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Abstract

The Multiangle Imaging SpectroRadiometer (MISR) on the Terra satellite has
been measuring the altitudes of clouds consistently since 2000, but thin cirrus
clouds are difficult to detect, and the operational cloud-height product from
MISR may miss thin cirrus when it overlies thicker, lower-level cloud. This
thesis focuses on the detection, validation and fluctuations of tropical thin cir-
rus clouds from MISR.

To detect thin cirrus over clear skies with MISR, cloud-heights above 10 km
were retrieved using a stereo matching technique on the oblique camera pairs
and re-projected onto the nadir camera after correction for parallax and winds.
The merged datasets from the CERES broadband radiometer, also on Terra,
were used to extract Outgoing Longwave Radiation (OLR) measurements and
compared to the OLR from a column model of longwave radiative transfer that
uses MISR cloud-top heights and reanalysis data as input parameters.

After accounting for uncertainties in modeled OLR of± 4 W m−2 due to un-
certainties in the input properties, especially known high cloud, surface tem-
perature and specific humidity, the average difference of 17 W m−2 cannot be
directly explained, and is compensated with the addition of thin cirrus of cov-
erage 60%. MISR misses thin cirrus of optical depth < 0.3 with its operational
cloud-height product whereas oblique analysis improves detection to an op-
tical depth of 0.1. When applied to all tropical scenes, the coverage of thin
cirrus found by oblique-stereo analysis with optical depths in the range 0.1-0.3
is 10%. Based on the overall difference between model and the measurement,
the remaining coverage of subvisual cirrus with optical depths < 0.1 is 67%.

The analysis of tropical MISR orbits with standard processing shows a de-
cline in cloud-top height since 2000. After validation of oblique-detected thin
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cirrus with coincident MODIS data, and the cloud radar and lidar data from
the Tropical Western Pacific (TWP) Atmospheric Radiation Measurement (ARM)
sites, the additional cirrus detected over the tropics also shows a decline in
cirrus-top height. Furthermore, comparisons with CALIOP and MISR show
similar cloud climatology and trends. These trends would be significantly im-
portant to cloud feedback if they continue over the next decade.
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Chapter 1

Introduction

1.1 Overview

Cirrus clouds are important to the Earth’s climate system. Thin, high cirrus are
especially important, covering 20-40% of the Earth (Lynch, 1996; Wang et al.,
1996) and up to 70% of the tropics at any given time (Wylie and Menzel, 1999).
Thin cirrus clouds differ from thicker clouds because they have relatively low
albedos, a strong greenhouse effect due to their high altitudes and low emis-
sion temperatures, and tend to warm the climate system. Unlike water clouds,
high-level cirrus contain a significant amount of large, nonspherical ice crys-
tals in low concentrations and most are optically thin. These clouds contribute
as one of the leading sources of uncertainty in the study of global radiation
budgets (Liou, 1986).

The amount of sunlight that cirrus clouds reflect, absorb, and transmit de-
pends on their coverage, position, thickness, and ice-crystal size and shape dis-
tributions, and these parameters determine the relative strength of the solar-
albedo and infrared-greenhouse effects. A high frequency of occurrence of
cirrus clouds would greatly influence the Earth’s radiation budget. The term
“cloud radiative forcing” quantifies the relative significance of the instanta-
neous, measurable effects of clouds on shortwave and longwave irradiances.
Cloud radiative forcing is the difference between the radiative fluxes at the top
of the atmosphere in clear and cloudy conditions (Ramanathan et al., 1989).
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1. INTRODUCTION

It has been shown that individual convective cloud elements have a strong
positive effect on Longwave (LW) radiation and a strong negative effect on
Shortwave (SW) radiation. The shortwave effect dominates at the surface while
the longwave effect is mostly felt in the atmosphere (Hartmann et al., 2001).
Numerous satellite-based studies of clouds and radiation suggest that the SW
and LW contributions to cloud radiative effects almost cancel each other in
the tropics (Ramanathan et al., 1989; Harrison et al., 1990; Hartmann et al., 2001;
Futyan et al., 2004). However, the apparent cancellation poses many questions
about the nature of the atmospheric interactions involved. Some studies have
proposed cloud feedbacks that rely on the changes in the distribution of cloud
types, particularly optically thick or thin cirrus being related to deep convec-
tion (Ramanathan and Collins, 1991).

Hence, in order to justify the role of cirrus clouds operating in a real climate
system, it is necessary to establish the actual radiative effects of cirrus clouds
with varying optical depths in terms of their relative distribution as well as
changes in their absolute amounts (Choi and Ho, 2006). The low-level clouds
(high albedo) induce a cooling effect, and it is the radiative balance between
the high and the low clouds that would govern the net radiative effect of clouds
on climate.

Climate models have illustrated that high clouds that move higher in the
atmosphere could exert a positive feedback, amplifying the temperature in-
crease (Jensen et al., 1994). However, the degree of this temperature amplifica-
tion depends on accurate prediction of cirrus cloud cover and position based
on physical principles. This has been a difficult task, and successful prediction
using climate models has been limited by the uncertainties and limitations of
inferring cirrus cloud cover and position from current satellite radiometers. In
fact, there are not sufficient cirrus cloud data to correlate with the greenhouse
warming that has occurred so far (Liou, 1986).

Over the past two decades, multispectral techniques (Wylie and Menzel,
1989) and visible-IR bispectral techniques (Minnis et al., 1990) have been de-
veloped and improved for retrieving cirrus cloud coverage, height, and op-
tical depths from operational satellite measurements. The majority of these
satellites observe in the visible and 10 - 12 µm infrared atmospheric window
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1.1 Overview

region, and thin cirrus clouds are particularly difficult to detect in these regions
because of their lack of opacity and consequent small perturbation of the high
background signal (Wylie and Menzel, 1989).

Observations from the Stratospheric Aerosol and Gas Experiment (SAGE)
II established cirrus cloud occurrence using the solar occultation technique.
Subvisual clouds with 45% occurrence were found at 15 km and opaque clouds
with maximum occurrence of 15% existed in the tropics at an altitude of 13
km, but uncertainties in the derived cloud frequency from the sampling rate
and distribution dictated by the solar occultation technique affected the results
(Wang et al., 1996).

The identification of optically thin cirrus (τ � 1) in the upper troposphere
was made possible by a cirrus detection method incorporating a 1.38 µm re-
flectance from a Moderate Resolution Imaging Spectroradiometer (MODIS) in-
strument (Gao and Kaufman, 2002; Meyer et al., 2004). This channel was spe-
cially designed to detect thin cirrus with τ < 3 (Lee et al., 2009). However,
with this method there were errors involved in retrieving the optical depth
that introduced ≈ 40% uncertainty (Dessler and Yang, 2003; Meyer and Platnick,
2010). MODIS also includes 4 channels near the 15 µm CO2 absorption band
that allow for CO2-slicing retrieval of cloud-top pressure. Comparisons with
active sensors confirm that cloud-top heights converted from cloud-top pres-
sures are within 1 km in high, optically thin cirrus and midlevel water clouds.
However, uncertainties exist in atmospheres prone to temperature inversions
(Menzel et al., 2008).

Active methods, such as ground-based lidars, can detect subvisual cirrus
efficiently (Sassen and Cho, 1992; Nee et al., 1998; Winker and Trepte, 1998; Mc-
Farquhar et al., 2000) but these data are limited in both time and space with
research confined to case studies. Recently, successful operation of space-
borne lidar has helped in understanding cirrus cloud climatology to a greater
extent. This includes the launch of Cloud Satellite (CloudSat) Cloud Profil-
ing Radar (CPR) and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) payloads as part of the A-Train constellation of satellites (Stephens
et al., 2002; Winker et al., 2007). Numerous studies using space-borne lidars
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were conducted to identify cirrus global distribution and impacts (Lamquin
et al., 2008; Nazaryan et al., 2008; Sassen et al., 2008; Haladay and Stephens, 2009;
Massie et al., 2010; Stubenrauch et al., 2010), but the short-term data record avail-
able only from mid-2006 precludes decadal analysis of cirrus anomalies.

Furthermore, cloud boundaries detected from ground-based and space-
borne lidar are based on backscatter profiles, which includes the effects of
molecular and particulate scattering. To accurately detect clouds using lidar
measurements, algorithms have to distinguish signal changes due to random
noise and signal increase from aerosols from those due to clouds (Wang and
Sassen, 2001). Several ground-based and space-borne lidar studies indicate a
decrease in high cloudiness during the hours of solar noon and day-night dif-
ferences in high cloud occurrence due to solar background signals in the lidar
backscatter profiles (Comstock et al., 2002; Nazaryan et al., 2008; Dupont et al.,
2010).

1.2 Motivation

Enormous efforts have to be made in improving the retrieval techniques of
cirrus clouds with instruments on board the satellites to understand global
cirrus climatology and trends. However, future satellite mission campaigns
take years of planning and scientists resort to current flying instruments on
satellites that have been in orbit for more than ten years by improving their
cloud retrieval algorithms and reprocessing the dataset for better answers.

The Multiangle Imaging SpectroRadiometer (MISR) instrument on the Terra
satellite has been collecting global data since February 2000. It views the Earth
simultaneously at nine widely spaced angles and provides radiometrically and
geometrically calibrated images in four spectral bands at each of the angles
(Diner et al., 2002). MISR can detect clouds from changes in reflection at differ-
ent viewing angles and can determine the height of such clouds using stereo-
scopic techniques. A significant advantage of the MISR Cloud-Top Height
(CTH) stereo retrieval is that the technique has little sensitivity to the sensor
calibration thus making MISR retrievals more favourable for detection of vari-
ations and trends in CTH (Wu et al., 2009). The stereo retrieval technique is
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purely geometric and avoids height errors from temperature inversions (Garay
et al., 2008; Harshvardhan et al., 2009) since it does not require any knowledge
of the atmospheric thermal structure.

