluding 

data from rain days where noise was introduced) between the three D. australe trays (p = 0.491) or 

the four S. mexicanum trays (p = 0.450). There was only 1 unplanted tray in the field test. Periodic 

shadow from the cantilever arm did not exert any significant influence on overall ET rates from the 

trays. 

4.1.2.2. Full-scale measurement of field evapotranspiration 

The water balance is a method that may be used to indirectly measure ET (Section 2.2.1, Eqn. 2.2). 

For this analysis the value for ET includes water intercepted by plants. Precipitation (P) was measured 

using a tipping bucket rain gauge (Section 3.1.2.1) and runoff (QR) was measured using custom 

designed ORDs and pressure transducers (Section 3.1.2.2). Measurement of the volumetric water 

content (VWC) allowed the calculation of moisture storage within the substrate, thus providing direct 

measurement of the ability of the substrate to store precipitation. 

The larger plots (Plots 1, 3, 4, and 6) each had four Decagon ECH2O EC-5 soil moisture probes, the 

smaller plots (Plots 2 and 5) had two ECH2O EC-5 soil moisture probes (Figure 4-11). The sensors 

measured VWC every 1 min, and output average data for 15 min, hourly and daily time steps. Data 

was recorded by a Campbell CR1000 Measurement and Control Module with an AM16/32 16-channel 

relay multiplexer. The system included a NL115 Ethernet network link interface and compact flash 

module to allow for remote download of data. 
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Figure 4-11: Location of Decagon ECH2O EC-5 substrate moisture sensors on the University of Auckland 

living roof 

Substrate-specific calibration was developed for the sensors. Factory calibrations are available for 

potting, mineral or rockwool soils, but improved accuracy arises from soil-specific calibration. In the 

case of living roofs, the engineered substrate varies significantly in structure and composition to that of 

most natural soils, thus a substrate specific calibration was required. The living roof substrate herein 

has a lower organic content, coarser texture, higher porosity and higher permeability than most natural 

soils.  

The EC-5 is relatively insensitive to variation in electrical conductivity because it runs at a high 

measurement frequency. Campbell et al. (2006) observed no significant changes in probe calibration 

due to changes in pore water electrical conductivity over the range from 0.2–14.5 dS·m
-1

; however 

electrical conductivity >30 dS·m
-1
 or more will shift the calibration considerably (Cobos). Extensive 

living roof media appears to have an electrical conductivity <3.29 dS·m
-1

 (Berghage et al., 2007a; 

Köhler and Schmidt, 2003; VanWoert et al., 2005b) indicating sensor calibration will remain stable in 

the living roof environment. Extensive living roof electrical conductivity remains within the acceptable 

range of values tested. 

Standardised procedures are recommended by Decagon for EC-5 calibration (Cobos). The non-

cohesive nature of living roof substrate meant that one variation from the standardised procedure was 
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required. The original methodology involved volumetric substrate samples throughout the calibration 

procedure. Reliable samples were difficult to obtain due to the coarse, non-cohesive nature of living 

roof substrate. Coarse particles prevented smooth insertion of the sampling cylinder and the non-

cohesive nature of the substrate meant that even if the cylinder was inserted the material was not 

retained by the sampling cylinder when extracted. Instead, the VWC of the entire substrate sample 

used for calibration was calculated. The volume of substrate was fixed and a known dry mass was 

used to replicate the field bulk density for each substrate type (Table 4-3). The substrate started oven 

dry and for each calibration point a known volume of water was added and thoroughly mixed through 

the substrate. It was therefore possible to calculate the VWC of the substrate for each calibration point 

(after each wetting), instead of measuring it using a sample, which allowed a more accurate calibration 

methodology. After mixing, the substrate was compacted to match the field bulk density and sensors 

were inserted. For all water contents tested two sensors were placed in the canister at the same time. 

A reading was taken then the sensors were removed. The substrate was repacked to the field bulk 

density and the sensors were reinserted and an additional reading was taken. Four data points were 

collected per moisture content. After this another known volume of water was added and the process 

was repeated. Water was added and calibration points measured until the substrate reached 

saturation. Photos of the calibration procedure are given in Figure 4-12. Final calibration curves are 

presented in Figure 4-13. For each substrate type, two sensors were calibrated; the calibration curve 

was then applied to all sensors used in that substrate.  

The VWC represents the storage component (ΔS) of the water balance (Eqn. 2.2). Although there 

were statistically significant differences in water contents across the living roof, an area weighted 

mean of substrate water content was determined in order to ensure that the data consolidation 

approach was consistent with Chapter 3. Plot 2 was excluded due to the presence of the coconut coir 

mat (Section 3.2.1). Similarly, for rainfall events where additional individual plots were excluded from 

the hydrology analysis, the corresponding substrate moisture data was also excluded (Section 3.2.1). 

The depth of water stored within the substrate was calculated using [VWC x plot depth] and used plot 

depth data recorded after the substrate had settled (Table 3-3). Maximum stored water depth per plot 

was calculated using the maximum water capacity per substrate type (Table 3-1) and plot depth 

(Table 3-3). Minimum stored water depth per plot was calculated using the nominal PWP per substrate 

type from Dando (2008) and plot depth (Table 3-3). 

A rearrangement of the water balance (Eqn. 2.2) allowed for the calculation of ET. Water intercepted 

by plants was included with ET. It was expected that field ET calculated indirectly using the water 

balance method would be within the range 0–5 mm·d
-1
 because the maximum greenhouse measured 

ET was 5.4 mm·d
-1
 and maximum recorded ET from the field installation of the bench-scale trays was 

5.0 mm·d
-1

. 
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Table 4-3: In-situ bulk density 

Substrate Type 
In-situ Bulk Density 

g·cm
-3
 

SEM 
g·cm

-3 

Pumice 0.98 0.02 

Zeolite 0.78 0.01 

Expanded Clay* 0.94 0.01 

*Measured from the Waitakere Civic Building living roof, but 

substrate is comparable to the UoA living roof substrate. 

 

 

Figure 4-12: Substrate calibration (from left to right): oven dry Zeolite substrate compacted to match field 

bulk density with EC-5 sensors in the foreground, EC-5 sensors inserted into the sample to collect first 

calibration points, EC-5 sensors inserted into the saturated sample to collect final calibration points.  
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Figure 4-13: Calibration curves for the University of Auckland field installation living roof substrates 
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4.1.3. Statistical analysis 

The SPSS software package was used for all statistical analyses. Shapiro-Wilk normality tests 

identified that for all analyses at least one dataset of interest was not normally distributed (p < 0.05). 

Data transforms did not provide a normal distribution so non-parametric tests have been used herein.  

Kruskal-Wallis tests were used to investigate statistically significant differences (p < 0.05) between ET 

results from each plant species for all bench-scale studies. If no significant differences were identified 

between species replicates, data was combined. Further Kruskal-Wallis tests were then applied to the 

combined data to investigate statistically significant differences (p < 0.05) between each tray 

configuration (unplanted, planted with D. australe or planted with S. mexicanum). Multiple Mann-

Whitney tests with Bonferroni correction identified specific differences between tray configurations. For 

the full-scale field study a Kruskal-Wallis test followed by multiple Mann-Whitney tests with Bonferroni 

correction identified significant differences between VWC datasets from each plot.  

Spearman‘s correlation coefficients (ρ) were found comparing climatic parameters to measured ET for 

both greenhouse ET and bench-scale field ET. Datasets were limited to when plants were unstressed 

and freely transpiring.  

4.2. Results and discussion 

4.2.1. Greenhouse measurement of evapotranspiration 

Evapotranspiration from bench-scale planted and unplanted trays in the greenhouse is discussed 

herein over both daily and hourly time-scales. Also examined (at a daily time-scale) are the effects of 

substrate moisture and climate parameters on ET, the effect of repeated wet/ dry cycles on ET and 

how water held within the plant mass changed over the trial duration. 

4.2.1.1. Evapotranspiration on a daily time-scale 

D. australe survived for a maximum of 24 d without water before the plants had to be rehydrated to 

prevent irreversible desiccation. The S. mexicanum trials lasted for a maximum of 39 d; however, the 

plants were likely to have survived longer under drought conditions. Daily measured ET rates (Figure 

4-16, Figure 4-14 and Figure 4-15) are comparable to ET rates presented in the literature (Table 2-2 

and Table 2-3). Error bars in Figure 4-16, Figure 4-14 and Figure 4-15 show the standard error of the 

mean (SEM). A day is defined as a calendar day from 00:00 to 24:00, hatched bars represent partial 

daily data (<24 h data record). Data is missing from Day 8 to Day 21 in Trial 2 for all three planting 

conditions and from Day 9 to Day 11 of Trial 4 for S. mexicanum and bare substrate as a result of 

equipment malfunction. 

Kruskal-Wallis tests showed the distribution was not the same across all four trials for the unplanted 

condition or the planted with S. mexicanum condition (both p = 0.002). When planted with D. australe, 
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the distribution of daily ET across three trials was statistically the same (p = 0.137). The only 

statistically significant differences were between Trial 1 and Trial 4 (p = 0.006) for the unplanted 

condition, and between Trial 1 and Trial 2 (p = 0.030) and Trial 1 and Trial 4 (p = 0.006) for the planted 

with S. mexicanum condition. 

 

Figure 4-14: Mean daily evapotranspiration, relative humidity, temperature, and solar radiation for S. 

mexicanum from Trials 1 to 4 
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Figure 4-15: Mean daily evapotranspiration, relative humidity, temperature, and solar radiation for D. 

australe from Trials 1 to 4 
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Figure 4-16: Mean daily evaporation, relative humidity, temperature, and solar radiation for bare 

substrate from Trials 1 to 4 



Chapter 4: Measured evapotranspiration 

 – 115 – Emily A. Voyde 

At the start of each trial, both plant species exhibited several days of rapid water loss and water loss 

from planted trays was consistently greater than that from unplanted trays. Rapid water loss was 

defined as ET consistently ≥1 mm·d
-1
. The definition was generated based on observation and 

because the literature identified ET rates were <1 mm·d
-1

 when plants experienced water stress (Table 

2-3). The mean period of rapid water loss was 9 d (Table 4-4). Trial 2 was excluded from the mean 

because the period of rapid water loss was truncated due to equipment malfunction. Day 1 (<24 h 

data) for each trial was counted as a day of rapid water loss as it was the day of watering. ET has 

been shown to be greatest on the day of watering (Durhman, 2005; VanWoert et al., 2005b). After the 

period of rapid water loss, ET rates decreased and became more or less constant (Figure 4-17). ET 

from planted trays was not significantly different to E from unplanted trays.  

Table 4-4: Initial days of rapid water loss per tray configuration per trial 

 Unplanted S. mexicanum D. australe 

Trial 1 11 10 11 

Trial 2* 6 6 6 

Trial 3 7 7 - 

Trial 4 8 7 10 

*Day 6 is the last full day of data before the logger malfunctioned, ET 
potentially remained greater than 1 mm·d

-1
 for longer than 6 days 

 

 

Figure 4-17: Cumulative E and ET over the duration of each trial with a complete dataset 
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D. australe tended to maintain greater ET for a longer period of time than S. mexicanum, but the rate 

of water loss was not sustained (Figure 4-17). D. australe was visibly stressed, with wilted foliage and 

leaf colour change, after 8 d and was rehydrated after 24 d to ensure plants were able to be used for 

subsequent trials. S. mexicanum was visibly stressed after 12 d but still had life after 39 d. Results 

indicated that S. mexicanum was faster to adapt to moisture stress, responding by reducing ET from 

2–5 mm·d
-1

 to <1 mm·d
-1

 (Figure 4-14). Reduced consumption in response to water stress extended 

the use of a limited water supply, and contributed to the prolonged S. mexicanum health in drought 

conditions.  

ET is responsible for the storage recovery within a living roof substrate. Architectural and metabolic 

adaptations suggested plant species suitable for the living roof environment would provide relatively 

little storage recharge via transpiration. Field research internationally has shown to the contrary 

(Berghage et al., 2007b; VanWoert et al., 2005a; Voyde et al., 2010b; Rezaei, 2005). Table 4-5 

presents mean daily plant transpiration when water was readily available (transpiration was calculated 

as the difference between the planted and unplanted trays). Data are presented for the periods of 

rapid water loss identified in Table 4-4 because plants maintained elevated rates of transpiration 

during these periods. In the unstressed condition, both overall ET rates and contribution to ET via 

transpiration for S. mexicanum and D. australe were comparable within trials. Reasonable variability in 

plant contribution via transpiration was exhibited between trials; this is likely a result of climatic 

variation (see Section 4.2.1.2 for further discussion). Regardless, when living roof plants are actively 

transpiring, they have the ability to contribute substantially, up to 45% of ET, to the recovery of storage 

within the substrate. Auckland‘s 137 wet days spread relatively evenly through the year (NIWA 

Science, 2000c) mean that plant contribution to ET via transpiration will be an important component in 

the water balance. 

Table 4-5: Mean daily ET and plant contribution via transpiration when water is readily available for all 

greenhouse trials 

Process Units 
S. mexicanum D. australe 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 1 Trial 2 Trial 3 Trial 4 

Mean ET mm·d
-1
 2.3 2.2 2.8 2.9 2.3 1.9 - 3.3 

Mean 
transpiration 

mm·d
-1
 1.1 0.6 1.3 0.8 1.1 0.3 - 1.3 

% 45 25 40 23 43 18 - 40 

% (SEM) 4 3 5 5 4 2 - 3 

Mean values are for the periods of rapid water loss identified per configuration per trial in Table 4-4 

 

Plants play a greater role when water is abundant. When water was readily available transpiration, for 

the Trials presented in Figure 4-17, plants contributed 40–45% of ET (Table 4-5). From Day 17 to Day 

29 the overall contribution of S. mexicanum dropped from 33–34% to 28–29% as stressed plants 

stopped transpiring (Table 4-6, Figure 4-17). Data from days 17 and 29 of each trial are representative 

of the time periods that D. australe and S. mexicanum respectively can survive under drought 
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conditions. A subset of S. mexicanum data is presented at Day 17 (when the D. australe trial ceased) 

as a direct comparison. In both cases, after 17 days D. australe had lost 1.0–1.7 mm more water than 

S. mexicanum. D. australe contributed 2–4% more to storage recover via transpiration. 

Table 4-6: Overall E and ET for complete trials 

  
Water Loss (mm) Plant contribution via transpiration 

  
Day 17 Day 29 Day 17 Day 29 

Trial 1 

Substrate 17.4 22.0 - - 

S. mexicanum 26.3 30.8 34% 28% 

D. australe 28.0 - 38% - 

Trials 3/4 

Substrate 16.1 20.0 - - 

S. mexicanum 23.9 28.1 33% 29% 

D. australe 24.9 - 35% - 

 

4.2.1.2. Effect of climate parameters 

Mean daily temperature was comparable across the four trials, but global solar radiation was 

significantly higher for Trials 3 and 4 than in Trials 1 and 2, promoting ET and mitigating the higher 

mean daily RH recorded in these trials (Table 4-7). Relative global radiation remained the same for all 

trials, but the effective global radiation within the greenhouse was reduced due to the influence of 

whitened plastic walls. Fernández et al. (2010) found the mean value of greenhouse radiation 

transmission was 48.1% for a whitened plastic greenhouse. 

Table 4-7: Mean daily temperature, relative humidity and global radiation for each greenhouse trial 

Trial Date 
Temperature

1
 

C 

Relative 
Humidity

1
 

% 

Global Solar 
Radiation

2
 

MJ·m
-2
·d

-1
 

Effective Solar 
Radiation

3
 

MJ·m
-2
·d

-1
 

1 28 Apr 08 to 26 May 08 21.5 60.3 8.9 4.3 

2 17 Jun 08 to 25 Jul 08 20.4 61.4 6.8 3.3 

3 22 Dec 08 to 28 Jan 09 21.3 73.5 23.9 11.5 

4 05 Feb 09 to 16 Mar 09 21.0 76.1 18.7 9.0 

1. Recorded on site 
2. Data from the National Climate Database (NIWA Science, 2010b) 
3. 48.1% of global solar radiation due to greenhouse walls (Fernández et al., 2010) 

 

All trays showed moderate negative correlations to relative humidity (-0.43 < ρ < -0.35) and stronger 

positive correlations to solar radiation (0.43 < ρ < 0.53) when plants were unstressed and freely 

transpiring (days in Table 4-4, Figure 4-18). ET showed no significant correlation to temperature 

(0.17 < ρ < 0.34) likely because temperature was one of the variables controlled within the 

greenhouse (Figure 4-18). In the well watered condition with consistent mean temperatures, solar 

radiation and RH were driving factors influencing ET. Relative humidity demonstrates a negative 

correlation with ET because an increase in RH in the air surrounding the leaf reduces the vapour 

pressure differential between plant stomata and the relatively drier air, thus preventing transpiration. 
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Likewise, high RH above bare substrate reduces the vapour pressure differential between the moist 

substrate and relatively drier air. In humid conditions, transpiration is limited by the lack of significant 

vapour pressure differential; as RH increases, ET decreases.  