Di Girolamo and Davies (1994) developed a new approach to cirrus cloud
detection that used the differences between two solar spectral reflectances as
a function of view angle. The resulting Band-Differenced Angular Signature
(BDAS) was sensitive to Rayleigh scattering from above the top of the clouds,
discriminating high clouds from lower level clouds and clear sky. BDAS works
best over ocean and snow surfaces with minimum detectable cloud optical
thickness of 0.5. BDAS also works best for oblique solar illumination, so is less
effective in the tropics given MISR’s 10:30 am sun-synchronous orbit. How-
ever, MISR’s nadir view misses thin, high cloud whereas the oblique cam-
eras show increased detection due to an increased optical path length with
each view (Zhao and Di Girolamo, 2004; Mueller et al., 2008). Comparison with
other satellite retrievals showed that MISR stereo observations exhibited a tri-
modal vertical distribution with high sensitivity and quality for detection of
low-level clouds, but its sensitivity to high, thin cirrus is low when compared
to CALIPSO (Wu et al., 2009).

Recently, Davies and Molloy (2012) investigated the global height fluctua-
tions measured by MISR over the last decade. They computed a linear trend
in the effective mean height of -44 ± 22 m/decade, however these calculations
omitted thinner cirrus clouds due to MISR’s inability to retrieve thinner cirrus
with its standard processing. CTH is an essential parameter in understand-
ing the role of clouds on the climate. Using a radiative-convective equilibrium
model, Davies and Radley (2009) indicated that the decadal change of CO2 and
its impact on equilibrium surface temperature is equivalent in magnitude to
the LW forcing caused by the decadal change of ≈ 19 m in effective cloud
height. Therefore, any fluctuation in the effective cloud height is significant
in determining cloud feedback and the equilibrium surface temperature. To
establish a better understanding of the effects of cloud feedback in terms of
long-term climatic trends, the effective mean height should include thin cirrus
clouds that have been previously undetected by MISR. Hence, MISR’s ability
to detect thin cirrus had to be explored and any enhancement in cirrus detec-
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tion with MISR will allow evaluation of cloud height fluctuations globally.

1.3 Objectives

Firstly, an improved detection technique is required to overcome the limita-
tions of thin cirrus cloud detection from MISR’s standard processing technique
in order to understand the impacts of cirrus clouds and its radiative effects on
climate at decadal scales. The primary objective of this thesis is to detect thin
cirrus clouds with improved precision from MISR.

Secondly, the new and improved dataset for thin cirrus must be validated
with several ground-based and space-borne sensors that retrieve cirrus proper-
ties with different retrieval techniques. Comparison of the new and improved
dataset with an existing retrieval technique validates the retrieved data. This
ensures the accuracy of the new retrieval technique and generates confidence
in the general scientific community that use the dataset for climate research
or weather predictions. Usually, the ground-based sensors are compared with
satellite retrievals because the probability of satellite overpass with a ground-
based sensor is higher. Ground-based sensors lack spatial coverage, but with
higher temporal coverage the comparison and validation process gets statisti-
cally coherent. Alternatively, head to head comparisons can be made for cirrus
retrievals if different satellite overpasses are collocated in space and time that
see the same scene.

Thirdly, the limitations of the new and improved technique are explored
using a dataset with a longer temporal coverage that merges measurements
from multiple instruments. This improves the quality of the findings because
it can be used to compare the observations with outputs from a model. Such
a dataset is now available from the merged information in Clouds and the
Earth’s Radiant Energy System (CERES), MODIS and MISR instruments on
board the Terra satellite that has been operational from 2000. The primary goal
is to show the success and weakness of the standard algorithm, the thresh-
olds of cirrus detection, the amount of thin cirrus detected and missed by the
new and improved algorithm, highlighting areas of potential improvements in
cirrus detection.
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After successful detection and validation of thin cirrus clouds, the objective
shifts to regional and global climatological comparisons, decadal interannual
anomaly study and trend analysis. The main objective is to determine the fluc-
tuations in cirrus clouds, especially over the tropics and to comment on the
feedback of net clouds (including thin cirrus) on climate.

1.4 Outline

A brief outline of each chapter follows, stating the aims, objectives and an
overview of the main concepts. A detailed introduction is present at the start
of each chapter with a summary at the end.

Chapter 2 aims to engross the readers into the role of clouds in the climate
system by providing detailed descriptions about different types of clouds and
its radiative impacts. Special attention is generated with cirrus clouds with de-
tailed descriptions, detection capabilities and limitations, and formation mech-
anisms. Furthermore, the distribution and radiative effects of cirrus clouds
from the known literature is presented, and the existing problems in climate
due to cirrus cloud feedback are discussed.

Chapter 3 outlines the value created by the use of multiangle measurements
in detecting clouds. A brief history of stereographic observations of the atmo-
sphere and an overview of the basic stereo technique is presented. The main
aim of this chapter is to introduce the core instrument used in this study. Thus,
a detailed description of MISR instrument is given, including formulations of
the algorithm to detect cloud height and winds. The algorithm summary with
output data products from standard MISR processing is presented. This chap-
ter provides the mathematical formulations essential in understanding the lim-
itations and enhancements of the algorithm discussed in the proceeding chap-
ters.

Chapter 4 aims to identify the nature of the problem with the MISR instru-
ment in detecting thin cirrus clouds. Existing radiance datasets are explored,
and comparisons with the cloud height and cloud mask product help identify
the problem. These cloud products are independently derived using different
techniques from the same instrument. The major differences are explored with
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detailed case studies.
Chapter 5 introduces the oblique-stereo technique used to improve thin cir-

rus detection from MISR. It presents the underlying concepts used to formulate
this technique. An extensive search is carried out for the best oblique cam-
era pairs for running the oblique-stereo algorithm using four different oblique
camera combinations. The CTH’s detected using the best oblique camera pairs
selected for oblique-stereo processing is also tested with MODIS cirrus re-
flectance pattern for cirrus classification. Several MISR orbits are processed
using the proposed oblique-stereo technique to determine the distribution of
thin cirrus clouds retrieved.

Chapter 6 aims to validate thin cirrus clouds detected using the oblique-
stereo technique by comparing coincident measurements from satellite and
ground-based sensors. Firstly, comparisons are carried out with coincident
MODIS cloud products including cloud-top pressure converted to CTH and
the cloud masks. Secondly, comparisons are made with coincident measure-
ments from three ground-based cloud radar and lidar sites including Nauru,
Manus and Darwin. The height-difference statistics are reported and the effi-
ciency of the oblique-stereo technique is investigated using the number of lay-
ers and the geometrical thickness of cirrus-top layers present in precise point-
wise comparisons. A statistical analysis approach with histogram comparisons
characterizing the same region with increased samples is formulated and anal-
ysed for the three ground-based sites. All limitations and enhancements of the
oblique-stereo technique are also presented.

Chapter 7 quantifies the amount of tropical thin cirrus detected and missed
by the enhanced oblique-stereo technique using a model versus an observa-
tion technique with Top of Atmosphere (TOA) flux and cloud information
from merged multiple satellite instruments on-board the same satellite. The
sensitivity of the model is calculated, and discrete clear sky cases are used to
calculate the properties of thin cirrus. The minimum optical depth threshold,
the overall thin cirrus distribution and radiative forcing are determined from
the differences in model values and observations. An investigation of radi-
ance patterns also reveals the limitations of the oblique-stereo technique and
the type of missed cirrus clouds. These results are also used to calculate the
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distribution and forcing of cirrus missed from MISR in the tropics.
The previous chapters comment on the detection and validation of thin cir-

rus detected from the oblique-stereo technique. It also presents the major en-
hancement and limitations of the technique. Chapter 8 uses the reprocessed
data to show the fluctuations and trends in CTH anomalies using the standard
and the enhanced oblique-stereo product over a decade. The fluctuations and
trends of additional thin cirrus detected are also shown. The spatial and over-
all CTH anomaly trends are examined with anomaly trends of key atmospheric
variables and climate indices for possible physical connections in the tropics.

Chapter 9 aims to produce a climatology of clouds from a space-borne lidar.
A comparison of cloud (thick and thin) climatology is made with CALIOP
and MISR within same years of operation. CALIOP’s high detection capability
enables it to detect clouds of lower optical depths than MISR. CTH anomaly
trends are calculated using CALIOP clouds classified with MISR optical depth
detection thresholds to understand the fluctuations of the cirrus components
missed by MISR oblique-stereo technique.

Chapter 10 presents the conclusions and main directions for future investi-
gations. The research undertaken in this thesis has been presented at a number
of international conferences and published in leading scientific journals (see
Appendix A).
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Chapter 2

Background

2.1 The Role of Clouds in the Climate System

Clouds fascinate observers with their evolving features. They mainly consist of
fine water droplets and ice particles suspended in the atmosphere at different
heights. Clouds form an active element in the climate system regulating the
Earth’s Energy Balance. The radiative effects of clouds have long been recog-
nised as critical components of climate (Haurwitz, 1948; Neumann, 1954). The
amount of insolation reaching the Earth and the terrestrial radiation emitted
out to space form the major source and sink of Earth’s energy, respectively.
Incoming solar radiation is partially absorbed, scattered and reflected by vari-
ous trace gases, aerosols and clouds present in the atmosphere. The rest of the
insolation passing through particulates in the atmosphere is partially reflected
back by the Earth’s surface where most of it is absorbed. In order for this sys-
tem to be in quasi equilibrium, the amount of incoming energy must be very
closely balanced by the outgoing energy at the TOA.

The solar spectrum is divided into SW (λ < 4 µm) and LW (4 µm < λ < 70
µm). The incoming radiation is mostly in the SW while the terrestrial radia-
tion lies within the LW. The particulates scatter, absorb, reflect and transmit
radiation at distinctive wavelengths. The clouds actively interact in regulating
the global energy budget (Trenberth et al., 2009) by modulating the vertical and
horizontal distributions of solar radiative heating, latent heating, and cooling
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by thermal radiation that drive the atmospheric circulation. Clouds also alter
moisture transports by forming precipitation that returns the evaporated wa-
ter to the surface (Chen et al., 2000). The atmosphere maintains control of the
energy exchange between earth and space through feedbacks that redistribute
clouds and water vapour at temporal and spatial scales.

To isolate the specific effects of clouds on climate, atmospheric scientists
calculate the Cloud Radiative Forcing (CRF). This approach (see Appendix B)
has been used in several studies using models and satellites to measure the ra-
diative effects of clouds (Charlock and Ramanathan, 1985; Hartmann et al., 1986;
Cess and Potter, 1987; Ramanathan, 1987; Ramanathan et al., 1989; Harrison et al.,
1990; Arking, 1991). It is evident from Equation B.18 that changes in CRFLW

arise from macroscopic changes of cloud cover, the height (cloud tempera-
ture) and the emittance of the clouds. Similarly, Equation B.19 outlines that
the changes in albedo would largely influence CRFSW . However, changes in
albedo and emittance occur through bulk changes in cloud optical depth aris-
ing from changes in the clouds physical properties (particle size and shape,
water and ice contents). The net CRF is dependent on the competing effects of
the albedo (SW) and greenhouse (LW) effect.

The albedo effect of clouds cools (CRFSW ≈ 50 W m−2) the climate, whereas
the greenhouse effect heats (CRFLW ≈ 30 W m−2) the climate. Therefore, in the
current climate system, clouds exert a cooling effect on climate (CRF ≈ 20
W m−2) (Kiehl and Trenberth, 1997). This cooling effect of clouds on climate
may be enhanced or weakened in response to the changing climate, thereby
producing a radiative feedback (Stephens, 2005; Bony et al., 2006). A common
misconception is that the cooling caused by clouds moderate global warming.
However, it is the change in the net CRF due to the changing climate that
governs cloud feedback (Wielicki et al., 1995).

2.2 Types of Clouds

The Earth’s cloudiness is associated with a large spectrum of cloud types that
have different radiative properties. Understanding cloud feedbacks requires
accurate understanding of how the changing climate affects the radiative prop-
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erties of these different clouds. Simultaneous estimates of cloud distributions
and radiative fluxes include the critical role of cloud optical properties and
cloud top temperature in determining the CRF, and the connections between
the radiative effect of clouds and the mechanisms generating the clouds. Sev-
eral studies explored this idea using the International Satellite Cloud Climatol-
ogy Project (ISCCP) cloud and the Earth Radiation Budget Experiment (ERBE)
broadband energy flux datasets (Ockert-Bell and Hartmann, 1992; Hartmann et al.,
1992; Chen et al., 2000). ISCCP collects measurements of infrared and visible
radiances from the imaging radiometers and operational weather satellites,
combined with correlative surface and atmospheric dataset to produce a cli-
matology of cloud products (Schiffer and Rossow, 1983; 1985). ERBE measures
the broadband fluxes of solar and terrestrial radiation at the TOA (Barkstrom,
1984).

The classification of clouds is usually based on its visual appearance from
ground, however ISCCP introduced a cloud classification scheme based on
cloud top pressure and optical thickness shown in Figure 2.1.

Figure 2.1: ISSCP Cloud Classification. - All clouds are separated into liquid
and ice types (Rossow and Schiffer, 1999; Hahn et al., 2001).
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Ockert-Bell and Hartmann (1992) introduced a simple method correlating IS-
CCP and ERBE data to determine the contribution of different clouds to CRFLW

and CRFSW using

CRFSW,LW =
n

∑
i=1

∆FiNi (2.1)

where ∆Fi is the change in the SW or the LW TOA flux associated with overcast
cloud type, i and Ni is the fractional cloud coverage by the ith cloud category.
Hartmann et al. (1992) applied this method to determine the global effect of
cloud type on the radiation budget (shown in Table 2.1) using a simpler 5-
cloud category to the one shown in Figure 2.1.

Type 1 Type 2 Type 3 Type 4 Type 5
high,thin high,thick mid,thin mid,thick low
JJA DJF JJA DJF JJA DJF JJA DJF JJA DJF mean

N 10.2 10.0 8.5 8.8 10.7 10.7 6.5 8.2 27.2 25.9 63.3
OLR 6.5 6.3 8.4 8.8 4.8 4.9 2.4 2.4 3.5 3.5 25.8

Albedo 1.2 1.1 4.1 4.2 1.1 1.0 2.7 3.0 5.8 5.6 14.9
Net 2.4 2.3 -6.4 -7.5 1.4 0.8 -6.6 -8.5 -15.1 -18.2 -27.6

Table 2.1: Radiative effect of different clouds - Global mean values of cloud
forcing by five different cloud classes. OLR and net radiation are given in W m−2

and cloud fractional coverage and albedo are given in % (Hartmann et al., 1992).

Interestingly, clouds of different types act to warm or cool the climate de-
pending on their albedo and greenhouse effects. The largest contribution to
net forcing from lower clouds cools the climate by 16 W m−2 , however the
thin, middle, and high clouds warm the climate by ≈ 1 W m−2 and ≈ 2 W
m−2, respectively. The net effect of clouds on climate depends on the accurate
detection of different cloud types. Their radiative effect can be collectively in-
vestigated regionally and globally at different time scales to understand the
feedback of all clouds on climate. Though thicker clouds are easier to detect
using radiometric thresholds, thinner cirrus are mostly missed due to the fail-
ure of cirrus-classification algorithms. Wielicki and Parker (1992) showed that
the ISCCP algorithm overestimates cloud fraction for boundary layer cloud

14



2.3 Cirrus Clouds

by about 5%, but underestimates thin cirrus by 5-10%. Most of the errors re-
sult from the radiometric sensors used (Jin et al., 1996). Wylie and Wang (1997)
showed that this underestimate of upper level cloudiness is caused by missed
detections of very thin cirrus of low optical depths (τ < 0.3).

2.3 Cirrus Clouds

Traditionally, cirrus clouds were identified on the basis of visual observations
from the surface by observers as detached clouds in the form of white, deli-
cate filaments or white patches or narrow bands. Cirrus clouds have a fibrous
and/or a silky sheen appearance (Lynch et al., 2002). However, the percep-
tion of visibility in terms of color and contrast also depends on factors such as
viewing geometry, target illumination and the angular scattering properties of
cloud particles (Sassen et al., 1989a). Lidar studies have been used to classify
cirrus clouds based on their visible optical depths (τ). Sassen and Cho (1992)
classified cirrus clouds as subvisual (τ < 0.03), thin cirrus (0.03 < τ < 0.3) and
thick cirrus (0.3 < τ < 3). Table 2.2 describes different types of cirrus clouds
based on their visible optical depths.

Category τ Description

Subvisual < 0.03 Invisible against the blue sky
Thin 0.03-0.3 Translucent, retains a bluish color
Opaque 0.3-3.0 Usually appears white
Altostratus > 3.0 Disk of sun becomes indistinct

Table 2.2: Cirrus cloud categories - Description based on visible optical depth
(Sassen, 2002)

Manabe and Strickler (1964) were the first to confirm that cirrus clouds heat
the surface by an amount affected by their height and emissivity. This was
supported by Cox (1971). However, Stephens and Webster (1981) pointed out
that it is the thinner cirrus that produces surface heating due to its low optical
depth linked to its water and ice paths. Several other studies stressed that thin
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cirrus clouds could enhance the greenhouse effect depending on its optical
properties (Hunt, 1973; Fleming and Cox, 1974; Liou, 1974; Sinha and Shine, 1994).

2.4 Cirrus Retrievals

The growing importance of cirrus demands for observational evidence with
cirrus parametrizations in models to understand cirrus cloud feedbacks, and
the radiative effects of cirrus clouds with different optical properties. Several
techniques developed using in-situ observations, active and passive remote
sensors improved the microphysical and macrophysical understanding of cir-
rus properties and its radiative effects.

2.4.1 In-Situ Observations

The measurement of cirrus in the atmosphere using the technique of direct in-
flight samplings was undertaken by Weickmann (1945, 1947). He showed that
cirrus clouds mostly consist of columnar crystals and its dimensions vary with
its temperature, duration of supersaturation and concentration. Major differ-
ences were observed with cirrostratus and cirrocumulus clouds. Cirrostratus
clouds were concentrated with ice crystals (100-1000 L−1), and cirrocumulus
clouds with built columns had lengths 100-300 µm. The water content in cir-
rus clouds was approximated to be of the order of 0.01 g m−3. McTaggart-
Cowan et al. (1970) designed, constructed and used an ice crystal counter on
an aircraft that measured crystal concentrations of the order of 30-500 L−1 in
cirriform clouds.

Heymsfield and Knollenberg (1972) measured consistent particle size distribu-
tion in cirrus clouds using optical-array particle size spectrometers. The aver-
age ice crystal concentration in cirrus generating cells was found to be 10-25
L−1. The mean crystal length was 60-1000 µm with an ice water content of 0.15-
0.25 g m−3. The ice crystal density was of the order of 0.6-0.9 g m−3, while the
particle habits were dominated by bullet, rosette with column (75%) - plates
(25%). Ryan et al. (1972) also measured ice crystal distributions with an optical
cloud particle spectrometer mounted on an aircraft. Hobbs et al. (1975) carried
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out case studies of cirrus clouds with an airborne optical ice particle counter.
The simultaneous measurements of ice mass concentrations and ice particle
number concentrations were used to derive the mean ice particle masses. The
ice water content of 0.006-0.3 g m−3 was observed.

Consecutive aircraft microphysical measurements in ice clouds were also
undertaken by Heymsfield (1975, 1977). He reported that the predominant
ice crystal types were polycrystalline bullet rosettes, single bullets, branded
columns and plates in cirrus uncinus and cirrostratus. He also observed a
few relatively small crystals (20-50 µm) existing in cirrus clouds (Heymsfield,
1975). A few years after, Heymsfield (1977) observed stratiform ice clouds as-
sociated with vertical velocities. He produced evidence of correlations of ice
water content and mean length of the ice crystal with the temperature that
helped parametrization of cirrus in radiative transfer and numerical models.
Varley et al. (1980) reported observations of typical habit and distribution of ice
crystals found in relatively thin high clouds (≈ 8-9 km) using multiple scatter
probes. The predominant crystal form was found to be bullet rosettes, and the
ice water contents for thin cirrus and cirrostratus were 10−3 and 10−2 g m−3

respectively.
Several other in situ measurements were carried out to determine cirrus

microphysical properties (Griffith et al., 1980; Paltridge and Platt, 1981; Platt
et al., 1989). These observations of cirrus clouds helped create a general pic-
ture of the composition and structure of the cirrus clouds. Most importantly,
it showed that several types of cirrus clouds (thin cirrus, contrail cirrus, cirro-
stratus and cirrus uncinus) exist in the atmosphere. Most cirrus clouds exist at
high altitudes consisting of mostly ice particles composed of bullets, columns
and plates. The ice crystal size distribution varies greatly in different cirrus
cloud types, but the temperature of the cloud is correlated with the ice water
content for the various types of cirrus clouds.