 

Figure 4-18: Correlations between relative humidity, temperature, global solar radiation and ET rates 

under well-watered conditions for each tray type (excluding part days) 

4.2.1.3. Effect of substrate moisture 

A regression curve of substrate moisture content measured in Trial 4 (Figure 4-19) estimated 

substrate moisture on days between sampling. The curve was used to create a plot of ET rates from 

both planted and unplanted trays against soil moisture availability (Figure 4-20). Day 9 has been 

identified as the day at which rapid water loss ceased, or the point at which plants became stressed. 

The permanent wilting point (PWP) is described as the amount of water in the soil at which plants are 

permanently wilted (McLaren and Cameron, 1996). PWP is generally taken to be ~1500 kPa tension; 
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remaining soil water is inaccessible to plants and plants are unlikely to be revived (McLaren and 

Cameron, 1996). Water content at the nominal PWP was 13.8% (Dando, 2008). The water content at 

Day 9 was very similar to that at the nominal PWP (14.2%); however, D. australe was able to be 

revived from a visibly stressed state and a water content of only 5.5% (Figure 4-20). S. mexicanum 

was rehydrated from a water content of only 2.0% (Figure 4-20), but could likely have survived longer. 

Results indicate a key adaptation of these drought tolerant plants is the ability to extract water from 

soil at high tensions. On Day 1 the water content was 32.2%, somewhat lower than both the field 

capacity (FC) determined using FLL methodology of 49.6% (Table 3-1) and the laboratory determined 

FC, at 10 kPa tension, of 39.6% (Dando, 2008). The majority of ET occurred when water availability 

was between FC and nominal PWP. Once the water content dropped below nominal PWP, 

transpiration appeared to cease, but limited E continued (~0.2 mm·d
-1

). Substrate moisture analysis 

corroborates conclusions drawn in the daily analysis (Section 4.2.1.1), although S. mexicanum 

continued to transpire up to Day 9, it reduced its rate of consumption sooner than D. australe. S. 

mexicanum adapted to the water stress, once the water content reached ~22%, by reducing its rate of 

consumption and thus extended its life. 

 

Figure 4-19: Change in soil moisture content over time, unplanted substrate 
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Figure 4-20: ET vs. substrate water content on day of sampling 

4.2.1.4. Repeated wet/ dry cycles 

In Trial 4, experiments were run concurrently to determine ET rates from S. mexicanum and D. 

australe when watered every 7 d (Figure 4-21). ET rates were more dependent on climatic factors 

than restricted by water availability. S. mexicanum ET ranged from 0.8–5.3 mm·d
-1

 and D. australe ET 

ranged from 0.6–4.0 mm·d
-1

 with daily means of 2.7 mm·d
-1

 and 2.5 mm·d
-1

, respectively. Results are 

comparable to, although slightly lower than, Trial 4 mean daily ET during the period of rapid water loss 

(2.9 mm·d
-1

 for S. mexicanum and 3.3 mm·d
-1
 for D. australe, Table 4-5). Results did not demonstrate 

any particular pattern of response. It seems likely that with a watering frequency of 7 d, the plants 

remained within the zone of rapid water loss, hence were growing under optimal soil moisture 

conditions (there were no visible signs of stress).  
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Figure 4-21: ET data from S. mexicanum and D. australe when plants were rehydrated every 7 d. Diagonal 

stripe represents partial daily data (<24 h data record). Where ET = 0 for S. mexicanum, data is missing 

due to equipment malfunction. 

4.2.1.5. Water held within the plant mass 

Both S. mexicanum and D. australe are succulents; they store moisture in plant tissues which they can 

‗mine‘ during stress conditions. Over the duration of each trial, biomass samples showed plants 

consumed water held within their above ground structures—leaves and stems (Figure 4-22). In Trials 

1 and 2, D. australe started with higher GWC than S. mexicanum and consumed more of the water 

held within its tissues. S. mexicanum demonstrated a smaller reduction in GWC over a longer drought 

period. Trial 4 appears to be an exception. Based on the samples measured, S. mexicanum started 

with a slightly higher GWC than D. australe, and had a mean water consumption of -0.6% indicating 

there was no water consumption (or moisture mined from the plant mass) over the duration of the 

experiment. Although the trial ended on Day 39 it was because ET had essentially ceased (Figure 

4-14), not due to excessive desiccation of the S. mexicanum. The apparent increase in water content 

over the duration of the experiment is likely due to the random selection of samples within the tray for 
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biomass testing. For Trial 4, D. australe followed the same trend as Trials 1 and 2 and consumed 

water held within its tissues. Example images of S. mexicanum and D. australe are given in Figure 

4-23 and Figure 4-24 to demonstrate the relative health of each species over the trial duration. Results 

support the hypothesis that S. mexicanum is better suited to surviving extended droughts. However, 

under conditions where frequent rain restores substrate moisture levels, both species would be 

appropriate and would provide significant storage recovery. 

 

Figure 4-22: Gravimetric water content of S. mexicanum and D. australe by trial. Dashed lines show 

overall GWC for all samples taken per species (Y-axis starts at 50% for clarity). 

 

Figure 4-23: S. mexicanum plant health (left to right): Day 1 (trial start), Day 21 (mid trial) and Day 39 

(trial end) 
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Figure 4-24: D. australe plant health (left to right): Day 1 (trial start) and Day 21 (trial end) 

S. mexicanum and D. australe demonstrated similar strategies overall for dealing with water stress. 

Both species stored water in their tissues that they could mine and had the ability to extract water from 

very ‗dry‘ soil. S. mexicanum was more sensitive to substrate moisture content, reducing ET demand 

earlier, hence conserving substrate moisture. In contrast, D. australe drew on water reserves in the 

flesh of the plant to continue transpiring at the same rate causing desiccation and loss of viability 

(Figure 4-17, Figure 4-24). Under extreme stress, both species had smaller leaves due to the loss of 

turgor of mature leaves and the failure of new leaves to expand, and had a higher proportion of both 

senescent (dying) leaves and woody internodes than unstressed plants. Both plants shed mature 

leaves but S. mexicanum employed this mechanism to a greater degree. D. australe leaves were 

wilted and smaller, older leaves were senescent, and stems became narrow and woody (Figure 4-25).  

 

Figure 4-25: Plant health (clockwise from top left): unstressed S. mexicanum, unstressed D. australe, 

stressed D. australe, and stressed S. mexicanum 

Destructive sampling of all plant material occurred following rehydration of the trays after Trial 2 

finished. S. mexicanum did not show any appreciable increase in water content from flaccid at trial end 

to fully turgid after rehydration, in fact there was a slight decrease (0.9%, from 91.4% at trial end to 

90.5% after rehydration). GWC was based on random samples taken at the trial end, while all above 
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ground structures were sampled after rehydration. D. australe demonstrated a 1.0% increase in water 

content. Although S. mexicanum lasted longer under drought conditions, in a field scenario, it seems 

that D. australe would have the ability to extract slightly more water from rainfall events occurring 

when plants were wilted. Based on greenhouse values, a complete cover of D. australe (at 93 mm 

canopy depth) can hold 315 mL·m
-2

 water (or 0.3 mm) between flaccid and fully turgid, with tissues 

being replenished within 24 h of substrate regaining field capacity. The small increase in water content 

of D. australe after rehydration is relatively insignificant, particularly considering there was a decrease 

in GWC of S. mexicanum. Water content after rehydration did not return to the maximum value 

sampled at trial commencement for either species. Leaf loss in both species meant the relative 

proportion of leaves to stem was reduced, limiting restoration of water content (Figure 4-25). 

Observations indicate leaf interception is also reduced when plants were wilted. On wilting, leaf angles 

in both S. mexicanum and D. australe change from being largely upright and wide to shallow and 

parallel to the ground. Leaf interception is further reduced due to leaf loss. Across the trials, mean 

effective plant cover reduced from 95% to 87% for D. australe and from 100% to 96% for S. 

mexicanum under turgid and wilted conditions respectively. 

4.2.1.6. Hourly fluctuation of evapotranspiration 

Two distinct operating conditions have been defined: unstressed (water readily available), and 

stressed (water limiting). Based on observation and analysis of the daily ET data, three days were 

chosen to represent these conditions for each plant species. Hourly data were averaged over the 

three days for each operating condition. Clear diurnal variation was exhibited when ET was viewed at 

an hourly time-scale (Figure 4-26). There was no clear explanation for why the error bars for 

unstressed substrate in Trial 4 were so much higher than the other trials. In all cases, ET was lowest 

between 20:00 and 06:00, while peak ET occurred between 12:00 and 16:00. ―Peak‖ ET reported was 

calculated as mean hourly ET from 12:00 and 16:00 while ―overnight‖ ET calculated as mean hourly 

ET from 00:00 to 04:00 (Figure 4-26).  

The only statistically significant differences were between Trial 1 and Trial 4 for both the unplanted 

and planted with D. australe conditions during the period of D. australe stress (p = 0.009 and 

p < 0.001 respectively). Trial 1 was four days shorter than Trial 4, so the three day stress period for 

Trial 4 was likely more stressful than Trial 1. There were no significant differences between Trial 1 and 

Trial 2 (which also was taken further into moisture stress conditions to Day 24), possibly because Trial 

2 had lower overall ET (0.01–0.25 mm·h
-1

) and hence less applied stress than both Trials 1 (0.02–

0.31 mm·h
-1

) and 4 (0.01–0.50 mm·h
-1

). As of Day 6 (when equipment malfunction truncated Trial 2 

records) total water lost from all 3 tray configurations was 29.5 mm for Trial 2, 33.8 mm from Trial 1, 

and 43.4 mm from Trial 4. 
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Figure 4-26: Mean hourly ET from S. mexicanum, D. australe and bare substrate in the greenhouse trials 
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Unstressed condition 

Due to the similarity in response, data from all four trials has been averaged for the unstressed 

condition to present an overall response. D. australe peak ET was 0.34 mm·h
-1

 and S. mexicanum 

reached 0.36 mm·h
-1

. Overnight ET for both S. mexicanum and D. australe was 0.03 mm·h
-1

. Hourly 

ET rates between plant species were similar (overlapping error bars). The diurnal pattern of ET in 

planted trays was comparable, but of reduced magnitude, in the unplanted trays (Figure 4-26). Mean 

peak E was 0.17 mm·h
-1
. Overnight E was 0.03 mm·h

-1
, the same as planted trays. Daily peak E was 

approximately half the planted daily peak ET, consistent with observations that transpiration can be up 

to 45% of total ET when water is not limiting (Table 4-5).  

Stressed condition 

ET from the planted trays was less than E from the unplanted trays once plants became water-

stressed, as accelerated water loss from planted trays meant they utilised the finite volume of water 

available faster (Figure 4-27). For Trial 4 the stressed time periods analysed equate to GWC of 5.5–

6.4% for D. australe and 2.1–2.3% for S. mexicanum. For both species, once plants were stressed 

evaporation dominated and transpiration was very low (if not zero). 

In the stressed condition, data for S. mexicanum from all four trials has been combined; data for D. 

australe must be considered per trial due to statistically significant differences in response between 

trials. Under limited water conditions, both the overall rate of ET and the diurnal effect were reduced 

for all tray configurations (Figure 4-26). Mean overnight ET was 0.01 mm·h
-1

 for S. mexicanum. 

Stressed S. mexicanum no longer demonstrated clear diurnal variation and all water loss was a result 

of E only (E overnight of 0.01 mm·h
-1

 and peak daytime E of 0.02 mm·h
-1

). 

D. australe was unable to minimise water loss to the same extent as S. mexicanum. Stressed D. 

australe demonstrated consistently higher peak ET than S. mexicanum and maintained the same or 

slightly higher overnight ET. For all trials, peak diurnal ET rate of D. australe was 1.4 to 2.9 times 

greater than S. mexicanum during moisture limited (stressed) conditions. D. australe peak ET was 

0.02–0.07 mm·h
-1
 (Figure 4-27). Mean overnight ET and E were 0.01–0.02 mm·h

-1
 for the period of D. 

australe stress.  

Sedums are thought to utilise CAM under drought conditions (Snodgrass and Snodgrass, 2006; 

Sayed, 2001; Lee and Kim., 1994). Plants in the Disphyma genus primarily utilise C3 metabolism 

(Antlfinger and Dunn, 1979; Neales et al., 1983). Results imply S. mexicanum has the ability to close 

stomata during the day to conserve water, but do not provide evidence to support greater ET rates 

overnight. A CAM response was not exhibited, supporting findings of Berghage et al. (2007b) and 

Rezaei (2005). It may be that S. mexicanum had not been taken far enough into water stress 

conditions to switch from C3 metabolism to CAM. Results challenge the hypothesis that CAM plants 

conserve water all the time. 
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Figure 4-27: Peak ET vs. overnight ET for all greenhouse trials 

4.2.2. Field measurement of evapotranspiration 

Field measurement of ET is discussed at two different scales, bench-scale and full-scale. Bench-scale 

measurement is discussed at two time-steps, daily and hourly while full-scale analysis for field ET is 

discussed only at the daily time-step. 

4.2.2.1. Bench-scale measurement of field evapotranspiration 

Greenhouse experiments showed how ET of living roof microcosms with single plant species varied 

under controlled temperature and ‗rainfall‘. The next step was to re-introduce some of the climatic 
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parameters by installing the greenhouse experimental setup on the non-greened area of the UoA 

living roof field site.  

Evapotranspiration on a daily time-scale 

Daily ET data followed the same trends as observed in the greenhouse experiments (Figure 4-28). 

However, the reduction in ET rates under moisture stress appeared to happen faster than in the 

greenhouse trials: ~5 d compared to ~9 d. There were no statistically significant differences between 

any of the tray configurations (p = 0.603). Contrary to results from the greenhouse trials, there were no 

distinct differences between E from the unplanted tray and ET from the planted trays. 

 

Figure 4-28: Daily evapotranspiration (excluding days with >1 mm rain) from bench-scale trays in a field 

installation (26 March was a part day, trial commenced at 16:00) 

Climate conditions are the only possible explanation for the variations in response between field and 

greenhouse ET rates. Mean climate data for the duration of the bench-scale field trial (Trial 5) is given 

in Table 4-8 for direct comparison to Table 4-7 for the greenhouse experiments (Trials 1 to 4). 

Temperature was ~4°C lower than for any of the greenhouse trials, RH was comparable to Trials 3 

and 4, but greater than Trials 1 and 2. Global solar radiation fell between recorded global radiation for 

Trials 1 and 2 and that for Trials 3 and 4; this was to be expected due to the time of year of the field 

experiment in comparison to the greenhouse trials. However, the influence of global radiation was 

greater in the field trials due to the absence of the whitened plastic greenhouse walls. Recorded global 

radiation was comparable to effective radiation from Trials 3 and 4. ET results were also comparable 

to those from Trials 3 and 4 with maximum ET of ~4 mm·d
-1

. 
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Table 4-8: Mean daily temperature, relative humidity and radiation for the bench-scale field trial 

Trial Date 
Temperature

1
 

C 
Relative Humidity

1
 

% 
Global Radiation

2
 

MJ·m
-2
·d

-1
 

5 26 Mar 09 to 4 May 09 16.6 75.8 11.3 

1. Recorded on site 
2. Data from the National Climate Database (NIWA Science, 2010b) 

 

Although mean ET rates were comparable to those in the greenhouse trials, plant contribution via 

transpiration was towards the lower end of the greenhouse results (Table 4-5, Table 4-9). In some 

cases E from the planted trays was greater than ET (Figure 4-28). Table 4-9 presents plant 

contribution via transpiration for the first 5 full days with no rainfall (27–31 March inclusive) as a 

comparison to Table 4-5. Wind was the main climate parameter restricted during the greenhouse 

studies. Wind promotes ET because elevated wind speeds increase the rate of exchange of air with 

the surface. The influence is greater in conditions of low RH than high RH. Wind on the roof leads to 

increased ET in general; however, its influence may be greater over the unplanted tray. The 

comparatively smooth unplanted surface experiences the relatively unaltered effects of the wind. In 

contrast, plants increase surface roughness and reduce the wind speed actively influencing ET, i.e. E 

may be increased by wind to a greater degree than ET. Daily ET rates in the unstressed condition 

were compared to mean daily RH, global solar radiation, temperature and wind speed (Figure 4-29). 

The unstressed condition refers to Days 1–5 inclusive after a rain day with more than 1 mm rainfall. 

Table 4-9: Percent of total ET contributed via transpiration for the unstressed condition during the 

bench-scale field trial 

Process Units S. mexicanum 
D. 

australe 

Avg. ET mm·d
-1
 3.1 3.5 

Avg. 
transpiration 

mm·d
-1
 0.5 0.9 

% 15 24 

% (SEM) 2 2 

Period of rapid water loss: Day 1 to Day 5 after rain 
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Figure 4-29: Daily ET from the bench-scale field trial plotted against climatic parameters 

Spearman‘s correlation coefficients (ρ) between climatic parameters and measured ET identified weak 

correlation between ET and global radiation (0.000 < ρ < 0.121) and mean daily wind speed 

(0.014 < ρ < 0.100). Moderate negative correlation was exhibited between ET and relative humidity 

(-0.507 < ρ < -0.296) and temperature (-0.668 < ρ < -0.332). Only the correlation between substrate 

and temperature was statistically significant. With the exception of temperature, field trial results 

showed similar but weaker trends to those found in the greenhouse experiments where moderate 

negative correlations to RH and moderate positive correlations to global radiation were exhibited 

(Section 4.2.1.1). Negative correlation to temperature was unexpected. The total range of 

temperatures sampled was only 6°C. When compared to the other climatic parameters, as expected 

temperature showed moderate correlation to global radiation (ρ = 0.321), but also to RH (ρ = 0.621). 

Temperature showed moderate negative correlation to wind (ρ = -0.357). Although an increase in 

temperature and global radiation will encourage ET, from the data sampled, as temperature increased 

RH increased and wind decreased, both of which act to inhibit ET. It is possible that in the field 

condition, the influence of individual climatic parameters is lost due to the interaction between all 

parameters. In the greenhouse experiments, the influential climatic parameters were limited due to the 

controlled environmental conditions.  

The weaker response to RH and global radiation is likely influenced by the narrower climate range 

sampled in the short duration field installation; fewer data points were available for comparison. Plants 

may have also experienced more stress later in the trial than during the greenhouse experiments. 

Data was based upon rain days; however, the substrate did not necessarily achieve field capacity nor 
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were plants necessarily in optimal condition after a rain day. The greenhouse experiments started with 

the substrate at field capacity and plants in optimal health. It was anticipated that the influence of wind 

would be greater than the correlation suggests.  

Hourly fluctuation of evapotranspiration 

Two clear operating conditions were defined: when the plants were unstressed and when the plants 

were water stressed. Clear diurnal fluctuation in the unstressed condition was suppressed once plants 

were water-stressed (Figure 4-30). In all cases, ET was lowest between 20:00 and 06:00 (‗overnight‘), 

and peaked between 12:00 and 16:00 (‗peak‘) (Figure 4-31). Results concur with diurnal fluctuations in 

the greenhouse experiments. 

 

Figure 4-30: Mean hourly ET for S. mexicanum, D. australe and bare substrate in the bench-scale field 

trial 
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Figure 4-31: Peak ET vs. overnight ET for the bench-scale field trial 

In the unstressed condition, mean overnight ET for both S. mexicanum and D. australe was 

0.02 mm·h
-1
. S. mexicanum peak ET was 0.40 mm·h

-1
 and D. australe reached 0.46 mm·h

-1
. As with 

the greenhouse trials, hourly ET rates between the two plant species were comparable. The diurnal 

pattern demonstrated by unstressed planted trays was reduced in the unplanted trays (Figure 4-30), 

but not to the same extent as in the greenhouse trials. Mean peak E was 0.26 mm·h
-1
. Unstressed 

overnight E was 0.01 mm·h
-1

, similar to the planted trays. Daily peak E was approximately 60% of 

planted daily peak ET. 

Under water-stressed conditions, both the overall rate of ET and the diurnal effect were reduced 

(Figure 4-30). Mean overnight ET was 0.01 mm·h
-1

, and mean peak ET was 0.05 mm·h
-1

 for both S. 

mexicanum and D. australe. These values are slightly higher than those exhibited in the greenhouse 

trials in which stress conditions were measured after a minimum of 14 days for D. australe and 26 

days for S. mexicanum. In the field trial, ‗stress‘ was measured from Days 11–13, the longest period of 

time without rainfall. Plants were probably not yet experiencing the same level of stress exhibited in 

glasshouse trials. Unplanted trays had E overnight of 0.02 mm·h
-1

, peak E rates were 0.06 mm·h
-1

. 

Field results concur with greenhouse results, planted trays utilised the finite volume of water available 

faster than the unplanted tray. 

Unstressed D. australe demonstrated slightly higher peak transpiration rates than S. mexicanum but 

comparable rates overnight (Figure 4-31). In agreement with greenhouse results, field results provide 

no evidence to support greater ET rates overnight. In contrast to the greenhouse trials where S. 

mexicanum exhibited lower ET rates than D. australe, in the field experiments D. australe and S. 
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mexicanum behave comparably. This could also be attributed to the shorter time period of stress to 

which the plants had been subjected. 

Weak correlations in the daily analysis of the field bench-scale trial may be attributed to the fact that 

daily means for climatic parameters and total daily ET were used in the analysis. Results indicated 

comparison of ET rates and climatic parameters with 24 h (daily) means may have dampened the 

response and shadowed identification of potential correlations. The majority of ET occurs during 

daytime hours (07:00–19:00, Section 4.2.1.6). Correlation analysis was repeated using data from 

daylight hours during days when water was readily available (Figure 4-32). ET showed moderate 

correlations with global radiation (0.378 < ρ < 0.569), temperature (0.373 < ρ < 0.492), and RH 

(-0.440 < ρ < -0.335), and weak correlation with wind speed (0.124 < ρ < 0.180). It seems likely that in 

the field condition, the influence of individual climatic factors is lost due to the interaction between all 

variables. However, individual analysis has identified simple relationships between climatic factors and 

ET when focussed upon plants in the well-watered condition and using daytime hourly data. 

 

Figure 4-32: Daytime hourly ET (mm·h
-1

) data plotted against relative humidity (%), global radiation 

(MJ·m
-2

), temperature (°C) and wind (m·s
-1

) 
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4.2.2.2. Full-scale measurement of field evapotranspiration 

After quantifying ET from bench-scale experiments in the field, the next step was to quantify ET from 

the full-scale field installation living roof (presented in Chapter 3). Data from multiple substrate 

moisture sensors in each plot was combined to present mean daily substrate water content across the 

whole plot (Figure 4-33). Of the 266 days monitored, for all sensors only 18 individual data points 

(0.4%) were outside the calibration range. When compared by substrate type, daily water content 

roughly corresponds to the water holding capacity (field capacity) of the substrates (Table 3-1). In 

decreasing order, water holding capacities for the substrates are Zeolite (49.6%), Pumice (46.6%) and 

Expanded Clay (40.8%). Likewise, zeolite plots tend to have the highest water content in general 

followed by the pumice then expanded clay plots. A rearrangement of the water balance (Eqn. 2.2) 

allowed for the calculation of ET (Figure 4-34). 

 

Figure 4-33: Volumetric water content of each plot 7 April 2009 to 21 Dec 2009 

Significant differences (p < 0.05) were identified between virtually all VWC datasets. The only pairs to 

not show significant differences were Plot 1 vs. Plot 3, Plot 1 vs. Plot 6 and Plot 2 vs. Plot 5. A 

possible explanation for variability, other than differences in substrate depth and type which did not 

affect overall hydrological performance (see Chapter 3), was the difference in plant cover and plant 

type across the plots. Although all plots (with the exception of Plot 2) were planted using identical 

species and planting schemes, over the 3 year period vegetation has developed differently between 

the plots (Table 3-2). Differing plant and root densities may have changed the moisture holding 

capacity of the substrate. Furthermore, the roof has a very shallow grade (average roof slope of 1.2%) 
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with localised depressions that may have allowed for additional moisture storage. The interference of 

the central utilities shaft may have also introduced variability in water stored within the substrate, by 

modifying ET and precipitation per plot.  

 

Figure 4-34: Components of the water balance used to calculate evapotranspiration from the field 

installation living roof 
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Figure 4-35: Range of evapotranspiration rates calculated indirectly using the water balance method 

Of the 266 days over which ET was calculated, 66 days (24.8% of days) had ET outside the expected 

range of 0–5 mm·d
-1

 (Figure 4-35). ET was calculated as <0 mm·d
-1

 for 28 days. Results imply that 

VWC within the substrate had increased by an amount greater than the rainfall depth received, which 

is not physically possible. Cumulative error within the calculation accounted for 75% of days with ET 

<0 mm·d
-1

. Mean SEM for substrate moisture was 0.89 mm·d
-1

, mean SEM for runoff when runoff 

>0 mm·d
-1

 was 0.78 mm·d
-1

, and mean error for rainfall events >0 mm·d
-1

 was 0.05 mm·d
-1
 giving a 

cumulative error of 1.72 mm·d
-1

. Of the 28 days, 21 were from 0 mm·d
-1

 to -1.72 mm·d
-1

. Another 

possible explanation for negative ET was that substrate moisture was taken as a mean value for the 

whole roof (excluding Plot 2). Movement of water within the system may have caused an apparent 

increase in storage. 

ET exceeded 5 mm·d
-1

 for 38 days (Figure 4-35). The use of 5 mm·d
-1
 as a cut off was somewhat 

arbitrary because the value was based on ET rates from S. mexicanum and D. australe. A wider 

variety of plants were present on the UoA living roof. However, it provided a reasonable comparison 

point. ET from the UoA living roof has the potential to be greater due to the influence of Festuca coxii, 

a short tussock grass that has become the dominant native species on the UoA living roof (Table 3-2). 

F. coxii is a taller plant than the sedum species (maximum height 0.4 m) with a fine leaf structure that 

can disperse wind providing significant exposed surface area for ET (Figure 4-36) (Lewis et al., 

2010a). Grasses tend to exhibit greater maximum ET than succulents, however cumulative ET varies 

between types of each functional group–grass or succulent (Ranalli, 2009). The inclusion of grasses, 

and taller plant species, within a planting scheme optimises ET (in addition to other performance 

measures). ET rates were more consistent from richer functional group treatments with a variety of 

planted species than monocultures (Ranalli, 2009; Lundholm et al., 2010). Dunnett et al. (2008a) 
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found that grass species were the most effective for reducing water runoff followed by forbs. Sedum 

species were the least effective. Species with greater height and diameter were associated with less 

runoff, suggesting greater ET and interception (Dunnett et al., 2008a). 

 

Figure 4-36: Difference in plant architecture, sedum (left) and tussock (right) 

ET rates from the UoA full-scale field installation may be higher than the 5 mm·d
-1

 maximum identified 

using the bench-scale trials because the living roof utilises mixed species with a substantial proportion 

of F. coxii (Table 3-2). The influence of the non-insulated concrete slab underlying the living roof may 

have enhanced ET, particularly during winter. Higher temperatures inside the building, radiating 

through the roof may have contributed to increased substrate temperature thus aiding ET (Castleton et 

al., 2010; McLaren and Cameron, 1996). The maximum ET rate recorded in other living roof studies 

was 8 mm·d
-1

 (Table 2-2). ET (including interception) of 10 mm·d
-1
 has arbitrarily been chosen herein 

as a cut off value above which ET is deemed unrealistic. Eleven days were identified with calculated 

ET greater than 10 mm·d
-1

 (Figure 4-35). All days with suspiciously high ET rates had significant 

rainfall. Mean rainfall on these days was 24.2 mm with mean runoff of 8.3 mm (Table 4-10). Mean 

retention was 69% (range of 44–78%). The general trend seemed to be that as rainfall increased, ET 

increased (Figure 4-37). Time of year did not appear to exert any influence on ET rates (Figure 4-38). 

Table 4-10: Key parameters for the 11 days in which ET was greater than 10 mm·d-1
 (all values in mm·d-1

) 

 
Rainfall Runoff ET ΔS Stored water 

10 May 09 19.6 7.3 10.8 1.5 19.5 

28 Jun 09 42.2 9.9 29.9 2.4 21.5 

17 Jul 09 13.6 3.4 10.3 -0.1 20.9 

18 Jul 09 14.8 4.0 10.0 0.8 21.7 

22 Jul 09 16.5 3.8 11.5 1.2 21.4 

14 Aug 09 17.0 4.2 10.1 2.7 16.2 

24 Sep 09 27.7 9.1 10.6 8.0 20.1 

05 Oct 09 13.7 3.0 10.5 0.3 22.2 

15 Oct 09 35.3 15.7 13.9 5.8 21.7 

02 Dec 09 21.3 6.3 11.5 3.5 11.0 

04 Dec 09 44.5 24.8 17.6 2.1 19.8 
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Figure 4-37: ET calculated using the water balance method compared to rainfall 

 

Figure 4-38: Distribution of calculated ET throughout the year 

Cumulative calculation error of 1.72 mm·d
-1

 from measured rainfall, runoff and storage has been 

presented. However, this error does not account for the large values of ET calculated. The substrate 

moisture sensors had the potential to introduce the biggest source of inaccuracy, even though 

specifically calibrated for each substrate type (Figure 4-13). Although sensor SEM was relatively low 

(0.89 mm·d
-1

), this value is based upon variation in response from all sensors across the roof. The 

substrate moisture sensors were not specifically designed for use with living roof substrates and thus 
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all were operating at the limits of their ability. A systematic error common to all sensors, and thus not 

represented in the SEM, may have occurred. The sensors are recommended for use surrounded by 

continuous soil for a radius of at least 5 cm from the flat sensing portion of the probe (Cobos, 

Undated). The shallow substrate of the living roof means this recommendation was not met. The 

probes are also dependent on contact; introducing air gaps between the probe tines and the soil 

influences accuracy (Cobos, Undated; Decagon Devices, 2006). The coarse living roof substrate 

increased the likelihood of air gaps when compared to the texture of a natural soil. Large rainfall 

events that had suspiciously high ET indicate there was a lot of water within the system. It is possible 

that the combination of air gaps in the substrate and a large amount of water within the system may 

have reduced sensor contact with the substrate. 

The expected range of measured water content was from the nominal PWP to FC. Based on the 

nominal PWP, the minimum water depth available to plants in the substrate of the UoA living roof 

should have been 5 mm. The minimum water depth measured was 3.8 mm, matching conclusions 

from the greenhouse experiments (Section 4.2.1.3). Living roof plant species can utilise water under 

drought conditions that would be unavailable (below nominal PWP) to agricultural plants (Section 

4.2.1.3). Water content at the maximum substrate water capacity was not measured (Figure 4-39). 

Maximum recorded water depth in the substrate was 23.8 mm. On days with high volumes of rainfall, 

the substrate moisture sensors did not show correspondingly large increases in the measure of water 

stored within the substrate, even though the substrate was below FC (Figure 4-39). The maximum 

increase in storage depth was 8.0 mm (Table 4-10). It is likely that storage on heavy rainfall days was 

greater than what was measured. If measured water stored within the substrate was higher, calculated 

ET would have been lower, perhaps meeting expected ET rates. 

 

Figure 4-39: Depth of water stored within the substrate over the monitoring period duration 
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VWC measured by the sensors only gave water content of the substrate (not the whole system), it is 

possible that other components within the system contributed to water storage but were not 

represented in the ΔS component based upon VWC. The Delta NP drainage mat used on the UoA 

living roof was intended for use in vertical drainage. At the time of installation, living roof specific 

drainage mats were unavailable in NZ. Delta NP nominally has only 0.25 mm free water storage, 

however testing showed the wet weight was highly variable depending on how much water was 

trapped between the filter fabric and impermeable plastic drainage mat (Fassman et al., 2010). As the 

UoA roof had very low slope (~1.2%) and the surface had localised depressions, it is likely that 

additional unaccounted for storage was made available within the drainage layer. This was likely a 

relatively small impact overall but may be worth future investigation.  