2.4.2 Active Remote Sensing

Active sensors transmit short pulses of electromagnetic energy in the direc-
tion of interest and record the origin and strength of the backscatter received
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from objects within the system’s field of view. The utilization of lasers has
generated much interest in atmospheric soundings due to a high degree of co-
herence in an explicit polarization state, permitting measurements of multiple
parameters. Improvements in laser technology have led to the development of
lidar systems using backscattered signals from the atmosphere to identify at-
mospheric parameters by various absorption and scattering processes. Lidars
have been extensively useful for the detection of clouds, especially thin, high
clouds and nighttime clouds. Initial studies of cloud characteristics have been
reported by Collis (1965) and Plass and Kattawar (1971), and later efforts were
made to include polarized cloud characteristics by Franklin S. Harris (1969) and
Pal and Carswell (1973).

Sassen (1974) and Liou and Lahore (1974) formulated the theoretical frame-
work for the use of backscattered signals from lasers to derive cloud proper-
ties in their laboratories. They demonstrated that the non-spherical ice crystals
generate a significant component of cross polarization from a polarized beam,
whereas the spherical water droplets largely retain the polarization state of the
incident beam. These formulations led to the development of lidars in active
remote sensing of cloud layers to derive cloud properties including its phase,
shape and orientation of cloud particles. Several field experiments convinc-
ingly demonstrated the applications of ground-based lidar to discriminate ice-
water clouds (Derr et al., 1976; Pal and Carswell, 1977; Sassen, 1977; Platt et al.,
1978).

Uthe and Russell (1977) first reported the presence of cirrus clouds between
12-18 km using a ground-based lidar at Kwajalein Island (8.7◦N, 167.7◦E). Gen-
erally, cirrus clouds were found to be horizontally extensive with lifetimes of
the order of few days in almost all seasons. Spinhirne et al. (1983) demonstrated
the potential use of a space-borne lidar for the detection of thin cirrus. Struc-
tural observations of cloud tops with polarization lidar operated from a high
altitude aircraft were introduced, and the thermodynamic phase of cloud par-
ticles at the cloud top were identified from the backscatter depolarization tech-
nique. Platt et al. (1987) used a lidar and a passive radiometer (LIRAD method,
see (Platt, 1973)) to remotely sense the optical properties and gross structure of
cirrus over Darwin, Australia. Cirrus cloud depths of 1-2 km were observed at
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-65◦C with maximum depths of 2-3 km occurring between -55◦C and -70◦C.
Sassen et al. (1989b) combined lidar data with other passive sensors to in-

vestigate an ≈ 0.75 km deep cirrus cloud invisible at nadir, but visible from
the zenith direction. The optical depth threshold for visible versus subvisual
cirrus cloud was found to be ≈ 0.03. The zenith subvisual cirrus contained ice
crystals of 25 µm in diameter at a mean concentration of 25 L−1. Similarly, Nee
et al. (1998) observed subvisual cirrus (geometrical thickness 0.6 km, τ ≈0.008)
near the tropopause by using a lidar system. Also, many other lidar studies
conducted over the last two decades detected thin cirrus clouds (Sassen and
Cho, 1992; Platt et al., 1998; McFarquhar et al., 2000; Pace et al., 2003; Iwasaki et al.,
2004).

Global cirrus climatology from ground-based lidar stations is limited due to
the lack of spatial coverage. Ground-based lidar observations are also affected
by the presence of dense lower clouds (Comstock et al., 2002; Sassen et al., 2008).
The deployment of space-borne lidar has helped in understanding cirrus cloud
climatology to a greater extent. This includes the launch of CALIPSO CALIOP
payloads as part of the A-Train constellation of satellites (Stephens et al., 2002;
Winker et al., 2007). The space-borne lidar has increased global data coverage,
with improved vertical resolutions, but it lacks temporal coverage to under-
stand changes occurring in cloud properties over the past decades.

2.4.3 Passive Remote Sensing

The determination of cirrus properties on a global scale is attainable through
high precision instruments on board satellites. Satellite imagery has been used
widely to infer cloud coverage over the globe. The first images used to ob-
serve clouds from satellites date back to the 1960’s (Arking, 1964; Young, 1967).
Traditional approaches used to detect clouds from satellites include radiance
threshold, radiative transfer and statistical techniques. Generally, pixels are
firstly separated into cloudy and clear categories based on certain thresholds
determined from the appropriate algorithms, and then the observed cloudy ra-
diances are used to quantify various cloud properties by fitting it to radiative
transfer models, obtaining parametrized cloud properties. Other techniques
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involve the identification of clusters in multidimensional radiance space formed
by one or more channels. (Rossow et al., 1985; Goodman and Henderson-Sellers,
1988; Rossow, 1989). Di Girolamo (1992) reviews most of these traditional tech-
niques that mostly had problems in retrieving cirrus clouds since the thresh-
olds separating clear from cloudy often misinterpreted cirrus cloud due to its
optical thickness.

Since, July 1983 ISCCP collects infrared and visible radiances from imag-
ing radiometers carried on international constellation of weather satellites. Its
cloud detection algorithm uses radiance thresholds to screen cloudy pixels,
followed by comparison of observed radiances to those predicted by a radia-
tive transfer model to determine the infrared cloud top temperature and the
visible optical thickness (Rossow and Schiffer, 1999). However, due to errors re-
sulting from the radiometric sensors and the cloud algorithms utilized, cirrus
detection is limited to optical depths of 0.3 (0.1) over land (ocean) (Wielicki and
Parker, 1992). Furthermore, infrared techniques assume clouds as blackbodies
that introduce errors in the calculation of the brightness temperature of cirrus
clouds.

Higher cloud altitudes and amount detection improved with the develop-
ment of sounding instrument using infrared frequencies in the CO2 absorption
bands (Chahine, 1974; McCleese and Wilson, 1976). A series of global statistics
of cirrus clouds and trends was reported by Wylie et al. (1994, 1999, 2005) us-
ing multispectral High-Resolution Infrared Sounder (HIRS) data from the Na-
tional Oceanic and Atmospheric Administration (NOAA) polar-orbiting satel-
lites. They found that upper-tropospheric clouds occur mostly in the intertrop-
ical convergence zone and midlatitude storm belts, with lower concentrations
in subtropical deserts and oceanic subtropical highs. HIRS findings depicted
clear sky in 25%, opaque clouds in 32%, and semitransparent clouds in 43%
of all its observations. However, detecting cirrus clouds with lower optical
thickness also depends on the sensor scan angles. HIRS operational scanning
modes were near nadir, and viewing out to larger scan angles would have
increased cirrus sensitivity, but the corrections for the increased path length
through the atmosphere in the radiative transfer equation would have been
computationally expensive.
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Wang et al. (1996) reported a 6-year climatology of subvisual and opaque
(τ > 0.02) cloud occurrence frequencies established using observations from
SAGE II between 1985 and 1990. The SAGE II instrument is a seven-channel
radiometer that uses the solar occultation technique to provide two measure-
ments per orbit, one during spacecraft sunrise (when the satellite instrument
emerges from the dark side to the sunlit side of the orbit) and another during
sunset (when the instrument enters the dark side from the sunlit side of the
orbit). They reported subvisual clouds with 45% occurrence at an altitude of
15 km near the equator, whereas the opaque clouds had maximum occurrence
of 15% at an altitude of 13 km in the tropics. However, errors resulting from
the sampling rate, distribution dictated by solar occultation technique, and the
sampling volume (spatial coverage) of the instrument biased the derived cloud
frequency.

Passive remote sensing of optically thin cirrus (τ < 0.3, see (Lee et al., 2009))
was improved by using a 1.38 µm reflectance from MODIS instrument (Gao
and Kaufman, 2002; Meyer et al., 2004), but errors of ≈ 40% persist in the re-
trieval of optical depth using this technique (Dessler and Yang, 2003; Meyer and
Platnick, 2010). MODIS also uses multiple channels near the 15 µm CO2 ab-
sorption band to deduce cloud top pressure using the CO2-slicing technique
(Menzel et al., 1983). MODIS has spectral coverage combined with spatial reso-
lution in key atmospheric bands, which was not available on previous imagers
and sounders, but errors propagate into cloud top pressure estimates due to an
atmosphere prone to temperature inversions (Menzel et al., 2008). To improve
cirrus detection, especially at a higher resolution over lower level clouds, fog
and clear sky, the spectral and angular information of radiance emerging from
the scene were combined to produce BDAS. This technique from MISR de-
tected thin cirrus to an optical depth of 0.5, missing thinner cirrus below this
optical threshold (Di Girolamo and Davies, 1994).

2.5 Cirrus Formation

The general mechanisms for cirrus cloud formation (shown in Table 2.3) have
been discussed by Sassen (2002).
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Category Mechanism

Synoptic (jet stream, frontal) Top-down generation
Injection cirrus Thunderstorm Anvil
Mountain-wave updraft Orographic, terrain-induced
Cold trap Tropopause-topped thin layer

Contrail Cirrus
Rapid cooling of aircraft ex-
hausts

Table 2.3: Cirrus cloud generating mechanisms - Breakdown of cirrus clouds by
their generating mechanism (Sassen, 2002)

These mechanisms are modulated by regional weather patterns and are
highly responsible for the distribution of cirrus across the globe. Briefly de-
scribed here, one of the most common mechanisms that aid in cirrus forma-
tion includes connection with jet streams, frontal and low pressure systems.
Such synoptic patterns are common in midlatitudes, both over land and ocean.
They tend to form from cloud top ice nucleation via homogeneous nucleation
of haze particles (Starr and Cox, 1985).