In a few very high intensity rainfall events, surface flow occurred over the living roof. In these events, a 

combination of drainage mat and substrate may have impeded flow and contributed to the apparent 

overestimation in hydrological retention and detention characteristics resulting in inflated ET 

estimates. 

With the exception of days with substantial rainfall, ET calculated using the water balance approach 

followed the same general trends as those observed in the bench-scale trials. ET rates were greatest 

in the days after water was made available within the system then demonstrated a gradual reduction 

in the following days. The method overestimated ET on rain days then dropped to more expected 

values within the 0 mm·d
-1

 to 5 mm·d
-1

 expected range (Figure 4-40). Full-scale field ET rates tend 

towards the lower end of the range recorded in the bench-scale trials. Mean ET for the days in which 

ET was between 0 mm·d
-1

 and 10 mm·d
-1

 was only 2.10 mm·d
-1

 with 88% of days having ET ≤ 5 mm·d
-

1
 (Figure 4-41). It is not unreasonable that the full-scale field ET rates were lower than those recorded 

using the bench-scale trays, plants in the bench-scale trays were in better health and had greater 

cover than those in the field living roof. The UoA living roof had 85% cover with a mean plant height of 

40 mm compared to bench-scale trays with a minimum 87–96% cover and mean plant height of 

140 mm. In addition, ET rates from the bench-scale trays may have been enhanced as a result of 

potential advection effects from the edges of the trays. Although not unreasonable, full-scale field ET 

rates must be considered with caution considering the problems identified with the measured ΔS 

component of the water balance. 
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Figure 4-40: Subsection of rainfall and ET data to indicate general trends 

 

Figure 4-41: Frequency distribution of ET rates between 0 mm·d-1
 and 10 mm·d-1

 

4.3. Summary 

Three approaches were used to quantify ET from an Auckland living roof: direct measurement of ET in 

greenhouse trials using bench-scale trays; direct measurement of ET in a field trial using the bench-

scale trays placed on the UoA roof; and indirect measurement of ET from the UoA living roof using the 

water balance equation and solving for ET. 

The effect of building height was identified as a potential factor to influence ET rates from a living roof 

and was acknowledged as a point of difference for the research herein. However, although bench-

scale studies were completed both within a greenhouse environment and at height, on a field 

installation roof, both sets of results were within similar ranges (Table 4-11). Results were also similar 
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to ET rates from greenhouse and ground level studies presented in the literature (Table 2-2 and Table 

2-3). There was no apparent benefit to replicating the experiments at height. 

Table 4-11: Summary of daily ET results from the bench-scale trials (all values in mm·d-1
) 

  
Greenhouse 

Field 
installation 

  
Trial 1* Trial 2* Trial 3* Trial 4* Trial 4** Trial 5** 

Unplanted 
Max. 1.54 1.91 1.97 3.49 - 3.38 

Min. 0.09 0.16 0.00 0.06 - 0.67 

S. mexicanum 
Max. 3.12 2.63 4.16 4.93 5.28 3.84 

Min. 0.10 0.06 0.05 0.14 0.32 0.59 

D. australe 
Max. 3.01 2.28 - 5.44 5.42 4.50 

Min. 0.31 0.24 - 0.29 0.59 0.49 

*Plants experienced drought conditions 
**Plants experienced repeated wet/dry cycles 
―Max.‖ and ―Min.‖ refer to the absolute range of values measured and are indicative of ET rates when water is available 

and water limiting conditions respectively. 

 

At the start of each greenhouse trial, both plant species exhibited ~9 d of rapid water loss during which 

water loss from planted trays was consistently greater than that from unplanted trays. After the period 

of rapid water loss, ET rates decreased and became more or less constant with ET from planted trays 

not significantly different to E from unplanted trays (Figure 4-17). In the field trial the periods of rapid 

water loss decreased to ~5 d. 

It was hypothesised that by conserving water, drought-resistant plants such as D. australe and S. 

mexicanum would provide relatively little stormwater storage recovery via transpiration when 

compared with E from bare substrate. Plants played a greater role in the process of ET when water 

was abundant. When water was readily available transpiration contributed 15–45% of ET (Table 4-5, 

Table 4-9). Results from the field bench-scale trials tended towards the lower end of the range 

possibly because of the influence of wind increasing E to a greater degree than ET in the field 

environment. 

S. mexicanum and D. australe demonstrated similar strategies overall for dealing with water stress. 

Both species stored water in their tissues that they could mine and had the ability to extract water from 

very ‗dry‘ substrate, but S. mexicanum was more sensitive to substrate moisture content, reducing ET 

demand earlier, hence conserving substrate moisture. In contrast, D. australe drew on water reserves 

in the flesh of the plant to continue transpiring at the same rate causing desiccation and loss of 

viability. D. australe survived for a maximum of 24 d without water before the plants had to be 

rehydrated to prevent irreversible desiccation. The S. mexicanum trials lasted for a maximum of 39 d; 

however, the plants were likely to have survived longer under drought conditions. 

Both plant species and the unplanted tray demonstrated a clear diurnal pattern of ET and E; however, 

the planted trays exhibited greater peak ET. The time of day at which low-intensity rainfall occurs will 

affect storage recovery via ET for a living roof. ET was greatest early afternoon, between 12:00 and 
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16:00 indicating this time period would be optimal for potential storage recharge during short inter or 

intra-event dry periods. Peak hourly ET was up to 0.5 mm·h
-1

 (Table 4-12). The range of peak ET 

recorded when water was available demonstrates a range comparable to values presented in the 

literature (Table 2-4). When plants were water stressed, the range of ET recorded was within the same 

range as presented in the literature, but towards the lower end (Table 2-4). Diurnal variation was 

analysed when water was readily available to plants and in water limiting conditions. Sedums have 

been identified by others as CAM inducible plants when water stressed, but in accordance with Rezaei 

(2005) and Berghage et al. (2007b), current results did not exhibit greater water loss overnight once 

plants became stressed (Table 4-12). It may be that plants were not taken far enough into moisture 

stress to change metabolic processes, regardless; results challenge the hypothesis that CAM plants 

conserve water all the time. 

Table 4-12: Summary of hourly ET results from the bench-scale trials (all values in mm·h
-1

) 

 

Unstressed Stressed 

Peak Overnight Peak Overnight 

Unplanted 
Greenhouse 0.10–0.30 0.02–0.05 0.01–0.08 0.00–0.02 

Field 0.26 0.01 0.06 0.02 

S. mexicanum 
Greenhouse 0.25–0.46 0.02–0.04 0.01–0.02 0.00–0.01 

Field 0.40 0.02 0.05 0.01 

D. australe 
Greenhouse 0.22–0.50 0.03–0.04 0.02–0.07 0.01–0.02 

Field 0.46 0.02 0.05 0.01 

Note: ―Greenhouse‖ data is the range of values for Trials 1 to 4, ―Field‖ data is for Trial 5. 

 

For all bench-scale analyses ET rates demonstrated negative correlations to RH and positive 

correlations to solar radiation when water was not limiting. Correlations were stronger in the 

greenhouse environment where temperature was moderated and wind was not present. When 

analysed in the field, a daily time scale dampened the response and shadowed identification of 

potential correlations. Correlation was repeated using an hourly time-step for daylight hours (0700–

1900), when water was readily available. In addition to correlations to RH and radiation, positive 

correlations to temperature and wind speed were identified. It seems likely that in the field condition, 

the influence of individual climatic factors is lost due to the interaction between all variables. However, 

individual analysis has identified simple relationships between climatic factors and ET when focussed 

upon plants in the well-watered condition. 

An attempt was made to quantify ET from the full-scale field installation using the water balance 

equation. ET rates calculated ranged from -3.7 mm·d
-1

 to 29.9 mm·d
-1

. Clearly, some of the calculated 

ET rates were unrealistic. Based on the bench-scale trials, and extended to take into account the 

effects of variation in planting, an ET range from 0–10 mm·d
-1
 was identified as plausible. Of the 266 

days calculated, 39 had results outside this range. Days with negative ET could largely be accounted 

for by cumulative error in the calculation procedure. However, these errors did not account for 

overestimated ET. Excessively large ET rates were consistently associated with days with large 
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volumes of rainfall (>13.6 mm, Table 4-10). On days with high volumes of rainfall, the substrate 

moisture sensors did not show correspondingly large increases in the measure of water stored within 

the substrate, even when the substrate was below field capacity (Figure 4-39). It is likely that storage 

on these days was greater than what was recorded. An increase in water stored within the substrate 

would result in lower, perhaps more plausible, calculated ET (Eqn. 2.2). In order to obtain more 

reliable estimates of ET using the water balance method, additional research is necessary into the use 

of agricultural soil moisture sensors in extensive living roof substrates; it may be that improved 

technology is required for measuring VWC in coarse living roof substrates. 

With the exception of days with substantial rainfall, ET calculated using the water balance approach 

followed the same general trends as those observed in the bench-scale trials. ET rates were greatest 

in the days after water was made available within the system then demonstrated a gradual reduction 

in the following days. ET rates tended towards the lower end of the range recorded in the bench-scale 

trials (Table 4-11), with mean ET for the days in which ET was within 0–10 mm·d
-1

 of only 2.10 mm·d
-1
. 

It is not unreasonable that the full-scale field ET rates were lower than those recorded using the 

bench-scale trays. Plants in the bench-scale trays were in better health and had greater cover than 

those in the field living roof. In addition, ET rates from the bench-scale trays may have been enhanced 

due to potential advection effects from the edges of the trays. Full-scale field ET rates must be 

considered with caution considering the problems identified with the measured storage component of 

the water balance. Application of the full-scale field ET rates may be appropriate for irrigation 

scheduling where dry periods are most important, but would not be appropriate for use in continuous 

simulation for stormwater mitigation where rain days are most important. 
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Chapter 5. Modelled evapotranspiration 

 

Quantifying ET from a living roof using an empirical approach provides valuable information to 

supplement current data; however, the process is time and labour intensive. Using models to predict 

ET is more practical. Modelled ET can be used in continuous hydrologic simulations to establish the 

efficiency and effectiveness of living roofs as a stormwater management tool. To address this issue for 

the UoA living roof, this chapter first presents a simple empirical model for ET generated based on 

data from the greenhouse trials (Section 4.2.1). Next, a comparison between field measured ET 

(Section 4.2.2.1) and ET modelled using existing agricultural methods is presented. The agricultural 

models used were those selected in Section 2.2.2. 

5.1. Methodology 

5.1.1. Simple empirical models of evapotranspiration using 

greenhouse data 

Simple empirical regression models of ET rates were generated for the two planted configurations (S. 

mexicanum and D. australe) using the experimental datasets from the four greenhouse trials. Daily ET 

for each configuration was plotted against the day of the trial, or the number of days since the 

substrate was last saturated. Best fit curves were applied to the data using the software package 

DataFit. Generation of the empirical regression models allowed the formulation of a daily water 

balance model, with the aim of quantifying stormwater retention in a continuous simulation. 

A living roof water balance was created to assess the practical application of the empirical ET 

regression models. The living roof water balance was created as a spreadsheet model in Microsoft 

Excel. It used a daily time step with a column for each component of the water balance (Eqn. 1.1). 

Assumptions were made regarding substrate moisture storage and ET: 

1. Moisture storage 

a. Field capacity defines the upper boundary 

b. Nominal PWP defines the lower boundary 

c. No saturation of the substrate as infiltration capacity is greater than rainfall intensity 

2. Evapotranspiration 

a. ET is highest on the day of rainfall (Durhman, 2005; VanWoert et al., 2005b) 

b. >10 mm·d
-1

 rain restores maximum ET within 24 h 
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c. Less than 10 mm·d
-1

 does not change the ET regime, but does account for S within 

the substrate 

d. If antecedent dry days exceed greenhouse trial duration then ET is zero for those 

days 

The ET equations were tested using two methods. The first method was a short duration analysis for 

the period 1 January to 31 March over two years; 2007 and 2008. Comparison was made between the 

two different years to assess consistency in modelled stormwater retention. The second method was 

to analyse stormwater retention efficiencies for the two planted configurations over the duration of the 

monitored year (Chapter 3), as a direct comparison to measured retention efficiencies. 

The short duration analysis for the period 1 January to 31 March 2007 and 2008 used rainfall data 

from the Khyber Pass NIWA climate station, as data from the UoA roof was not available for 2007. 

Mean monthly temperatures from January–March 2007 and 2008 were 19.3°C and 20.6°C, as 

recorded at the NIWA climate station. Historically, mean monthly rainfall for January–March is 234 mm 

(NIWA Science, 2000b). For 2007 and 2008, rainfall was 298 mm and 115 mm, respectively. The full-

year analysis from 23 October 2008 to 23 October 2009 used daily rainfall data recorded on site at the 

UoA (Section 3.1.2.1). 

Assumptions 1a and 1b meant the moisture depth available for storage fluctuation, or the available 

water capacity (AWC), was the difference between field capacity and nominal PWP. As per Table 5-1, 

AWC was 25.0 mm for the short duration models based on the bench-scale trays, and 22.3 mm for the 

water balance model of the monitored year based on the UoA field installation roof. An FLL-compliant 

living roof substrate should never be saturated; permeability rates ensure drainage even under 

extreme rainfall intensities (FLL, 2002). Water below the PWP, requiring greater than 1500 kPa 

extraction tension, was assumed unavailable to plants. 

Table 5-1: Values for substrate storage capacity used in the water balance model 

Water Content 
Greenhouse Trials 

(Short duration analysis) 
UoA Living Roof

3 

(Long duration analysis) 

Field Capacity
1
 

% 49.6 40.8–49.6 

mm 34.7 27.1 

Permanent Wilting Point
2
 

% 13.8 5.3–11.8 

mm 9.7 4.8 

Available Water Capacity mm 25.0 22.3 

1. Measured as per FLL methodology (FLL, 2002) for maximum water capacity (Table 3-1). 

2. Measured in laboratory tests by Dando (2008). 
3. Calculated as an overall value for the roof using an area weighted mean based on plot depth (Table 3-3) 
and field capacity (Table 3-1). 

 

The simplification in Assumption 2b is required until more comprehensive research has been 

completed quantifying the effects of repetitive wetting and drying cycles with varied rainfall amounts. 

The assumption is based upon observation from the UoA living roof when irrigated in summer. 

Irrigation depths <10 mm had no visible effect on plant health, but 10 mm visibly improved plant health 



Chapter 5: Modelled evapotranspiration 

 – 147 – Emily A. Voyde 

by increasing leaf turgor and restoring plant colour. Assumption 2d sets ET to zero for any days 

exceeding the greenhouse trial duration used to generate the ET regression equations. Trial duration 

was 30 d for unplanted trays and trays planted with S. mexicanum and 24 d for trays planted with D. 

australe. The simplification was necessary as ET occurring after this time frame was unknown, but 

likely to be near zero. On Day 24 measured D. australe ET was 0.24 mm·d
-1

; trials ceased due to 

near-irreversible desiccation of plant leaves (Figure 4-15). On Day 39 measured S. mexicanum ET 

was 0.28 mm·d
-1

 (Figure 4-14). The trial ended on Day 39 because ET had essentially ceased, not 

due to excessive desiccation of S. mexicanum. 

Different initial moisture condition assumptions were made for the two analyses: 

1. Short duration (January–March 2007 and 2008) using NIWA rainfall data: zero moisture stored 

within the substrate at the simulation start, or maximum storage capacity available, 

representative of Auckland summer conditions. 

2. Long duration (October 2008–October 2009) using UoA rainfall data: 50% available moisture 

stored within the substrate at the simulation start (11 mm), or 50% storage capacity available. 

The actual water content for October 2008 was unknown but in the month preceding there had 

been 72 mm rain. There was definitely moisture stored within the substrate. However, the 5 d 

immediately prior had only 1.8 mm rain; the substrate would not have been at field capacity. 

Mid-range of 50% was chosen as indicative of actual conditions in October 2008. 

The model does not take into account interception and provides a conservative estimate. 

5.1.2. Climatic parameters measured to model evapotranspiration 

ET was estimated using agricultural models presented in Section 2.2.2. To allow use of the models, a 

suite of climate parameters were measured on the UoA living roof: rainfall, wind speed, ambient air 

temperature, RH, and net radiation (Section 3.1.2.1 and Section 3.1.2.3). Daily sunshine hours were 

accessed from the Mangere NIWA climate station ~12 km from the field site to use in the parameter 

n/N (NIWA Science, 2010b). The Mangere station was the closest climate station that recorded 

sunshine hours. 

Wind speed measured at 2 m above the surface was required for calculation of the FAO-24 BC, 

Penman, FAO-24 Penman, Kimberly-Penman and FAO-56 PM models. To adjust wind speed data 

obtained from UoA instruments measured at 0.3 m above the living roof surface, a logarithmic wind 

speed profile was used (Allen et al., 1998): 

 
2

4.87

ln 67.8 5.42
ku u

k
 (5.1) 

where u2 = wind speed at 2 m above the ground surface (m·s
-1

), uk = measured wind speed at k m 

above the ground surface (m·s
-1

), and k = height of measurement above ground surface (m). The 

equation is based upon measurements above a short grassed surface (Allen et al., 1998).  
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5.1.3. Statistical analyses 

Shapiro-Wilk tests showed the datasets for ET measured from the bench-scale field installation trays 

and ET estimated using agricultural models were normally distributed (p > 0.05). Pearson correlation 

coefficients (r) were found between modelled and measured ET. To ensure like was being compared 

to like, only field data from Days 1–5 after a rain day with more than 10 mm rainfall were used. These 

values represented well watered-conditions and adhered to the model assumptions. 

5.2. Results 

5.2.1. Simple empirical model of evapotranspiration using greenhouse 

data 

Empirical regression models of ET rates provide a simple practical tool for estimating daily ET. 

Regression equations describing ET over time were calculated using daily ET data presented in 

Section 4.2.1 for S. mexicanum and D. australe from all four greenhouse trials (Figure 5-1). Unplanted 

trays were excluded on the assumption that a typical living roof will be vegetated. The regression 

equations are given in Eqn. 5.2, for the trays planted with S. mexicanum (R
2
 = 0.7727), and in Eqn. 

5.3, for trays planted with D. australe (R
2
 = 0.6122). 

 3 2ET (1.53 0.15[Day of Trial] 1.75 10 [Day of Trial] )exp  (5.2) 

 1.5 2ET 2.91 0.0939[Day of Trial] 0.0145[Day of Trial]  (5.3) 

S. mexicanum ET is initially greater than D. australe ET. The S. mexicanum curve then rapidly decays 

while D. australe follows a shallower curve. After approximately 16 d, D. australe ET drops below the 

S. mexicanum ET to reach the point of near-irreversible desiccation after 24 d. S. mexicanum 

continues transpiring for longer. 
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Figure 5-1: Daily evapotranspiration variability under drought conditions. 

Experimental results from Trial 1 demonstrated statistically significant differences in response to Trial 

2 and Trial 4 (Section 4.2.1.1). Regression equations were regenerated excluding Trial 1 (Figure 5-2). 

With the exceptions of Days 1 and 2 for S. mexicanum, and Day 1 for D. australe, estimated ET for 

each method was within 0.3 mm·d
-1

 of the original regression equations. The difference on Day 1 for 

D. australe was 0.6 mm·d
-1
. The differences on Day 1 and 2 for S. mexicanum were 1.8 mm·d

-1
 and 

0.5 mm·d
-1

, respectively. The regression equation excluding Trial 1 predicted ET of 5.75 mm·d
-1

 on 

Day 1 for S. mexicanum (Figure 5-2). This value is particularly large when compared to experimental 

ET results. Maximum greenhouse measured ET was 5.4 mm·d
-1

 and maximum recorded ET from the 

field installation of the bench-scale trays was 5.0 mm·d
-1

. These maximum rates were not consistently 

achieved. For general application of the regression equations in modelling stormwater retention, the 

original models presented in Eqn. 5.2 and Eqn. 5.3 are more appropriate. 



Chapter 5: Modelled evapotranspiration 

Emily A. Voyde – 150 –  

 

Figure 5-2: Comparison between empirically based evapotranspiration regression equations 

The empirical regression equations are representative of drought conditions. In the field, the living roof 

experiences natural rainfall, i.e. repeated wetting and drying cycles. Plants should operate within or 

near their optimal unstressed conditions for five months of the year, under average Auckland 

conditions (Figure 5-3). The wilting point deficit (WPD) is the excess of PET over rainfall while the 

available soil moisture equals zero. It equates to the amount of irrigation required to keep plants from 

wilting over a given period (NZ Meteorological Service, 1986). From May to September the WPD in 

Auckland is zero or near-zero indicating plants have an adequate water supply. The wilting point 

deficits in Figure 5-3 assume 40 or 80 mm AWC, but AWC for the UoA living roof was substantially 

less at 22.3 mm (Table 5-1). When considering only AWC, it is likely that living roof plants will 

experience moisture stress more often in a year than the values presented in Figure 5-3. However, the 

reduced AWC may be mitigated by living roof plants. WPD has been calculated using Penman PET 

(NZ Meteorological Service, 1986). With the exception of summer crop coefficients presented by 

Rezaei (2005), values for KC presented in the literature were <0.74 (Lazzarin et al., 2005; City of 

Riverside Planning Department, 1994; Rezaei, 2005). Living roof plants will not use water as rapidly 

as the PET rate estimated using the Penman model. Although living roof plants have less water 

available, water use is not as rapid, potentially delaying them in reaching a state of moisture stress or 

WPD. 
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Figure 5-3: Mean Auckland monthly potential evapotranspiration, rainfall and wilting point deficits, 

when available water capacity of the substrate is either 40 mm or 80 mm, based on data from NZ 

Meteorological Service (1986) 

5.2.1.1. Application of the empirical evapotranspiration model in a living roof 

water balance 

When analysed over a short duration, cumulative retention efficiencies calculated using the daily water 

balance model varied depending on the year modelled (Figure 5-4). The models represent 

hypothetical monoculture living roofs planted entirely with D. australe or entirely with S. mexicanum, 

and are hereafter referred to as ―D. australe‖ or ―S. mexicanum‖ for brevity. Cumulative retention 

efficiencies for D. australe and S. mexicanum were 60% and 69% for 2008, and 46% and 50% for 

2007, respectively. Retention was greater in 2008 because it was a drier year with fewer large rain 

events. 2007 had over twice the rainfall of 2008 and six days with at least 20 mm rainfall compared 

with two days in 2008 (Figure 5-4). An increased number of high volume rainfall events resulted in 

greater runoff volumes and a reduced overall retention efficiency. 

D. australe produced more runoff than the S. mexicanum model, particularly in 2008. This is likely 

because ET rates decayed to 0 mm·d
-1

 after only 25 d. Also, D. australe had a lower maximum ET rate 

after rainfall than S. mexicanum. The 2008 data had a dry period of 58 d, for over half of the dry period 

ET from the D. australe model was 0 mm·d
-1

, eliminating storage recovery. In contrast, ET from the S. 

mexicanum continued up to Day 39. 
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Figure 5-4: Retention efficiencies using empirical ET regression equations and rainfall data for summer 

2007 and 2008. 

When modelled using the water balance approach over the monitored year, October 2008 to October 

2009, cumulative retention efficiencies for D. australe and S. mexicanum were 49% and 55%, 

respectively (Figure 5-5). The measured retention efficiency on the UoA living roof was 66% for the 

same period (Figure 5-5, Section 3.2.1). Modelled runoff curves followed a very similar shape to 

measured runoff, with the largest differences occurring May–July. This period was late-autumn to 

winter and included frequent rainfall events. It may be that the model assumption of field capacity 

defining the upper boundary was not held; temporary saturation of the substrate may have provided 

additional storage. 

As hypothesised, plants operated within or near their optimal unstressed conditions for half the year. 

Periods of rapid water loss, indicative of plants in their optimal unstressed conditions, were 5 d after 

last saturation in the field trials (Section 4.2.2.1) and 9 d in the greenhouse experiments (Section 

4.2.1.1). For 52% of the sampled year, plants were operating within 9 d of a rainfall event larger than 
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10 mm (assumed sufficient to restore maximum ET). For 80% of the year plants were operating within 

24 d of a rainfall event >10 mm i.e. ET was >0 mm·d
-1

 from both modelled monoculture roofs. 

 

Figure 5-5: Retention efficiency using ET modelled using regression equations and monitored rainfall 

data from the UoA living roof 

Model estimates provided conservative retention efficiencies due to simplifications in the method. The 

water balance model estimates cumulative retention efficiencies for two hypothetical monoculture 

living roofs. In contrast, the field installation roof used for comparison is a mixed species roof with 

substantial cover by F. coxii (Table 3-2) which has the potential to increase ET rates above those used 

in the regression equations (Section 4.2.2.2). Interception was not considered within the water balance 

model, and the assumption that a rainfall event larger than 10 mm restores maximum ET has not been 

substantiated. A brief sensitivity analysis using only the S. mexicanum model living roof was 

completed to assess the effects of modified assumptions on the predicted retention efficiency (Figure 

5-6). Inclusion of as little as 1 or 2 mm·d
-1

 dramatically improved retention and produced results very 

similar to measured results (63–70% modelled compared to 66% measured). Changing the depth at 

which the maximum rate of ET was restored also had a significant effect; as expected, retention 
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reduced when the depth was increased and vice versa (Figure 5-6). It is clear that the model 

assumptions play a substantial role in the overall estimation of cumulative retention. More 

comprehensive research is required to quantify both interception from living roof plants species, and 

the effects of repetitive wetting and drying cycles with varied rainfall amounts on ET rates.  

 

Figure 5-6: Effects of modified assumptions in the water balance model on annual cumulative retention 

The empirical ET regression models generated are site- and season- specific. Although the 

greenhouse experiments upon which the models were based covered a range of seasons, 

temperature for all trials was set to ~21 C. Future work should include natural seasonal environmental 

conditions to find representative models of ET per season. It would also be beneficial to generate ET 

regression curves for a mixed plant palate more representative of a field installation living roof. 

Considering the number of simplifications and the ease of use, the water balance provides a relatively 

good estimate of extensive living roof retention and is worth further research. 
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5.2.2. Agriculturally based modelling equations 

ET was estimated using ten agricultural models and Auckland climate data for the period 26 March 

2009 to 4 May 2009 (Figure 5-7). The date range was chosen for comparison with the bench-scale 

measurements of field ET (Section 4.2.2.1). Results in Figure 5-7 were split into their respective base 

equation types for clarity: temperature based equations, the Penman equation using three wind 

functions identified in Section 2.2.2.3, Penman based equations, and Penman-Monteith based 

equations. The Penman and Penman-Monteith equations show marked similarities; each response 

has a similar shape. The main difference between the Penman and Penman-Monteith equations is 

amplitude, likely because the two equations are both combination equations based on physical laws 

and rational relationships. The temperature based equations (FAO-24 BC and the Hargreaves 

method) show much more variation with the Hargreaves method the most dissimilar. 

 

Figure 5-7: ET estimated using agricultural models and local climate data 
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5.2.2.1. Comparison to bench-scale evapotranspiration data measured in the field 

Agricultural models over-predicted ET measured using the field installation of the bench-scale living 

roof trays in almost all cases when ET was summed over the entire 40-d monitoring period (Table 

5-2). Only four instances under-predicted ET (Table 5-2). The Penman equation with revised wind 

function and the FAO-56 PM performed best. Both models consistently demonstrated overall 

%-differences of <15%. Most of the other models over-predicted ET by at least 20%. Hickman et al. 

(2010) presented total monthly ET data for April to November from a bench-scale lysimeter, installed 

in the field. Percent differences between measured and modelled ET ranged from 0.1–15.2% for the 

Penman equation and from -14.7–7.9% for the Penman-Monteith (Hickman et al., 2010), comparable 

to percent differences presented herein for the Penman equation with revised wind function and the 

FAO-56 PM when summed over the 40-d period (Table 5-2).  

Table 5-2: Comparison between predicted and measured total ET over the 40-d monitoring period, green 

fill highlights mean %-difference <15%. Rain days were excluded and error ranges represent SEM. 

 
Substrate* 

Total = 50.6 mm 
D. australe 

Total = 56.1 ± 0.6 mm 
S. mexicanum 

Total = 47.4 ± 0.7 mm 

FAO-24 B-C 29.9 21.7 ± 0.8 34.1 ± 1.0 

Hargreaves -3.0 -15.1 ± 1.2 3.2 ± 1.5 

Penman (original) 17.3 7.7 ± 1.0 22.3 ± 1.2 

Penman (revised) 6.3 -4.7 ± 1.1 11.9 ± 1.4 

Penman (Wright & Jensen) 33.7 25.9 ± 0.8 37.7 ± 1.0 

Kimberly-Penman 24.0 15.1 ± 0.9 28.6 ± 1.1 

FAO-24 Penman (c=1) 33.5 25.7 ± 0.8 37.5 ± 1.0 

FAO-24 Penman (corrected) 28.2 19.7 ± 0.8 32.5 ± 1.0 

Penman-Monteith 30.7 22.6 ± 0.8 34.9 ± 1.0 

FAO-56 PM 6.4 -4.6 ± 1.1 12 ± 1.4 

Totals from 27 March - 4 May, excluding rain days. 

*No SEM for Substrate as only one tray was measured 

 

ET estimated daily using agricultural models was within a similar range to daily measured ET for the 

monitored period, with the exceptions of 2–7 April and 17–18 April (Figure 5-8). The data was quite 

scattered, but mean absolute daily error between modelled and measured ET was 0.76 mm·d
-1

 (0.14–

2.13 mm·d
-1
 across all models), excluding data from 2–7 and 17–18 April. Mean absolute daily error for 

the excluded days was 1.81 mm·d
-1

 (0.64–2.82 mm·d
-1

 across all models), and measured ET rates 

were consistently below ET modelled based on climatic parameters. For clarity, only one method from 

each of the four graphs in Figure 5-7 was displayed in Figure 5-8. 

The two periods identified as differing substantially from modelled ET (2–7 and 17–18 April) start 8 d 

after the last rainfall. In field conditions, ET rates reduced due to water-stress in ~5 d (Section 4.2.2.1). 

ET rates were low in the two periods identified because plants were no longer operating under well-

watered conditions. The agricultural models used have been developed based upon predicting ET for 
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plants under well-watered conditions; when water became limiting the model assumptions were no 

longer met. With the exception of the original Penman and the Penman-Monteith equations, all of the 

models tested use reference crops which assume water availability. The Penman method calculates 

PE from an open water surface. The Penman-Monteith method can incorporate the effects of water-

stress on plant function into the equation through the canopy resistance variable. In this analysis only 

the assumption of available water was investigated in the Penman-Monteith method. The reduction in 

measured ET when plants became water-stressed explains the consistent over-prediction of ET when 

summed over the 40-d monitoring period (Table 5-2). 

 

Figure 5-8: Comparison between evapotranspiration predicted using agricultural models and 

evapotranspiration measured in the field installation of the bench-scale trays 

The FAO-24 Penman (corrected) method was the only one to show statistically significant correlation 

between modelled and measured ET for all three tray configurations in well-watered conditions (Table 

5-3). The method showed the highest correlation to measured data with moderate coefficients of 

0.468, 0.544 and 0.563 for substrate, S. mexicanum and D. australe, respectively. The water-stressed 

condition was not analysed because the assumption of water availability in the agricultural models 

means they do not accurately estimate ET in water-stressed conditions (Figure 5-8). Water availability 

overrides the influence of the climatic parameters on ET rates. Plots of modelled ET against measured 

ET with Pearson correlation coefficient (r) included are presented in Appendix 4. 
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Table 5-3: Pearson correlation coefficient (r) between modelled and measured evapotranspiration for the 

well-watered condition, green shading highlights statistically significant correlations at the p=0.05 level 

ET model Substrate D. australe S. mexicanum 

FAO-24 BC 0.209 0.343 0.384 

Hargreaves 0.114 0.279 0.301 

Penman (original) 0.404 0.466 0.462 

Penman (revised) 0.390 0.458 0.450 

Penman (Wright & Jensen) 0.446 0.461 0.460 

Kimberly-Penman 0.426 0.477 0.481 

FAO-24 Penman (c=1) 0.444 0.466 0.465 

FAO-24 Penman (corrected) 0.468 0.563 0.544 

Penman-Monteith 0.439 0.431 0.434 

FAO-56 PM 0.422 0.454 0.452 

 

In addition to the FAO-24 Penman (corrected) method, four other equations had statistically significant 

correlations for both planted conditions: Penman equation with the original wind function, Penman 

equation with Wright & Jensen wind function, FAO-24 Penman equation with c=1, and the Kimberly-

Penman equation (Table 5-3). The Hargreaves equation and FAO-24 BC had the weakest correlations 

for all tray configurations (Table 5-3). 