On the other hand, injection cirrus formation are initiated by strong up-
drafts in deep convective clouds from the water vapour and cloud nuclei de-
rived from near Earth’s surface. Convective clouds are common in regions
such as Intertropical Convergence Zone (ITCZ) and South Pacific Convergence
Zone (SPCZ). Deep convective activity generates a large amount of spreading
anvils associated with long-lived cirrus with additional cirrus maintenance
common in the tropics (Mace et al., 2006). Another category of cirrus known
as Mountain wave cirrus includes the orographic and terrain induced cirrus
over land in local updrafts (Jin et al., 1996).

Recently, cold trap cirrus clouds have been recognized that are optically
thin or subvisual. These cloud layers occurs primarily in the tropics at high
altitudes with the coldest tropospheric temperatures. They have extended life-
times with connections to thunderstorm activity and long lived maintenance
processes in the tropics. Finally, contrail cirrus clouds are found in paths of air
traffic. The exhausts from jet air traffic are primarily responsible for its forma-

22



2.6 Cirrus Distribution and Radiative Effects

tion in the upper troposphere (Schumann, 1996).

2.6 Cirrus Distribution and Radiative Effects

In the past several studies have been conducted to understand cirrus clima-
tology based on in-situ, active and passive remote sensing observations. Prab-
hakara et al. (1988) observed thin cirrus over ocean using high resolution In-
frared Interferometer Spectrometer (IRIS) aboard the Nimbus-4 satellite. Thin
cirrus were more frequent in convectively active regions such as the ITCZ,
SPCZ and the Bay of Bengal. Several other detailed and systematic campaigns
added vital information on cirrus cloud properties: First ISCCP Regional Ex-
periment (FIRE, (Cox et al., 1987)), the International Cirrus Experiment (ICE,
(Raschke et al., 1990)), the Experimental Cloud Lidar Pilot Study (ECLIPS, (Platt
et al., 1994)) and the Subsonic Aircraft: Contrail and Cloud Effects Special
Study (SUCCESS, (Toon and Miake-Lye, 1998)).

A number of studies revealed the occurrence and radiative effects of cirrus
clouds, especially in the tropics. McFarquhar et al. (2000) found a spatially thin
layer of cirrus with both base and top above 15 km, geometrical thickness <

2 km, infrared heating of 2.2 W m−2, occurring 29% of the time in the central
tropics. Comstock et al. (2002) combined ground-based active and passive re-
mote sensors to investigate tropical cirrus cloud properties over Nauru Island.
They detected clouds with base > 7 km in 44% of their observations during
the 8 month period between April and November 1999. They also computed
that cirrus clouds become radiatively significant (cloud forcing > 10 W m−2)
when τ exceeds 0.06.

Sassen et al. (2008) used one year of combined CloudSat and CALIPSO
cloud boundary data product to study cirrus clouds. They reported a global
average frequency of cirrus cloud occurrence of 16.7% with maximum cirrus
cloud coverage of 60% occurring in the tropical belt at relatively high altitudes.
Nazaryan et al. (2008) also reported up to 70% occurrence of top-layer cirrus
near the tropics with≈ 11% of cirrus top-altitude at 16 km using CALIOP data
from June 2006 to June 2007. Haladay and Stephens (2009) used CloudSat radar
and CALIPSO lidar to extensively study cirrus in the tropics between 20◦N
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and 20◦S. They reported thin (0.02 < τ < 0.3), high (> 10 km) cirrus clouds
with coverage 30%. They estimated the ice water path of cirrus to be between
0.5 and 4 g m−2 and its influence on instantaneous outgoing longwave flux of
20 W m−2.

2.7 Cloud-Climate Problem

The cloud-climate problem deals with couplings that occur through the rela-
tionships of the vertical distribution of clouds and their impact on the atmo-
spheric circulation through effects of clouds on heating and moistening of the
atmosphere, and heating of the surface. In simpler terms, the argument poses
two major questions based on clouds and radiative heating:

• Given clouds, what is the radiative heating?

• Given heating, what of clouds?

These questions relate to cloud feedback in the climate system. Cloud feed-
back is the coupling between cloudiness and surface air temperature in which
a change in radiative forcing perturbs the surface air temperature, leading to
a change in clouds, which could then amplify or diminish the initial tempera-
ture perturbation. Cloud feedbacks remain the largest source of uncertainty in
estimating climate sensitivity due to poor representation of clouds that often
produce inter-model differences (Stephens, 2005; Bony et al., 2006).

Cirrus clouds complicate the cloud-climate problem through the mecha-
nisms that produce widespread cirrus clouds depending on the amount and
distribution of water vapour. Furthermore, the redistribution of the radiative
heating within the atmospheric column due to cirrus formation also is of prime
importance in understanding the cirrus cloud-climate problem. Understand-
ing these interactions through observations would greatly enhance our under-
standing of the cirrus cloud-climate problem.
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Chapter 3

Instrument and Theoretical Basis

3.1 Value of Multiangle Measurements

Multiangle measurements bridge surface and atmospheric three-dimensional
physical structure, the anisotropy of radiant energy, and hemispherically inte-
grated radiative flux. The cohesion between internal physical properties and
the external radiation anisotropy is vital for obtaining self-consistent models of
Earth system processes to predict the Earth’s response to future perturbations.
Diner et al. (2005) categorized the interpretation of multiangle information into
two main strategies: radiometric and geometric. The radiometric interpre-
tation refers to changes in radiance-related quantities (brightness, color and
contrast) as a function of view angle, captured at optical wavelengths that in-
fluence density, composition and geometric structure of the reflecting medium.
The geometric interpretation involves real or apparent differences in the loca-
tion or shape of observed objects, resulting from changes in perspective of 3-D
structure, stereoscopic parallax or the actual motion of the target during the
time interval between multiple views.

Stereographic observations of the atmosphere have a long history, espe-
cially photogrammetry of clouds from multiple ground-based cameras or se-
quences of aerial photographs taken at different times. Schereschewsky (1921)
was one of the first people to use aerial stereography using side-looking cam-
eras. These types of stereo data have been used widely to describe clouds

25



3. INSTRUMENT AND THEORETICAL BASIS

(Kassander Jr and Sims, 1957; Malkus and Riehl, 1964; Warner et al., 1979, 1980).
Roach (1967) made stereographic observations from an aircraft flying at an

altitude of 20 km that led to the development of stereographic observations of
clouds from early meteorological satellites equipped with vidicon tube cam-
eras (Ondrejka and Conover, 1966; Kikuchi and Kasai, 1968). The feasibility of
making cloud height measurements was explored with data taken from Apollo
6 (Whitehead et al., 1969; Shenk and Holub, 1971). Shenk et al. (1975) studied cloud
structure associated with a strong cold front and Black (1977) reported on stereo
observations of hurricanes, making stereography from low-orbiting satellites
possible.

Further development of the stereo concept was made possible with the op-
eration of geosynchronous satellites (Minzner et al., 1976, 1978; Chong and Toh,
1992; Campbell and Holmlund, 2004; Seiz et al., 2007), and an interactive par-
allax measuring technique and height calculation algorithm was fully devel-
oped and applied by Hasler et al., (1979,1991) and Wylie et al. (1998). Stereo
measurements of CTH’s are independent of cloud emissivity, ambient temper-
ature and lapse rate information. Its only dependence on geometric relation-
ships of observations of visible clouds paved way for new satellite instruments
(Along-Track Scanning Radiometer (ATSR) and MISR) to be developed that
use stereophotogrammetry for CTH retrieval (Shin and Pollard, 1996; Prata and
Turner, 1997; Zong et al., 2002; Muller et al., 2007).

The basic stereo technique is sketched in Figure 3.1 for satellites viewing
clouds at different times t0 and t1. A static cloud feature above the Earth el-
lipsoid surface causes an image disparity AB due to conjugate image features
A and B of the cloud projected onto the ellipsoid surface. The cloud height
h relative to the Earth reference ellipsoid is the intersection of conjugate look
rays −→a and

−→
b .

In the case at time t1, the cloud moves with velocity −→vc , the disparity AC is
caused by the combined effect of CTH and the advection. Direct intersection
of look rays −→a and −→c would result in a biased height h′, compared to the true
height, h. To reduce errors in height due to cloud motion, the time interval
between the successive images is minimised to be within few seconds of the
flight time. However, for geostationary satellites the bias in height parallax
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flight path

surface

h

t0 t1

!"a !"
b

!"c

!"vc

ABC

h!

Figure 3.1: Outline of the basic stereo technique - Cloud disparity observed with
different view angles. Here h is the true cloud height and h′ is the biased cloud
height; t0, and t1 are the imaging times; −→a ,

−→
b , and −→c are the projecting look

vectors; and A, B, and C are the corresponding image locations of the cloud.

due to cloud motion becomes negligible because of the large distance between
the cloud and the satellite.

Many new and important applications in the study of Earth’s land, ocean
and atmosphere with multiangle remote sensing had been identified more
than a decade ago (Liang et al., 2000). Several instruments have been specif-
ically designed for multiangle observations at visible and shortwave infrared
wavelengths. Instruments that acquire multiangle data include ATSR and its
successors (Koelemeijer et al., 1998; Stricker et al., 1995), Polarization and Direc-
tionality of the Earth’s Reflectances (POLDER)-1 and its successors (Deschamps
et al., 1994; Hautecœur and Leroy, 1998) and MISR (Diner et al., 1998).

3.2 The Multiangle Imaging SpectroRadiometer

The MISR instrument was designed to improve the understanding of the Earth’s
ecology, environment and climate. The illumination source for MISR imagery
is reflected sunlight. The scattering of sunlight in different directions deter-
mines how changes in the amounts, types, and distribution of clouds, airborne
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particulate, and surface cover affect the climate. It images the Earth in nine dif-
ferent view directions to infer the angular variation of reflected sunlight and
the physical characteristics of the observed scenes.