The unplanted configuration consistently showed the weakest correlation coefficients when compared 

to the two planted configurations (Table 5-3). The FAO-24 Penman and the Kimberly-Penman were 

designed to estimate ET0 (Section 2.2.2.4and Section 2.2.2.5). Use of the Wright & Jensen wind 

function with the Penman equation allows for estimation of ET from a well-watered alfalfa field under 

arid advective conditions (Section 2.2.2.3). The Penman equation with the original wind function was 

the sole model of the five with statistically significant correlations for both planted conditions not 

designed to estimate ET. It was intended to estimate PE from an open-water surface. As the majority 

of the all of the models were created based upon ET, rather than E alone, it is not unexpected that the 

unplanted configuration consistently showed the weakest correlations with modelled ET. 

5.2.2.2. Reference evapotranspiration and the use of crop coefficients 

A crop coefficient (KC) is typically required to calculate ETC (or living roof ET). The crop coefficient 

method uses the relationship, ETC = KCET0 (Section 2.2.1). In the study herein, ETC was measured 

ET, and ET0 was modelled ET. Of the five models with the highest correlations to measured ET, the 

two FAO-24 Penman methods calculate ET0 assuming a grass reference crop, and the Kimberly-

Penman method calculates ET0 assuming an alfalfa reference crop. The two Penman methods do not 

require a crop coefficient. 

KC varies over the life cycle (or growth stages) of a crop. The growth cycle of plants on a living roof in 

Auckland is likely atypical as the growing period is more defined by moisture availability than crop 

maturity or growth stage. Observation from the UoA roof is that plants started growing—increasing in 
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cover, depth and LAI—in April/May (autumn) and grow through to November (spring) when cover is 

greatest. The growth period is representative of the period in which water is available to plants (Figure 

5-3). Once mature, living roof biomass and associated ET will change with the seasons and with water 

availability, but in essence is more constant than an annual crop which has significant variation from 

initial planting, through growth, maturity and harvest. A living roof is more similar to a perennial 

reference grass or alfalfa.  

The crop coefficient can be calculated as the ratio of the measured value of ETC against the calculated 

value of ET0; KC = ETC/ET0 (Itenfisu et al., 2003). Measured ET for the two planted configurations was 

plotted against modelled ET for the three models with highest overall correlation that require KC 

(Figure 5-9). The unplanted configuration was excluded on the assumption that living roofs are 

vegetated. The linear best fit equation and the linear best fit with the intercept forced through zero 

were calculated (Table 5-4). The intercept was forced through zero because a true crop coefficient 

does not have an associated constant. The R
2
 value for the linear best fit was low for all models, again 

indicating only moderate correlation between the measured and modelled data. Forcing the intercept 

through zero had negligible effect on the R
2
 value.  

The values presented in Table 5-4 are based on autumn climate conditions in Auckland. Calculated 

crop coefficients when planted with D. australe or planted with S. mexicanum were 1.01 and 0.85 

respectively using the FAO-24 Penman (corrected) model for ET, and using the equations with 

intercept forced to zero. These crop coefficients refer only to well-watered conditions, because data 

used in the comparison excluded periods of water-stress. Associated R
2
 values were low (0.29–0.31) 

indicating that, although crop coefficients have been presented, the linear crop coefficient models 

were unable to estimate living roof ET accurately. Based on the current data, common agricultural 

models are not suitable for reliably estimating daily ET from a living roof. 

Rezaei (2005) identified the Penman-Monteith as a suitable method and presented adjustment 

coefficients, ranging 0.24–3.25 (Section 2.2.4.1). In contrast to results herein, R
2
 values were 

consistently greater than 0.8 (Section 2.2.4.1). Similar to results herein, Rezaei (2005) restricted use 

of the model to predicting ET in well-watered conditions. The main point of difference between the two 

studies was that ET rates measured by Rezaei (2005) were collected within a controlled greenhouse 

environment, while ET rates from the UoA were collected in the field. 
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Figure 5-9: Linear correlation between modelled and measured ET (all in mm·d
-1

) 

Table 5-4: Linear equations to find crop coefficients, equations are presented from highest to lowest R
2
 

ETC 

"y" 
ET0 
"x" 

Best fit Best fit forced through zero 

Equation R
2
 Equation R

2
 

D. australe 

FAO-24 Penman (corrected) y = 1.1479x - 0.352 0.31 y = 1.0145x 0.31 

Kimberly-Penman y = 0.9225x + 0.3561 0.23 y = 1.0645x 0.22 

FAO-24 Penman (c=1) y = 0.8176x + 0.3183 0.22 y = 0.9285x 0.21 

S. mexicanum 

FAO-24 Penman (corrected) y = 0.9952x - 0.375 0.29 y = 0.853x 0.29 

Kimberly-Penman y = 0.8352x + 0.1539 0.23 y = 0.8966x 0.23 

FAO-24 Penman (c=1) y = 0.7324x + 0.1413 0.22 y = 0.7816x 0.22 

5.2.2.3. Penman-Monteith model 

The Penman-Monteith method directly calculates ETC. It was expected to outperform the other models 

tested because it is the most comprehensive combination method, is recommended by the FAO and 

WMO, and was identified as an appropriate model for estimating daily living roof ET by three other 

studies (Rezaei, 2005; Hickman et al., 2010; Feller et al., 2010). On the contrary, results herein and by 

DiGiovanni et al. (2010) conclude that the Penman-Monteith was not appropriate for estimating daily 

ET (Table 5-3). Use of the Penman-Monteith method to model living roof ET required estimates for 

leaf area index (LAI) and bulk stomatal (or surface) resistance of the vegetation per unit leaf area (rl). 

A sensitivity analysis was completed for each of the estimated variables to determine if imprecise 
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initial assumptions generated the contrary results (Table 5-3). The same date ranges as in Section 

5.2.2.1 were used to adhere to the well-watered requirement of the model. 

Living roof models have estimated LAI in the range 0.0–5.0 (Clark et al., 2008; Del Barrio, 1998; 

Kumar and Kaushik, 2005; Sailor, 2008; Lazzarin et al., 2005) with stomatal resistance of 50–

300 s·m
-1

 (Del Barrio, 1998; Sailor, 2008; Allen et al., 2006). The model applied in the current analysis 

used the assumptions LAI = 3, as a mid-range value, and rl = 71 s·m
-1

. rl was chosen to give a canopy 

stomatal resistance (rs) of 50 s·m
-1

, which is the lower end of the range in the literature. rl is a constant, 

but rs is calculated using rl and LAI (Eqn. 2.44). 

Increasing LAI in the Penman-Monteith model increased estimated ET, but the relative increase in ET 

reduced as LAI increased (Figure 5-10). Two methods for calculating the effective LAI (LAIeff) were 

used: Eqn. 2.45 and Eqn. 2.46. For LAI = 3 the two methods for estimating LAIeff produced very similar 

results (Figure 5-10). For LAI = 1, ET estimated when LAIeff was calculated using Eqn. 2.45 was lower 

than ET estimated when LAIeff was calculated using Eqn. 2.46 (dashed line < solid line). The reverse 

was true for LAI >3 (dashed line > solid line, Figure 5-10). 

Unexpectedly, no cases provided higher correlation coefficients than the original model (LAI = 3, LAIeff 

calculated using Eqn. 2.46) when measured ET was compared to the adjusted LAI model data (Table 

5-5). None of the correlation coefficients were statistically significant.  

 

Figure 5-10: Effect of adjusting the leaf area index (LAI) on the Penman-Monteith model 
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Table 5-5: Pearson correlation coefficient (r) between modelled and measured evapotranspiration in the 

well-watered condition for the Penman-Monteith model with adjusted leaf area index 

ET model D. australe S. mexicanum 

P-M (1a) 0.417 0.428 

P-M (1b) 0.397 0.415 

P-M (3a) 0.431 0.434 

P-M (3b) 0.429 0.431 

P-M (5a) 0.429 0.430 

P-M (5b) 0.428 0.428 

P-M (9a) 0.429 0.429 

P-M (9b) 0.426 0.425 

Note: Blue highlighting indicates original model. 

 

It was expected that as rl increased, estimated ET would decrease. A sensitivity analysis was applied 

for rl using LAI = 9 as a basis (Figure 5-11). LAI of the bench-scale trays appeared greater than three 

(Figure 4-23 and Figure 4-24), thus LAI = 9 was arbitrarily selected. The original Penman-Monteith 

model used in analysis was included as a reference (Figure 5-11). Results were as expected, 

estimated ET decreased as rl increased.  

Three cases showed improved correlation between modelled and measured ET for different values of 

rl (Table 5-6). None of the correlation coefficients were statistically significant. One adjustment showed 

slight improvement to correlation for both D. australe and S. mexicanum. Model input parameters were 

LAI = 9, LAIeff calculated using Eqn. 2.45 (for dense crops) and rl = 250 s·m
-1
. The original model 

inputs were LAI = 3, rl = 71 s·m
-1

 and used Eqn. 2.46 (for partial canopies). Although estimated ET 

was very similar, it may be that the revised assumptions were more physically appropriate for the 

model. Visual observation of the bench-scale trays indicated the LAI appeared substantial, greater 

than LAI on the UoA field installation living roof. Also, increased stomatal resistance was not 

unexpected in a plant designed to withstand drought conditions. However, using Eqn. 2.45 designed 

for dense crops meant that LAIeff remained quite high and as such bulk stomatal resistance (rs) was 

relatively low at 56 s·m
-1

 (Eqn. 2.44), comparable to rs = 50 s·m
-1
 calculated in the original model using 

Eqn. 2.46 and LAI = 3.0. 
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Figure 5-11: Effect of adjusting the bulk stomatal resistance of the vegetation per unit leaf area (rl) on the 

Penman-Monteith model 

Table 5-6: Pearson correlation coefficient (r) between modelled and measured evapotranspiration in the 

well-watered condition for the Penman-Monteith model with adjusted bulk stomatal resistance 

 
D. australe S. mexicanum 

P-M (3a, 71) 0.431 0.434 

P-M (9a, 50) 0.426 0.425 

P-M (9b, 50) 0.423 0.422 

P-M (9a, 150) 0.429 0.434 

P-M (9b, 150) 0.429 0.429 

P-M (9a, 250) 0.414 0.426 

P-M (9b, 250) 0.433 0.436 

Note: Blue shading highlights the original model, and green 
shading highlights correlation greater than the original model 

 

Multiple modifications have been made to the assumptions of LAI and rl in a sensitivity analysis for the 

Penman-Monteith model. Only one modification generated improved correlation between measured 

and modelled ET for both planted configurations, and none of the correlations were statistically 

significant. Accuracy of estimated living roof ET was not improved by fine-tuning the assumptions. 
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Results remain contrary to Rezaei (2005), Hickman (2010), and Feller et al. (2010). The Penman-

Monteith method is not suitable for reliably estimating daily living roof ET under Auckland climate 

conditions. 

5.2.2.4. Application of an agricultural evapotranspiration model in a living roof 

water balance 

It was concluded herein that common agricultural models are not suitable for estimating ET from a 

living roof. However, agricultural models are commonly used in practice. This section describes the 

effect of misapplication of an agricultural model on estimated stormwater retention efficiency by an 

extensive living roof. The FAO-24 Penman (corrected) was used in the water balance model for the 

period October 2008 to October 2009, for comparison with measured cumulative retention (Section 

3.2.1) and modelled cumulative retention using the empirical ET regression equations (Section 

5.2.1.1). Of the models tested, the FAO-24 Penman (corrected) was deemed ―best‖, with crop 

coefficients of 1.01 and 0.85 for planted with D. australe or planted with S. mexicanum, respectively. 

The crop coefficients refer only to well-watered conditions. As with Section 5.2.1.1, the water balance 

models represent hypothetical monoculture living roofs planted entirely with D. australe or entirely with 

S. mexicanum. One additional assumption was used in the current water balance models; if plants 

were operating within 9 d of the last rainfall event larger than 10 mm, then ET was calculated using the 

KCET0 approach. If it was more than 9 d since the last rainfall event larger than 10 mm then ET = 0.5 

mm·d
-1

, based on data from the bench-scale trials. 

Retention efficiencies for D. australe and S. mexicanum were 49% and 44%, respectively (Figure 

5-12). Results were comparable to cumulative retention efficiencies generated using the empirical 

regression equations (49% and 55%, respectively). The main difference was the modelled response 

for S. mexicanum. Empirical regression equations were based on greenhouse data, while crop 

coefficients were generated using ET measured in the field. The reason for the difference in response 

was that in the greenhouse trials S. mexicanum reached ET rates higher than D. australe (Figure 4-14 

and Figure 4-15), but in the field trials D. australe tended to demonstrate higher ET rates (Figure 

4-28). As with the empirical ET models (Section 5.2.1.1), modelled runoff curves deviated most from 

the measured runoff curves May–July. Maximum modelled ET rates during this period were lower than 

the rest of the year due to reduced temperatures and solar radiation. It may be that actual ET rates 

from the living roof were greater than those estimated using the FAO-24 Penman (corrected) method 

due to temperature effects from the building below. 
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Figure 5-12: Retention efficiency using the FAO-24 Penman (corrected) model with a water-stress 

assumption and monitored rainfall data from the UoA living roof 

5.3. Summary 

Modelled ET is a practical solution to allow for use of ET in continuous hydrologic simulations, to 

determine living roof efficiency as a stormwater management tool. Two methods for estimating living 

roof ET were presented; empirical regression models generated based on greenhouse trial data, and 

the use of existing agricultural models. Both methods for estimating ET were tested in an annual daily 

water balance model from October 2008 to October 2009 for comparison with measured runoff from 

the UoA living roof. 

Regression equations describing ET over time were presented for trays planted with S. mexicanum 

(Eqn. 5.2) and trays planted with D. australe (Eqn. 5.3). The regression equations were based on ET 

measured in the four greenhouse trials for each plant species (Section 4.2.1.1). Unplanted trays were 

excluded on the assumption that a typical living roof is vegetated. Plants started in optimal health with 

available water and were subsequently subjected to drought conditions. S. mexicanum ET was initially 
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higher than D. australe ET. The S. mexicanum curve then rapidly decayed while D. australe followed a 

shallower curve. The decay curves were applicable for the durations Days 1–24 and Days 1–39 for D. 

australe and S. mexicanum, respectively. 

Ten different agricultural models were used to estimate ET from the UoA living roof; FAO-24 BC, 

Hargreaves, Penman (with three wind functions), Kimberly-Penman, FAO-24 Penman (with and 

without correction factor), Penman-Monteith, and FAO-56 PM (Section 2.2.2). Modelled ET was 

compared with measured ET from the field installation of the bench-scale trays (Section 4.2.2.1). 

Modelled ET over-predicted measured ET for almost all cases when ET was summed over the 40-d 

monitoring period (Table 5-2). The Penman equation with revised wind function and the FAO-56 PM 

performed best. Similar to Hickman et al. (2010), %-differences between modelled and measured ET 

for these two methods were <15%. 

When daily ET estimated using agricultural models was compared with daily measured ET, two 

defined operating conditions were identified: when water was available, and when water was limited. 

Data showed reasonable scatter, but in the well-watered condition mean absolute daily error between 

modelled and measured ET was 0.76 mm·d
-1 

(Figure 5-8). Error increased to 1.81 mm·d
-1

 and 

measured ET was consistently lower than modelled ET in water-limited conditions (the periods 2–7 

April 2009 and 17–18 April 2009). The influence of water availability overrode the influence of climatic 

parameters used in agricultural models (Figure 5-8). Agricultural models are not appropriate for 

estimating living roof ET when water is limited. The reduction in measured ET when plants became 

water-stressed explained the over-prediction of ET when summed over the 40-d monitoring period 

(Table 5-2). 

Daily results differed markedly to those comparing total ET over the 40-d period. Contrary to results 

from three other studies (Rezaei, 2005; Hickman et al., 2010; Feller et al., 2010), neither the Penman 

nor Penman-Monteith models were identified as appropriate for estimating daily living roof ET. The 

FAO-24 Penman (corrected) model was the only method to show consistent statistically significant 

correlation between modelled and measured ET in well-watered conditions (Table 5-3). Pearson 

correlation coefficients were moderate; 0.468, 0.544 and 0.563 for substrate, S. mexicanum and D. 

australe, respectively. Calculated crop coefficients for the FAO-24 Penman (corrected) model were 

1.01 and 0.85 for D. australe and S. mexicanum, respectively. Applicability of these crop coefficients 

was limited to well-watered conditions. Contrary to Rezaei (2005), associated R
2
 values were low 

(0.29–0.31) indicating that, although crop coefficients have been presented, the linear crop coefficient 

models were unable to estimate living roof ET accurately. Based on the current data, common 

agricultural models fail to reliably estimate daily ET from a living roof. 

Due to equipment limitations ET was not quantified on rain days. The frequency of rainfall over the 

monitoring period meant the bench-scale field ET dataset was reduced more than anticipated. Future 

work for a longer monitoring period would be beneficial to increase the dataset for well-watered ET 

rates in the field. Although results herein demonstrated agricultural models did not accurately estimate 
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ET, results are contrary to other published work (Lazzarin et al., 2005; Rezaei, 2005; Hickman et al., 

2010; Feller et al., 2010). Conclusions may be validated with a larger dataset. 

A simple empirical water balance model was generated to test the different ET estimation methods 

identified herein. Results for a short duration study, January–March 2007 and 2008, showed the 

efficiency of any living roof system to retain stormwater is heavily influenced by the frequency and 

volume of rainfall (Figure 5-4). 

As hypothesised, plants operated within or near their optimal unstressed conditions for half the year. 

Periods of rapid water loss, indicative of plants in their optimal unstressed conditions, were 5 d after 

last saturation in the field trials and 9 d in the greenhouse experiments (Section 4.2.1.1 and Section 

4.2.2.1). For 52% of the sampled year, plants were operating within 9 d of a rainfall event larger than 

10 mm (assumed sufficient to restore maximum ET). The lack of water available in the substrate in 

thin living roofs during periods of low or intermittent rainfall (48% of the year) played a significant role 

in determining the method most suitable for modelling ET from a living roof. Agricultural models are 

not suitable for estimating living roof ET during these periods, thus empirical regression equations are 

currently the most appropriate method for estimating ET when plants are water-stressed. If agricultural 

models are to be used to estimate ET in hydrologic models, water-stressed conditions must be taken 

into account to represent conditions observed in the field. The water balance herein used a fixed ET 

value during periods of water stress, but a combination method incorporating empirical regression 

equations may be appropriate. 

When used with rainfall from the UoA living roof, and appropriate substrate moisture assumptions, 

both ET estimation methods resulted in an underestimation of stormwater retention (Table 5-7). 

Comparisons were made between the empirical regression curves (Section 5.2.1), and the FAO-24 

Penman (corrected) model with calculated KC and the provision ET = 0.5 mm·d
-1

 for water-stressed 

conditions. 

Table 5-7: Living roof retention efficiencies when using different ET estimation methods in a water 

balance model 

ET model 
S. mexicanum D. australe 

Measured retention = 66% 

Empirical regression curve 55% 49% 

FAO-24 Penman (corrected) model 
with a water-stress assumption 

44% 49% 

 

Although it was concluded that daily ET from a living roof cannot be accurately estimated using 

common agricultural models and crop coefficients, the FAO-24 Penman (corrected) model was tested 

to determine the effects of misapplication of the method. The model was unsuitable for estimating ET 

when plants were water-stressed; and showed only moderate correlation to measured ET when water 

was available. R
2
 values associated with calculated KC were low. In this instance, misapplication of the 
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method did not have any substantial negative effect in terms of predicted implications for stormwater 

retention efficiency.  

Use of modelled ET from hypothetical monoculture living roofs using the empirical regression curves 

resulted in conservative retention efficiencies due to simplifications in the method. The potential 

influence of higher expected ET rates from F. coxii was not accounted for in the water balance 

(Section 4.2.2.2). Although the greenhouse experiments from which the regression equations were 

calculated cover a range of seasons, the temperature for all trials was set to a common value of 

~21 C. Future work should include natural conditions to find ET regression curves per season. A 

valuable comparison would be the generation of ET regression curves for a mixed plant palate more 

representative of a field installation living roof. Neither interception capacity of living roof plants, nor 

the assumption that a rainfall event larger than 10 mm was sufficient to restore maximum ET have 

been substantiated, yet sensitivity analysis showed that both assumptions play an important role in 

predicting cumulative retention (Figure 5-6). Although the original empirical ET regression curves 

under-predicted annual retention by 11–17%, with the addition of 1 or 2 mm interception retention was 

within 4% of that measured. More comprehensive research is required to quantify the interception 

capacity of living roof plants and the effects of repetitive wetting and drying cycles with varied rainfall 

amounts on ET rates. The method is worth further investigation due to its basis in living roof specific 

response (rather than agriculture), and its simplicity. 

 



 

 – 169 – Emily A. Voyde 

Chapter 6. Summary and Conclusions 

  

6.1. Research motivation 

Stormwater management is a key concern in Auckland, New Zealand. In addition to dedicated 

stormwater sewers, Auckland City is serviced by ~258 km of combined stormwater/sanitary sewer 

systems (Auckland Water Industry, 2008; Auckland City Council, 2009). It is estimated approximately 

3 GL of stormwater/wastewater discharges from the combined systems into Auckland‘s receiving 

streams, estuaries and harbours on an annual basis. This results in system overflows exceeding 100 

times per year (Mayhew et al., 2008). Auckland City Council‘s 10-year plan, 2009–2019, proposed an 

expenditure of $751 million on pipe separation over 20 years to reduce the number of overflows to 12 

per year by 2033 (Auckland City Council, 2009). Overflows are of particular concern because 

Auckland‘s receiving waters are extensively used for recreation activities and food-gathering. 

Urbanisation leads to an increase in impervious surfaces – rooftops, driveways, roads, car parking, 

and footpaths – which are connected with hydraulically efficient pipes to receiving waters. The natural 

roughness and filtering action of vegetation, and the infiltration and storage capacity of the underlying 

soils, is replaced by compacted soils and hydraulically-smooth impervious surfaces at the expense of 

hydrologic functions such as interception by plants, depression storage, infiltration, soil water storage 

and flow retardation due to surface roughness. This creates a greater volume of excess water which 

runs off more quickly for a given rainfall event. The likelihood of nuisance flooding, stream channel 

enlargement and bank undercutting is elevated due to increased frequency of erosion-producing flows 

resulting in property loss and aquatic habitat degradation. 

Planned urban growth in Auckland, with a focus on redevelopment and intensification, means the 

proportion of impervious to pervious surfaces in the Auckland Region will increase (Auckland Regional 

Growth Forum, 1999; Auckland City Council, 2003a); additional growth will exacerbate existing 

overflows and thus improved stormwater management is critical. The Auckland City Council 10-year 

plan proposed onsite stormwater control as a method of reducing impacts of intensification (Auckland 

City Council, 2009). Living roof technology is particularly suitable for retrofit in densely-developed 

urban centres and industrial areas with high roof coverage where space for ground-level devices is 

limited. Furthermore, a predominance of low permeability soils in much of Auckland means infiltration 

techniques are not suitable and suggests living roofs may be a particularly useful LID tool for use in 

Auckland (Lewis et al., 2010a). 
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Extensive living roofs have been proposed as a method for on-site source control for stormwater 

mitigation in Auckland (Auckland Regional Council, 2003; Lewis et al., 2010a). Based upon the 

components of the hydrologic budget, five objectives were presented in Chapter 1 to: 

1. Quantify runoff volume and volume reduction by living roofs; 

2. Quantify peak flow rates and peak flow reduction by living roofs;  

3. Quantify water storage within the substrate of living roofs; 

4. Quantify living roof evapotranspiration rates; and 

5. Determine if common methods used to predict evapotranspiration in agricultural applications 

can be used to predict living roof evapotranspiration. 

The five objectives test the ability of an extensive living roof to provide onsite source control for 

stormwater management. 

6.2. Living roof runoff response 

Three different substrate types (Pumice, Zeolite and Expanded Clay, all pumice based but named for 

their distinguishing components), at two different substrate depths (50 and 70 mm) were tested on a 

235 m
2
 mature field installation, at the University of Auckland (Figure 3-1). Expanded clay is a 

common component used in living roofs internationally that is currently not available in NZ. Pumice 

and zeolite are locally available products. Average roof slope was 1.2%. Monitoring of six hydraulically 

isolated plots started two years after installation. No statistically significant differences were found 

between the substrate types tested (excluding Plot 2) or the two plot depths (50 mm and 70 mm) in 

terms of stormwater mitigation potential. The implication to the NZ living roof industry is that either of 

the locally and naturally sourced aggregate alternatives provides an effective material when compared 

with the expanded clay based substrate. Plot 2 exhibited enhanced hydrological performance. The use 

of a pre-grown sedum mat established into a coconut coir fibre mat resulted in an additional 4.7 mm of 

moisture over and above the retention capabilities of the substrate alone.  

Over one year, the cumulative retention efficiency of the UoA living roof (excluding Plot 2) was 66%. 

Of the 1093 mm rainfall received, 367 mm was discharged as runoff based on 178 rainfall events with 

rainfall depth greater than 2 mm. The coconut coir mesh was a beneficial addition to living roof design 

with cumulative retention efficiency ranging 69–72% depending on response to one rainfall event 

where data was missing. On an individual event basis, the living roof retained a median of 82% of 

rainfall received, with a median peak flow reduction of 93%.  

Median delay in runoff onset was 50 min with a mode of 10 min. Median delay between peak rainfall 

intensity and peak runoff flow rate was 20 min with a mode of 10 min. Extended hydrograph duration 

was not consistently exhibited because the ability of the living roof to mitigate runoff volumes meant 

for many rainfall events, runoff duration was shorter than rainfall duration. Rainfall was captured by the 

living roof for most of the event, thus there was no runoff to allow extension of the hydrograph 

duration. When runoff did continue after rainfall ceased, the median delay was ~3 h. Time lags 
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between rainfall initiation and the onset of living roof runoff, and between peak intensity rainfall and 

runoff peak flow rate, aid stormwater mitigation as they helped restore the runoff hydrograph from a 

developed site to a shape more representative of the hydrograph from an undeveloped site (Carter 

and Rasmussen, 2006; DeNardo et al., 2005; VanWoert et al., 2005a; Moran et al., 2005; Liu, 2003; 

Getter et al., 2007). 

Significant scatter in retention efficiencies were exhibited in all analyses on a per event basis. Living 

roof response could not be linked to one factor alone; multiple parameters such as rain depth, rain 

intensity, climatic conditions (net radiation, relative humidity, temperature and wind speed) and 

antecedent dry days all played a role in influencing the hydrologic response (Figure 3-27 and Figure 

3-28). Due to the variability in response at an individual event scale, depth- and peak flow- frequency 

curves were used to provide a general picture of expected flows, inherently incorporating all influential 

parameters.  

The living roof consistently demonstrated significant reductions in both runoff and peak flow rates 

regardless of the rainfall characteristics (Figure 3-24 and Figure 3-25). The living roof outperformed 

modelled response from a conventional roof. Modelled conventional roof runoff provided a 

conservative comparison indicative of a gravel ballast roof. Worst case scenario from a conventional 

roof—highest runoff volumes and flow rates—would assume 91% of rainfall became runoff (Mentens 

et al., 2006; Berghage et al., 2009; VanWoert et al., 2005a) and use a runoff coefficient of 0.95 

(American Society of Civil Engineers, 1992; Bedient and Huber, 2002; Viessman and Lewis, 2003). 

Contrary to expectations, and results from Berghage et al. (2009), living roofs will operate effectively 

for stormwater management year-round in Auckland‘s sub-tropical climate, as data showed no 

statistically significant differences between seasons for either rainfall or runoff response. 

6.3. Quantifying moisture storage 

Substrate moisture sensors were calibrated for the three substrate types, and showed reliable 

calibration curves (R
2
 > 0.95). Maximum available water depth for storage of the University of 

Auckland roof was 27.0 mm (Figure 4-39). The depth of water held within the substrate at the nominal 

permanent wilting point was 5 mm (Section 4.2.2.2); this water is typically unavailable to plants 

(McLaren and Cameron, 1996). Minimum recorded field water depth was 3.8 mm (Figure 4-39), and 

mean water depth from which plants were revived in the greenhouse experiments was 2.6 mm (Figure 

4-19). This indicates living roof plant species can utilise water under drought conditions that would be 

unavailable to agricultural plants. 

The maximum water capacity of the substrate (27.0 mm) was not recorded by the sensors on any of 

the monitored days; moisture storage was underestimated (Figure 4-39). Maximum recorded water 

depth in the substrate was 23.8 mm, but there was clearly enough rainfall to achieve field capacity. 

The accuracy of substrate moisture sensors was impaired on days with significant rainfall. The 

maximum increase in storage depth for any day monitored was 8.0 mm which did not correspond to 
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rainfall received by the living roof. The substrate moisture sensors were not specifically designed for 

use with living roof substrates. Coarse substrate and shallow substrate depths meant the sensors 

were operating at the limits of their ability. A narrow SEM of 0.89 mm·d
-1

, based upon variation in 

response from all sensors across the roof, means unexpected results were likely caused by systematic 

error common to all sensors, and thus not represented in the SEM. Additional research is required to 

accurately quantify substrate storage within the system. 

6.4. Direct measurement of evapotranspiration 

In both the greenhouse and field environments, ET was measured directly using bench-scale trials for 

three configurations: unplanted, planted with D. australe and planted with S. mexicanum. ET rates 

measured in the greenhouse and ET rates measured on the University of Auckland roof were within 

similar ranges (Table 4-11). Maximum ET values correspond to days when water was readily available 

and ranged 1.54–5.44 mm·d
-1

 (Table 4-11). At the start of each greenhouse trial, both plant species 

exhibited ~9 d of rapid water loss. During which, ET from planted trays was consistently greater than 

that from unplanted trays. The period of rapid water loss was ~5 d in the field trial, with no significant 

differences between ET from all tray configurations. When water was readily available transpiration 

contributed 15–45% of ET (Table 4-5 and Table 4-9). Minimum ET values corresponded to days with 

water-limited conditions and range 0.00–0.67 mm·d
-1 

(Table 4-11). After the period of rapid water loss, 

ET rates decreased and became more-or-less constant. ET from planted trays was no longer 

significantly different to E from unplanted trays (Figure 4-17). 

S. mexicanum and D. australe demonstrated similar strategies overall for dealing with water stress. 

Both species stored water in their tissues they could ‗mine‘ when stressed and had the ability to 

extract water from very dry substrate (>1500 kPa tension). However, S. mexicanum was more 

sensitive to substrate moisture content, reducing ET demand earlier, hence conserving substrate 

moisture. In contrast, D. australe drew on water reserves in the flesh of the plant to continue 

transpiring at the same rate causing desiccation and loss of viability. D. australe survived for a 

maximum of 24 d without water before the plants had to be rehydrated to prevent irreversible 

desiccation. The S. mexicanum trials lasted for a maximum of 39 d; however, the plants were likely to 

have survived longer under drought conditions. 

All tray configurations in both the greenhouse and field trials demonstrated clear diurnal variation in ET 

and E; however, the planted trays exhibited greater peak ET (Figure 4-26 and Figure 4-30). The time 

of day at which low-intensity rainfall occurs will affect storage recovery via ET for a living roof. ET was 

greatest between 12:00 and 16:00 with peak ET up to 0.5 mm·h
-1

, indicating this time period would be 

optimal for potential storage recharge during short inter- or intra- event dry periods (Table 4-12). 

Diurnal variation was analysed when water was readily available to plants and in water limiting 

conditions. Sedums have been identified as CAM inducible plants when water stressed, however, 

results did not show greater ET overnight once plants became stressed (Table 4-12). It may be that 
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plants were not taken far enough into moisture stress to change metabolic processes, regardless; 

results challenge the hypothesis that CAM plants conserve water all the time. 