The MISR is onboard The National Aeronautics and Space Administration
(NASA)’s Terra satellite. Terra is one of the first Earth Observing System (EOS)
spacecraft, launched on December 1999, orbiting at a mean altitude of 705 km
with an equatorial crossing time of about 10:30 am. A MISR “orbit” is a Pole-
to-Pole swath of daylight data that is further divided into 180 “blocks”, where
a block is approximately 140.8 km in the along-track direction. It has an orbit
repeat cycle of 16 days and views the entire Earth’s surface with a period of
9 days at the equator and 2 days at the poles, obtaining a 360 km-wide swath
of imagery. The nine pushbroom cameras take images in four narrow spec-
tral bands (443, 555, 670 and 865 nm), of which the 670 nm band available
at a resolution of 275 m is used for all cameras. These cameras view a scene
from nine different angles, namely 70.5◦, 60.0◦, 45.6◦, 26.1◦ forward, nadir, and
26.1◦, 45.6◦, 60.0◦ and 70.5◦ aft (also denoted as Df, Cf, Bf, Af, An, Aa, Ba, Ca,
Da, respectively). Adjacent cameras have a time delay of 45-60 s, with a to-
tal acquisition time between Da and Df images of about 7 minutes. The 98.2◦

inclination of the orbit allows the imaging to extend to 82◦ latitude. The along-
track Instrument Field Of View (IFOV) and sample spacing of each pixel is 275
m for all of the off-nadir cameras and 250 m for the nadir camera. Along-track
IFOV’s depend on view zenith angle, ranging from 214 m in the nadir to 707
m at the most oblique angle.

The radiometers are calibrated by means of an On Board Calibrator (OBC).
This works by measuring the response of reflected solar radiation from the
cameras. The absolute error in radiance is estimated to be ±10% over dark
ocean scenes and ±4% for brighter targets. The relative camera and band un-
certainties are estimated to be ±1% (Bruegge et al., 2007). Further description
of MISR instrument can be found in Diner et al. (1998). MISR data are pro-
cessed at the NASA Langley Distributed Active Archive Center (DAAC). The
data signal from MISR is first converted into radiance and then geometrically
registered through Level 1 processing. Subsequently, Level 2 data processing
extracts parameters about the Earth’s surface, aerosols and clouds.
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3.2 The Multiangle Imaging SpectroRadiometer

More than 12 years of MISR data provide unprecedented opportunities for
characterizing long-term trends in aerosol, cloud, and surface properties. Prior
to the Terra launch, no instrument has flown in space that combines MISR’s at-
tributes. Moreover, there is currently no similar instrument in space available
capable of multiangle imaging at moderately high spatial resolution with near-
simultaneous temporal sampling, and with stable and accurate OBC suitable
for climate-quality science with global coverage (Diner et al., 2010).

Clouds play a vital role in maintaining the Earth’s energy balance. Many
theoretical studies have established the inadequacies of plane-parallel repre-
sentations of cloud fields in climate models since diffusion of radiation through
the cloud sides and side illumination causes the directional reflectances of cu-
muli form cloud fields to differ markedly from those of stratiform fields (Diner
et al., 1998). The impact of clouds on the energy balance requires accurate un-
derstanding of the radiation budgets as a function of scene type. The reflected
solar fluxes cannot be directly measured on a regional scale from satellite al-
titudes, therefore radiances from the same scene, measured more or less coin-
cidentally at several different angles must be observed and then integrated to
yield the flux. The bidirectional radiance of clear and cloudy regions obtained
by MISR is used to develop anisotropic reflectance models classified by cloud
type. This determines the spatial and temporal variability of cloud albedo,
and validates coarse spatial resolution angular reflectance models generated
by other instruments. The stereo matching of multi-angle images is used to
estimate cloud elevations and movement.

3.2.1 MISR Standard-Stereo Technique

MISR also retrieves height by using the parallax effect as shown in Figure 3.2
where h is the cloud height; R is Earth’s radius; t1 and t2 are the imaging times;
θ1 and θ2 are the camera view angles; δ1 and δ2 are the angles between the ini-
tial radial lines to surface locations x1 and x2; and γ1 and γ2 are the angles
between the initial radial lines to the cloud and the corresponding surface lo-
cations x1 and x2. Due to the large change in viewing zenith angle from one
camera to another, the stereo effect and the correlation between cloud motion
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Figure 3.2: Geometry of a cloud observed by MISR’s stereo technique - (Horváth
and Davies, 2001)

and height are much stronger in the along-track than in the cross-track direc-
tion. For simplicity, the Earth’s rotation is excluded, the orbit of the satellite is
assumed to be circular, and the Earth is taken to be purely spherical in nature.

For a simple illustration, the cloud motion and the camera look vectors
are assumed to lie in the along-track plane. The actual algorithms employed,
described in Diner et al. (2000), take into account the cross-track component
of both the camera look vectors and the cloud motion. Assuming that the
vertical cloud motion can be ignored due to short viewing time of 7 minutes
for all the cameras and the horizontal cloud motion vc remains constant within
this period, the distance÷BD travelled by the cloud in the time interval t2 − t1

would be

÷BD = öAE−÷AC +öBC−÷DE (3.1)

= (R + h)δ2 − (R + h)δ1 + (R + h)γ2 − (R + h)γ1 (3.2)

Using Eq 3.2,÷BD is further simplified to yield

vc(t2 − t1) = (R + h)(δ2 − δ1)− (R + h)(γ2 − γ1) (3.3)

Since h� R, (h is typically < 20 km), therefore Eq 3.3 can be expressed as

vc(t2 − t1) ≈ (x2 − x1) + h(tanθ1 − tanθ2) (3.4)
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In Eq 3.4, the camera view angles, imaging times and surface locations are
known leaving only two unknown quantities, vc and h. To determine the cloud
velocity and height at least three images (or two stereo image pairs) with dif-
ferent view zenith angles are required for the separation of cloud motion and
height. Eq 3.4 can be generalised for a triplet of cameras as

xj − xj−1 = vc(tj − tj−1)− h(tanθj−1 − tanθj) (3.5)

xj+1 − xj = vc(tj+1 − tj)− h(tanθj − tanθj+1) (3.6)

This non-homogeneous linear system can only be solved if its determinant

detA = (tj+1 − tj)(tanθj−1 − tanθj)− (tj − tj−1)(tanθj − tanθj+1) (3.7)

is non zero. If detA is equal to zero, then the above linear equations are depen-
dent on each other, and the cloud motion and height are inseparable. Thus, Df-
An-Da, Cf-An-Ca, Bf-An-Ba, and Af-An-Aa are unsuitable for wind retrieval
because the oblique camera pairs are symmetrical to the nadir view.

From a numerical perspective, the determinant can only be calculated with
an error, and thus a small theoretical value may result in a numerical singu-
larity. Therefore, the best way to avoid a singularity is choosing the camera
combination with the largest possible absolute determinant value. For better
stereo matching, the first choice for wind retrieval is the Df-Bf-An triplet and
its aft pair Da-Ba-An triplet (Horváth and Davies, 2001).

3.2.2 Calculation of Cloud Motion and Height

Once the timing of the images and the camera selection is made, other factors
such as the look-vectors, the rotation of the Earth, the non-sphericity of the
reference surface, and the proper orbital characteristics all can be taken into
account using a 3D ray intersection model shown in Figure 3.3. However, ver-
tical motion is still neglected and horizontal cloud motion is assumed to be
constant over a mesoscale domain of 70.4 km.

Consider a cloud moving at a constant horizontal speed ~vc, at a constant
altitude h above the surface ellipsoid (see figure 3.3). A cloud feature is im-
aged at times t1, t2, and t3, when its locations are Q1, Q2, and Q3, respectively.
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Figure 3.3: Outline of 3D intersection. - Horváth and Davies (2001)

The cloud is projected to surface points P1, P2, and P3. The unit vectors of the
projecting look rays are

→
a ,
→
b , and

→
c , respectively, and λ1, λ2, and λ3 are the

corresponding scale factors of the look rays intersecting the cloud. Then, the
cloud motion vector, the conjugate look rays, and the surface disparities form
a closed loop described by

−−→
P1P3 =

−−→
Q1P3 −

−−→
Q1P1

=
−−−→
Q1Q3 + λ3

−→c − λ1
−→a

= −→vc (t3 − t1) + λ3
−→c − λ1

−→a (3.8)

−−→
P2P3 =

−−→
Q2P3 −

−−→
Q2P2

=
−−−→
Q2Q3 + λ3

−→c − λ2
−→
b

= −→vc (t3 − t2) + λ3
−→c − λ2

−→
b (3.9)

Now, using vcz = 0 (assuming no vertical velocity) and substituting P1 =
(x1, y1, z1), P2 = (x2, y2, z2), P3 = (x3, y3, z3), −→a = (ax, ay, az),

−→
b = (bx, by, bz),

−→c = (cx, cy, cz) and vc = (vcx, vcy, vcz) yields

vcx(t3 − t1) + λ3

(
cx − cz

ax

az

)
= (x3 − x1)−

ax

az
(z3 − z1) (3.10)
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vcx(t3 − t2) + λ3

(
cx − cz

bx

bz

)
= (x3 − x2)−

bx

bz
(z3 − z2) (3.11)

vcy(t3 − t1) + λ3

(
cy − cz

ay

az

)
= (y3 − y1)−

ay

az
(z3 − z1) (3.12)

vcy(t3 − t2) + λ3

(
cy − cz

by

bz

)
= (y3 − y2)−

by

bz
(z3 − z2) (3.13)

Since there are three unknowns, λ3, vcx, vcy and four equations, the problem
is over determined. This arises because, under the condition of zero vertical
wind, separation of cloud motion and height in the along-track direction re-
quires three conjugate image locations of the same cloud feature. While in the
cross-track direction, cloud motion could be calculated by matching only two
images since cloud motion and height are independent due to small stereo ef-
fect. This provides an extra equation for the calculation of the cross-track cloud
motion resulting in four equations. These over-determined equations are then
solved by using the least-squares method (Press et al., 1992).

The height of the cloud is determined from the z component of the look ray
connecting the cloud location Q3 and the surface point P3 as

h = λ3cz (3.14)

and the local north-south and east-west wind components refer to vcx, vcy that
are derived from the above calculations.

3.2.3 Algorithm Summary

The same cloud features appear at two apparently different positions when
viewed from two different views if the images are registered to the surface. The
parallax (apparent change in position) is then converted into height relative
to the surface (Horváth and Davies, 2001). MISR CTH retrieval involves the

33



3. INSTRUMENT AND THEORETICAL BASIS

retrieval of wind vectors at a coarser resolution followed by height retrieval
at a higher resolution using a stereo matching technique described in detail
by Muller et al. (2002) and Moroney et al. (2002). Briefly described here, using
a 70.4 km x 70.4 km search grid on the images, the height and velocity of the
most distinctive cloud features are derived using three forward or aft viewing
cameras using an efficient feature-based matcher, named the Nested Maxima
(NM). The NM finds the local maxima in the signal and then within the string
of numbers, building up a hierarchy of the brightest spots within the scene
for both the target and search window. Finally, the best match is determined
when each maxima (bright spot) within the target window is matched with
candidate points within the search window.

Running a second set of stereo matchers Multipoint Matcher Using Means
(M2) with the nadir (An) and the near-nadir camera pairs (Af,Aa) yields the
stereo height product. M2 area-based matcher uses a metric computed by tak-
ing all image values within a patch, subtracting the mean value within the
patch from each pixel, and then normalizing by the difference between the
maximum and minimum values. The difference of this metric from the target
and matching patch is then averaged over the patch area and normalized by an
uncertainty estimate, and finally tested against a threshold. The stereo match-
ers will fail if the areas to be matched are featureless. For a valid stereo match,
sufficient contrast is vital for retrieval of cloud motion and height. A quality
threshold (qthresh) is derived in Diner et al. (2000) that is set above noise levels
(qnoise ∼ 1). The qthresh is set to 5. To determine sufficient contrast is available
in the images for stereo matching to progress, the quality indicators (q) should
be larger than qthresh.

MISR red band data at a resolution of 275 m are used for stereo matching,
but the stereo height product sampling is reduced to 1.1 km for faster process-
ing. The image disparities are converted to height by first assuming no cloud
motion (stereo height without wind) and then by accounting for winds de-
duced from the existing 70.4 km domain cloud motion vector (Diner et al., 1998;
Marchand et al., 2007). A summary of MISR standard algorithm is described in
Appendix C. The available data processed from standard MISR algorithm are
shown in Table 3.1.
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Product Description

Ancillary
Static Ancillary Products including Aerosol Climatol-
ogy, Geographic, Radiometric, Cloud Screening and
Surface Classification

Level 1
Georectified Radiances, Browse, and Geometric Prod-
ucts

Level 2
Aerosol, Land/Surface, Cloud Mask, and TOA Cloud
Stereo, Albedo and Classifier Products

Level 3

Globally gridded statistical summaries (daily,
monthly, quarterly, and yearly) of select Level 1
and Level 2 Radiances, Aerosol, Land/Surface, and
TOA Albedo parameters

Table 3.1: Standard MISR Data Products
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Chapter 4

Nature of the Problem

4.1 Introduction

Despite multiple techniques available on various satellites, cirrus detection has
been a centre of attention for decades due to differences and uncertainties as-
sociated with individual retrieving methods. Complete cirrus climatology and
the fluctuations in cirrus anomalies are vital to understand the cirrus cloud-
climate problem, and the impact of cirrus clouds on the global radiative bal-
ance. The uniqueness of MISR instrument and its multiple strengths provided
the needed motivation (Section 1.2) to explore its capabilities for cirrus detec-
tion.

Several studies conducted with standard MISR datasets commented on the
instruments weakness in detecting cirrus (Zhao and Di Girolamo, 2004; Mueller
et al., 2008; Wu et al., 2009), especially thinner cirrus overlying thicker cirrus
(Prasad and Davies, 2012). The problem was critically identified upon exploring
MISR’s standard Level 2 dataset. The identification of the problem involved
case studies of special scenes of interest, especially over clear ocean.

4.2 Problem Identification

Selected scenes using the Level 1 (MI1B2E) Georectified Radiance Product (GRP)
were used to animate scenes to visualize the movement of thin cirrus using the
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nine cameras. The GRP consists of geometric corrections of radiance data pro-
jected to a Space-Oblique Mercator (SOM) map grid. The spatial resolution
available for most cameras is 1.1 km, except nadir (275 m). The red band data
are available at a resolution of 275 m for all cameras. The sensitivity of thin
cirrus increased with oblique cameras as shown in Figure 4.1.

Figure 4.1: Cirrus clouds over Fiji Islands - Clouds seen over Fiji Islands on 13th

February 2001 by MISR cameras Da, An and Df with color composites formed
from MISR red, green and blue wavelength observations.

Evidently, the oblique cameras capture thinner cirrus with higher contrast
compared to the nadir cameras due to the differences in path length along its
line of sight. At nadir, thin cirrus appear invisible especially with brighter
clouds underneath. Over clear ocean, MISR misses thin cirrus at nadir, but it
appears with sufficient contrast in the oblique cameras. MISR’s standard CTH
technique is dependent on stereo matching (Section 3.2.3). Therefore, sufficient
contrast in the stereo images is a preliminary condition for CTH retrieval.

4.3 Stereo versus Classifier

The MISR Level 2 data includes the TOA Cloud Stereo (MIL2TCST) and Classi-
fier (MIL2TCCL) products (MISR homepage, 2012). The MIL2TCST datafile con-
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sists of a Stereoscopically-Derived Cloud Mask (SDCM) and CTH on a 1.1 km
grid, Reflecting Level Reference Altitude (RLRA) on a 2.2 km grid and other
stereo derived parameters, whereas the MIL2TCCL datafile includes altitude-
binned cloud classifications and angular cloud fractions at various resolutions.
MISR’s cloud classification (Section C.3) ability is shown in Figure 4.2.

Figure 4.2: MISR cloud mask - (a) Clouds seen at nadir on 27th March 2001 by
MISR with color composites formed from MISR red, green and blue wavelength
observations; (b) The same scene with MISR cloud classification
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4. NATURE OF THE PROBLEM

Although, MISR’s standard CTH technique missed thin cirrus due to its
nadir approach, the cloud classification scheme used by MISR identified such
regions to be cloudy as illustrated in Figure 4.3.

Figure 4.3: MISR stereo height retrieval and classification - (a) Comparison of
MISR cloud stereo height and mask; (b) Possible cirrus locations (2.2 km x 2.2 km)
overlaid on MISR nadir image from 27th March 2001.

The parameters compared were the stereoscopic height calculated with-
out a wind correction (“StereoHeight WithoutWinds”) and a consensus cloud
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mask calculated using SDCM, Radiometric Camera-By-Camera Cloud Mask
(RCCM) and the Angular Signature Cloud Mask (ASCM) (“ConsensusCloud-
MaskFineResolution”). The stereo dataset was mapped onto the classifier dataset
on a 2.2 km x 2.2 km grid for comparisons of cloud height and mask. All the
grids were binned into various groups, namely NHNC (no height retrieved
and not classified), NHOC (no height retrieved, but classified as overcast),
NHCDY (no height retrieved, but classified as cloudy), NHCLR (no height
retrieved, but classified as clear) and ALLHR (all height retrieved). Table 4.1
summarizes the coverage of these groups for the scene, excluding the dark
area shown in Figure 4.2 (b).

Class Coverage (%)

NHNC 62
NHOC 0.5

NHCDY 2
NHCLR 19
ALLHR 16.5

Table 4.1: Cloud coverage after classification

A high percentage of the scene includes failures of both the stereo and the
classification scheme. These scenes may include thin cirrus clouds extending
across the whole scene. A notable amount of clouds were classified, but no
heights were retrieved. These could be mostly cirrus. The differences in the
cloud classification and stereo height retrieval could possibly be used to infer
cirrus clouds.

4.4 Summary

Individual case studies, animation of multiangle views and the contradiction
between the stereo and classifier data products ensured the problem of missed
cirrus with MISR’s standard approach can be identified. Clearly, the stan-
dard stereo technique for detection of thin, high cirrus failed. This showed
the weakness in the standard stereo technique, especially for detection of thin,
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high clouds. Also, several case studies showed that MISR’s ability to detect
thin cirrus should increase with oblique cameras due to the increased path
length with the oblique views. Moreover, the ability of MISR’s cloud classi-
fication scheme to mask clouds with non-height retrievals reflected the influ-
ence of the oblique cameras in determining the RCCM. Enhancement of the
standard-stereo algorithm with the use of oblique cameras would improve the
detection of thin cirrus clouds.
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Chapter 5

The Oblique-Stereo Technique

5.1 Introduction

The oblique cameras on MISR could distinguish thinner cloud features when
compared to the standard stereo technique due to an increased slant path,
greater reflectivity and enhanced spatial contrast in the images (Zhao and Di Giro-
lamo, 2004). Recently, Mueller et al. (2008) used the MISR oblique cameras to
detect high polar stratospheric cloud heights that agreed to within 0.35 km
when compared to the satellite-borne lidar. This alternate approach enhanced
height resolution and precision and also reduced errors in heights due to cloud
advection.

Similarly, the oblique cameras could be used to detect thin cirrus, espe-
cially over clear ocean in the tropics. However, MISR includes forward and
aft oblique cameras that have different sensitivity to the derived cloud masks.
Zhao and Di Girolamo (2004) reported a strong asymmetry between forward and
aft cameras due to large radiative and spatial contrasts between the two direc-
tions. Large radiative contrasts may exist because clouds tends to scatter more
solar radiation in the forward than backward direction, whereas the spatial
contrasts exist due to more cloud shadows appearing from forward viewing
cameras as compared to the backward viewing cameras.

Therefore, to explore MISR’s ability to detect thin cirrus, the oblique cam-
eras were used to retrieve cirrus CTH. The standard MISR stereo matching
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5. THE OBLIQUE-STEREO TECHNIQUE

technique using the nadir and near nadir pairs is responsible for mismatches
due to low contrasts for thinner cirrus clouds. The operational stereo codes
had to be rerun with the oblique camera measurements as inputs to the stan-
dard stereo algorithm to produce a new oblique analysed stereo product.