6.5. Predicting evapotranspiration using agricultural models 

Although empirically quantifying ET from a living roof has provided valuable information to supplement 

current data, modelled ET is a practical solution to allow for use of ET in continuous hydrologic 

simulations, to determine living roof efficiency as a stormwater management tool. Two methods for 

estimating living roof ET were presented: empirical ET regression models generated based on 

greenhouse trial data, and the use of existing agricultural ET models. Both methods for estimating ET 

were tested in a daily water balance model from October 2008 to October 2009 for comparison with 

measured runoff from the UoA living roof.  

Decay curves describing ET over time were presented for trays planted with S. mexicanum (Eqn. 5.2) 

and trays planted with D. australe (Eqn. 5.3) using data from the four greenhouse trials (Figure 5-1). 

The decay curves were applicable Days 1–24 for D. australe and Days 1–39 for S. mexicanum. 

Ten different agricultural models were used to estimate ET from the UoA living roof: FAO-24 BC, 

Hargreaves, Penman (with three wind functions), Kimberly-Penman, FAO-24 Penman (with and 

without correction), Penman-Monteith, and FAO-56 PM (Section 2.2.2). When daily ET, estimated 

using agricultural models, was compared to daily measured ET from the field installation of the bench-

scale trays, two defined operating conditions were identified: when water was available, and when 

water was limited (Figure 5-8). In the well-watered condition, mean absolute daily error between 

modelled and measured ET was 0.76 mm·d
-1

; models both over- and underestimated measured ET. 

Mean error increased to 1.81 mm·d
-1
 in water-limited conditions (the periods 2–7 April 2009 and 17–18 

April 2009) and the models consistently overestimated measured ET. When plants were not operating 

under well-watered conditions, ET dropped below that modelled based on climatic parameters, i.e. the 

influence of water availability overrode the influence of climatic parameters (Figure 5-8). Agricultural 

models were not appropriate for estimating living roof ET when water was limited. 

Contrary to results from others (Rezaei, 2005; Hickman et al., 2010; Feller et al., 2010; Lazzarin et al., 

2005), neither the Penman nor Penman-Monteith models were identified as appropriate for estimating 

daily living roof ET. The FAO-24 Penman (corrected) model was the only method to show consistent 

statistically significant correlation between modelled and measured ET in well-watered conditions 

(Table 5-3). Pearson correlation coefficients were moderate: 0.544 and 0.563 for S. mexicanum and 

D. australe, respectively. Calculated crop coefficients for the FAO-24 Penman (corrected) model were 

1.01 and 0.85 for D. australe and S. mexicanum, respectively (Table 5-4). Applicability of these crop 

coefficients was limited to well-watered conditions. Contrary to Rezaei (2005), associated R
2
 values 

were low (0.29–0.31) indicating that, although crop coefficients have been presented, the linear crop 

coefficient models were not suitable for estimating living roof ET. Commonly used agricultural models 

and crop coefficients failed to accurately estimate daily ET from a living roof. 
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A simple empirical water balance model was generated to test the different ET estimation methods 

using monitored rainfall from the UoA living roof and appropriate substrate moisture assumptions. 

Comparisons were made between the empirical regression curves (Section 5.2.1), and the FAO-24 

Penman (corrected) model with calculated KC values, and the provision that in water-stressed 

conditions ET = 0.5 mm·d
-1

. Results from water balance models using the two different ET estimation 

methods were comparable; although, retention efficiencies using the FAO-24 Penman (corrected) 

model were slightly lower (Table 5-7). 

Although it was concluded that daily living roof ET could not be accurately estimated using common 

agricultural models, the FAO-24 Penman (corrected) model was tested in a continuous water balance 

model over one year, October 2008 to October 2009, to determine the effects of misapplication of the 

method. In this instance, misapplication of the method did not have any substantial negative effect in 

terms of predicted long-term implications for stormwater retention efficiency.  

The modelled water balance from hypothetical monoculture living roofs using the empirical ET 

regression curves resulted in conservative retention efficiencies, 55% and 49% for S. mexicanum and 

D. australe, respectively, due to simplifications in the method (Table 5-7). The potential influence of 

higher expected ET rates from F. coxii was not accounted for in the water balance (Section 4.2.2.2). 

Neither interception capacity of living roof plants, nor the assumption that a rainfall event larger than 

10 mm was sufficient to restore maximum ET has been substantiated, yet sensitivity analysis showed 

that both assumptions play an important role in predicting cumulative retention (Figure 5-6). Although 

the original empirical ET regression curves under-predicted annual retention by 11–17%, with the 

addition of 1 or 2 mm interception modelled retention was within 4% of that measured. The method is 

worth further investigation due to its basis in living roof specific response (rather than agriculture), and 

its simplicity. 

As hypothesised, plants operated within, or near, their optimal unstressed conditions for half the year. 

For 52% of the sampled year, plants were operating within 9 d of a rainfall event larger than 10 mm 

(assumed sufficient to restore maximum ET). The lack of water available in the substrate in thin living 

roofs during periods of low or intermittent rainfall (48% of the year) played a significant role in 

determining the method most suitable for modelling ET from a living roof. Agricultural models are not 

suitable for estimating living roof ET during these periods. Thus empirical regression equations are the 

most appropriate method for estimating ET when plants are water-stressed. If agricultural models are 

to be used to estimate ET in hydrologic models, water-stressed conditions must be taken into account. 

The water balance herein used a fixed ET value during periods of water stress, but a combination 

method incorporating empirical regression equations may be appropriate. 

6.6. Recommendations for future research 

Interception is a key component of the water balance that has not been accounted for herein. There is 

currently no literature quantifying interception by plant species suitable for use on living roofs. 
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Additional research is required to quantify this parameter and to determine if it contributes significantly 

to stormwater mitigation by living roofs. 

Since the greenhouse ET experiments were completed, D. australe has largely died out of the UoA 

living roof due to a combination of insect and fungal attacks; instead, F. coxii is the dominant native 

species. A recommendation for future work is to repeat the greenhouse ET experiments using F. coxii. 

The metabolic and architectural differences between a low growing succulent ground cover (S. 

mexicanum and D. australe) and the taller tussock grass (F. coxii) suggest that ET rates will differ. 

Additional research focus upon F. coxii would provide data on another New Zealand native species 

suitable for use on a living roof, but would also add to knowledge internationally. Current research has 

concentrated predominantly on succulent species, yet grasses are becoming more common in living 

roof installations. 

Chapter 4 identified difficulties in measuring living roof ET in the field. In retrospect, the use of bench-

scale trays on the living roof would have been enhanced if it had been possible to recess the trays 

such that the vegetated surface was flush with that of the field installation living roof i.e. to install 

weighing lysimeters. This design modification would ensure that edge effects were minimised. In 

addition, research is required to obtain accurate substrate moisture measurements, with particular 

emphasis on heavy rain days. It is suggested that installing weighing lysimeters with substrate 

moisture sensors would allow for the water balance method to be re-assessed. The use of substrate 

moisture sensors in the lysimeters would also allow identification of the water content at which plants 

become visibly stressed. If possible, a concurrent water-balance assessment of a field scale site would 

allow estimation of scale effects in comparison of lysimeter results with field results. 

Although the greenhouse experiments from which the empirical ET regression equations were 

calculated covered a range of seasons, the temperature for all trials was set to a common value of 

~21 C. Future work should include natural conditions to find ET regression curves per season. A 

valuable comparison would be the generation of ET regression curves for a mixed plant palate more 

representative of a field installation living roof than the monocultures modelled. Additional value would 

be added if ET could be modelled as a function of substrate moisture content. More comprehensive 

research is required to quantify the interception capacity of living roof plants and the effects of 

repetitive wetting and drying cycles with varied rainfall amounts on ET rates. 

Due to equipment limitations, ET was not quantified on rain days during the bench-scale 

measurements of ET in the field. The frequency of rainfall over the monitoring period meant the 

dataset used for comparison with ET modelled using agricultural methods was reduced more than 

anticipated. Future work over a longer monitoring period would be beneficial to increase the dataset 

for well-watered ET rates in the field. Although results herein demonstrated agricultural models did not 

accurately estimate ET, the conclusion was contrary to other published work (Lazzarin et al., 2005; 

Rezaei, 2005; Hickman et al., 2010; Feller et al., 2010). Conclusions may be validated with a larger 

dataset. 
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6.7. Conclusion 

In summary, living roofs demonstrate significant stormwater mitigation benefits for Auckland, New 

Zealand, in accordance with research internationally. Cumulative annual volume reduction of 66% was 

within the retention range 49–80% presented in the literature (Hutchinson et al., 2003; Moran et al., 

2005; Villarreal and Bengtsson, 2005; Mentens et al., 2006; Berghage et al., 2009; Carter and 

Rasmussen, 2006; Monterusso et al., 2004; Getter et al., 2007). Median volume reduction per event at 

82% of rainfall received was higher by the UoA roof than the retention range presented in the 

literature. Median peak flow reduction per event of 93% by the UoA roof also exceeded the range 31–

87% reported in literature (Uhl and Schiedt, 2008; Villarreal, 2007; Berghage et al., 2007b; DeNardo et 

al., 2005; Moran et al., 2005; Hutchinson et al., 2003). 

Higher values for volume reduction and peak flow mitigation were influenced by the duration of 

continuous measurements; the long-term monitoring period (one full year) reduced the impact of 

individual large events on mitigation. Large events can skew mean results and reduce the volume 

reduction if monitoring only encompasses a short duration. Monitoring for a full year means each 

season was represented and the frequent small rainfall events, common to Auckland, were captured. 

However, the largest monitored event (55.6 mm) was less than the 50% AEP rainfall event for the 

study site (75 mm). Although results demonstrate significant volume retention for the events 

monitored, it is important to recognise that living roofs may not be suitable as the sole means of 

volume control for very large rainfall events. 

Plants operated within conditions of water availability for 52% of the year (Section 5.2.1.1) and as 

such provided substantial contribution to storage recovery within the system via the process of 

evapotranspiration, enhancing the volume and peak flow reductions recorded over the duration of the 

study. Contrary to expectations, results challenged the hypothesis that CAM plants conserve water all 

the time with maximum ET rates of up to 5.44 mm·d
-1

 when water was available. 

In Auckland, even shallow living roofs (50–70 mm depth) can reduce the frequency of runoff and help 

restore the runoff hydrograph from an impervious (developed) site to a shape more representative of 

the hydrograph from a vegetated (pre-development) site. Living roofs achieve this by delaying the 

onset of runoff, delaying peak runoff and extending the duration of the hydrograph when runoff occurs. 

Consistent volume retention and peak flow reduction are influenced by a climate well suited to the 

living roof system. Auckland has a sub-tropical climate with warm humid summers and mild winters 

(NIWA Science, 2007). Mean annual rainfall is 1240 mm with 137 wet days (>1.0 mm rainfall) spread 

relatively evenly through the year (NIWA Science, 2000c). Even if living roofs are not installed for the 

primary purpose of stormwater mitigation, but instead for aesthetics, biodiversity values or energy 

efficiency, there will still be some stormwater benefit. The technology is a suitable, and effective, 

means of source control to mitigate stormwater runoff. 

In addition to the technical suitability of living roofs for installation in Auckland, living roof technology 

demonstrates compatibility with both current Western sustainable design principles (Section 1.1.1) and 
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traditional Māori values (Section 1.3.3). Peak flow and volume control by living roofs help achieve LID 

goals to maintain a site‘s predevelopment hydrology. Although a living roof is not directly connected to 

the earth, the substrate is of the earth. Living roof technology not only reduces the volume of water, 

but has the potential to treat it onsite as it passes through the substrate. The technology is in line with 

the ethic that Papatūānuku (Papa the earth mother) is responsible for the ultimate treatment of a 

pollutant (Morgan, 2006). Managing rainwater onsite rather than piping and discharging directly to 

receiving waters is also consistent with the Māori ethic of kaitiakitanga, or guardianship. The integrity 

of the receiving waters and surrounding environment is retained, thus maintaining the mauri (life giving 

force) of the water and ecosystem as a whole. 

Living roofs exhibit clear stormwater volume mitigation benefits, but other technologies may also need 

to be considered if additional objectives, such as water quality improvement or rainwater harvesting, 

are to be achieved. Living roofs are an integral part of the LID treatment train approach which can 

allow for multiple objectives while mitigating stormwater runoff in an urban setting. 

Living roofs provide effective stormwater mitigation, within NZ and internationally, through their ability 

to control stormwater runoff at the source. This research has focussed only on the hydrological 

benefits of living roof installation as a stormwater management tool, but living roofs are a 

multifunctional technology. The design purpose may focus on a single benefit, but all other benefits 

will be achieved if to a lesser degree. Living roofs will be most effective in targeting urban stormwater 

mitigation when considered as one of a suite of tools contributing to an LID approach for site design. 
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Appendix 1: Initial plant list 

Table A1-1: Initial plant list for University of Auckland living roof, source: Fassman et al. (2010). 

Native species Sedum (exotic) species 

Acaena microphylla ‗purpurea‘ 
– a purple-leafed variety of bidibid (9 % of plants) 

 
Coprosma acerosa ‗Hawera‘ 

– a prostrate variety of sand dune coprosma (9 % of 
plants) 

 
Cotula australis 

 
Crassula sieberiana and C. colligata 

– annual succulents found on scoria rock walls in 
Central Auckland (less than 2 % of plants) 

 
Disphyma australe 

– New Zealand iceplant (35 % of plants) 
 

Festuca coxii 
– a small tussock found on the Chatham Islands (9 

% of plants) 
 

Libertia peregrinans 
– New Zealand iris (15 % of plants) 

 
Mazus pumilo 

– groundcover with purple flowers 
 

Pyrrosia eleagnifolia 
– a fern that grows on tree branches, trunks, walls 
and shaded clay-tile roofs in central Auckland (less 

than 2 % of plants) 
 

Selliera radicans 
– a groundcover with white flowers found in 
estuaries and coastal turfs (15 % of plants) 

 

Sedum spurium 
– NZ Biostatus: Wild, exotic, fully 

naturalised. Common name: Dragon‘s 
Blood. 

 
Sedum spathulifolium 

– NZ Biostatus: Only in cultivation, not 
naturalized, native to Northern America. 

Common name: Colorado stonecrop. 
 

Sedum rupestre 
– NZ Biostatus: Only in cultivation, not 
naturalized, native to temperate Asia 
and Europe. Common name: Rock 

stonecrop. 
 

Sedum mexicanum 
– NZ Biostatus: Wild, exotic, fully 

naturalised. 
 

Sedum rubrotinctum 
– NZ Biostatus: Sometimes present, 
exotic. Common names: Jelly bean 
plant, Jelly beans, Pork and beans. 

 
Sedum dasphyllum 

– Found in central Europe to 
Mediterranean coastline. Common 

name: Corsican Stonecrop, Blue Tears 
Sedum. 

 
Sedum murabilis 

 
Sedum „x‟ 

– As yet unidentified, sample being 
grown by Landcare Research 

herbarium, Lincoln. 
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Figure A1-1: Key native species planted on the University of Auckland living roof. From left to right, top 

row: A. microphylla, F. coxii, L. peregrinans; bottom row: C. acerosa, S. radicans, D. australe. 

 

Figure A1-2: Non-native species planted from plugs on the University of Auckland living roof. From left 

to right, top row: S. spurium, S. spathulifolium, S. rupestre, S. mexicanum; bottom row: S. rubrotinctum, S. 

dasphyllum, S. murabilis, S. X. 
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Appendix 2: Detailed drawing of the orifice restricted device 
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Appendix 3: Flow conversion 

 

Table A3-1: Plot areas and multiplication coefficient for flow conversion 

Plot 
Substrate Area Gravel Area Total Coefficient 

(m
2
) (m

2
) (m

2
) Multiply L/s by: 

1 40.75 6.96 47.71 6.29 

2 13.21 4.52 17.73 16.92 

3 46.06 8.09 54.15 5.54 

4 45.29 8.03 53.32 5.63 

5 12.42 4.38 16.80 17.86 

6 38.29 7.14 45.44 6.60 
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Appendix 4: Correlation between modelled 
and measured ET 

 

Figure A4–1: Correlation of temperature based ET equations to measured ET in mm·d-1 

 

Figure A4–2: Correlation of Penman equations using three wind functions to measured ET in mm·d-1 
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Figure A4–3: Correlation of Penman-based equations to measured ET in mm·d-1 

 

Figure A4–4: Correlation of Penman-Monteith equations to measured ET in mm·d-1 