5.2 Data

In this study, the standard MISR Level 2 TOA Cloud Stereo-MIL2TCST (ver-
sion F08 0017) product with 1.1 km resolution was compared to the oblique
analysed stereo product with the same resolution (MISR homepage, 2012). The
CTH retrieved using the oblique stereo technique involved a similar approach
as described by Muller et al. (2002) and Moroney et al. (2002). The only dif-
ference was the oblique cameras used as reference for stereo matching. These
special data products were specifically ordered to determine MISR’s capability
in detecting cirrus clouds using the oblique camera analysis.

However, oblique analysed stereo products are geo-registered with respect
to the oblique camera. Moreover, the time difference between alternate cam-
eras allows more time for cloud movement due to winds. The “PrelimFRStereo-
Height WithoutWinds” product is used instead of the “StereoHeight BestWin-
ds” because the sampling of the joint retrieval is poor and it is selective to cer-
tain type of clouds. The preliminary feature-referenced stereo height without
winds product were the stereoscopic derived heights before being corrected
for winds with no inputs from the cloud masks derived from different cam-
eras. Furthermore, the National Centers For Environmental Prediction (NCEP)
reanalysis 1 dataset (NCEP homepage, 2012), u and v components of winds al-
lowed for corrections to stereo retrievals due to cloud motion.

Comparisons of retrieved cirrus were made with 1 km cloud mask and cir-
rus reflectance from Terra MODIS cloud product (MOD06) (MODIS homepage,
2012). Gao and Kaufman (2002) showed the apparent reflectance of the 1.38 µm
channel was the bidirectional reflectance attenuated by the absorption of wa-
ter vapor above cirrus clouds. A practical algorithm based on the scatterplot
of 1.38 µm versus 0.66 µm channel apparent reflectance has been used to scale
the effect of water vapor absorption so that the true cirrus reflectance in the
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visible spectral region can be obtained. The MODIS cirrus reflectance does not
produce CTH, but the coverage of pixels with cirrus is useful in comparing
cirrus masks obtained from other instruments.

5.3 Formulation

Following Equation 3.4, if there is no cloud motion (vc=0), then this equation
reduces to

x1 − x2 = hww(tanθ1 − tanθ2) (5.1)

In the above equation, hww was taken to be “PrelimFRStereoHeight WithoutWinds”.
Then, the height corrected for winds, hbw is computed as

hbw =
vc(t2 − t1)

tanθ1 − tanθ2
+ hww (5.2)

To correct for errors in height retrieved due to cloud motion between ad-
jacent oblique cameras, the along-track component of NCEP wind is utilized
depending on the location and height of the cloud. To improve consistency
of winds with location, the NCEP winds were averaged over the whole MISR
block.

The location of the cloud with respect to the nadir camera is calculated after
corrections for height retrieved from the oblique analysis technique. Mapping
the location of the oblique stereo heights onto the nadir camera requires correc-
tions for along-track parallax that adds to the cloud motion due to winds in the
along-track direction. The across-track parallax was negligible, but cloud mo-
tion in the across-track direction was accounted for in calculating the location
of clouds projected at nadir. The relevant NCEP wind vectors (block averaged)
were chosen according to the height of clouds. All heights above 10 km were
sensitive to oblique analysis. The oblique analysis technique is heavily depen-
dent on the position of radiance pattern and the metric thresholds used by the
stereo-matching algorithm. The retrieved height of clouds that are above 10
km mostly include visible thin cirrus that appeared with higher contrast in the
oblique cameras.

45



5. THE OBLIQUE-STEREO TECHNIQUE

5.4 Oblique Camera Selection

To determine the best oblique camera pairs for detection of thin, high clouds
from MISR, 7 orbits were investigated with camera pairs Ba-Da, Bf-Df, Ca-Da,
Cf-Df. The occurrence of CTH above 10 km using these oblique camera pairs
is shown in Figure 5.1 after corrections for winds and parallax.
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Figure 5.1: Height distribution from different oblique pairs - Occurrence of
CTH above 10 km for 7 MISR orbits.

The Ba-Da and Bf-Df cameras showed high occurrence of CTH above 15
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5.4 Oblique Camera Selection

km when compared to Ca-Da and Cf-Df. This was expected due to blunders
caused from the edge of clouds and shadows due to an angular separation
of ≈ 25◦ between these camera pairs. Thus, these cameras introduced higher
parallax and effect of winds on the derived CTH. On the other hand, the Cf-Df
and Ca-Da camera pairs for oblique stereo retrieval minimised such blunders
and at the same time detected clouds with much higher contrasts. There were
differences amongst the Ca-Da and Cf-Df camera retrievals due to cameras
sensitivity to forward and backward scattering (Zhao and Di Girolamo, 2004).
The above differences are shown in a case study over tropical clear ocean as
seen by MISR in Figure 5.2 with corresponding oblique cameras Ba-Da, Bf-Df
and Ca-Da, Cf-Df retrievals illustrated in Figure 5.3 and Figure 5.4 respectively.

Figure 5.2: Nadir and near-nadir camera retrievals - Locations of CTH (above
15 km in green, within 10-15 km in red) detected with standard stereo technique
overlaid on clouds seen in MISR block 73, Orbit 7187 from nadir (An) camera with
color composites formed from MISR red, green and blue wavelength observations.

The standard stereo nadir retrievals have blunders introduced from sunglint
that appear brightly in the nadir images as seen in Figure 5.2, retrieving heights
that are not representative of actual high clouds. These blunders are largely
minimised with the oblique stereo technique. A closer look at the region of
interest is shown in Figure 5.5 with Ca-Da camera processing after correction
for parallax and winds. It detected higher coverage of CTH’s above 10 km in
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5. THE OBLIQUE-STEREO TECHNIQUE

Figure 5.3: B-D oblique camera retrievals - Locations of CTH (above 15 km in
green, within 10-15 km in red) detected with oblique stereo technique with camera
pairs (top) Ba-Da (bottom) Bf-Df overlaid on clouds seen in MISR block 73, Orbit
7187 from (top) Ba (bottom) Bf camera with color composites formed from MISR
red, green and blue wavelength observations.
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Figure 5.4: C-D oblique camera retrievals - Locations of CTH (above 15 km in
green, within 10-15 km in red) detected with oblique stereo technique with camera
pairs (top) Ca-Da (bottom) Cf-Df overlaid on clouds seen in MISR block 73, Orbit
7187 from (top) Ca (bottom) Cf camera with color composites formed from MISR
red, green and blue wavelength observations.
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5. THE OBLIQUE-STEREO TECHNIQUE

comparison to the other oblique camera pairs.

Figure 5.5: Comparison of standard and oblique stereo technique - Locations (in
red squares) of cloud-top height above 10 km overlaid on (left) clouds seen in a
section of MISR block 73, Orbit 7187 from nadir (An) camera with color compos-
ites formed from MISR red, green and blue wavelength observations (right) 1.38
micron cirrus reflectance flags (cirrus pixels in blue, non-cirrus pixels in green).
(a) and (b) correspond to standard stereo retrieval while (c) and (d) correspond to
oblique stereo retrieval corrected for winds and parallax.

Figure 5.5(a) shows the locations of clouds with heights above 10 km re-
trieved with standard stereo processing overlaid on the MISR nadir image
while Figure 5.5(b) shows the same heights overlaid on MODIS 1.38 µm cirrus
reflectance patterns. Evidently, MISR is unable to retrieve thin cirrus heights
with optical depths < 0.3 with its standard retrieval technique when compared
to MODIS cirrus reflectance pattern (cirrus pixels in blue, non cirrus pixels in
green). However, the oblique analysis technique vastly improves cirrus detec-
tion. The locations of clouds with heights above 10 km produced after oblique
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5.5 CTH Distribution

analysis and correction for winds and parallax are shown overlaid on MISR
nadir image in Figure 5.5(c) and MODIS cirrus reflectance pattern in Figure
5.5(d). These heights have much greater coverage than the high heights pro-
duced from standard stereo processing. These thin clouds were totally missed
by the standard stereo product because the stereo matching algorithm did not
find a strong enough contrast pattern in the radiances at these locations. Ma-
jority of these heights detected were flagged to be cirrus pixels using 1.38 µm
MODIS cirrus reflectance, which works best for optical depths < 0.3 (Dessler
and Yang, 2003; Lee et al., 2009). It is also important to note that at times stan-
dard stereo detects cirrus while the oblique does not mainly because the con-
trast metric value calculated using the oblique cameras is below the quality
assessment threshold, hence the retrievals are filtered out. Other times, rec-
ognizable spatially incoherent height retrieved from MISR oblique and stereo
analysis needs to be filtered out which contribute to noisy retrievals dominated
by height values ranging from 20-30 km (Mueller et al., 2008).

5.5 CTH Distribution

The oblique stereo technique using the Ca-Da camera pairs proved most sensi-
tive to thin, high clouds in the discrete case studies over clear ocean presented
in Section 5.4. To understand the overall differences observed in high cloud de-
tection after oblique analysis using Ca-Da camera, 697 MISR orbits from 2000
to 2004 within the tropics are analysed. The core components of the algorithm
used to process these orbits included the following:

1. Load Orbits.

2. Process Blocks.

3. Extract the “PrelimFRStereoHeight WithoutWinds” product from each
oblique (Ca-Da) analysed orbit file.

4. Screen CTH above 10 km.
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5. THE OBLIQUE-STEREO TECHNIQUE

5. Calculate average u and v wind velocity associated with the oblique raw
heights.

6. Correct for parallax and winds.

7. Re-project oblique camera referenced corrected heights onto nadir.

8. Compare with standard-stereo CTH.

9. Generate Block statistics.

10. Generate Orbit statistics.

The frequency distribution of clouds seen by oblique analysis and not by
nadir, stratified by height is shown in Figure 5.6.
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Figure 5.6: CTH distribution after oblique-stereo analysis - (a) Normalized oc-
currence of MISR oblique analysed high clouds not detected by standard MISR
processing, after correction for parallax and winds (b) frequency of MISR cloud-
top height with standard processing and improvement after oblique analysis for
697 MISR paths between 20◦N and 20◦S from 2000-2004.

These are normalized by the maximum occurrence at a given altitude (13
km). After corrections for wind and parallax, the high cloud counts (CTH > 10
km) increased by 46% when compared to the standard processed high cloud
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counts shown in Figure 5.6(b). The majority of the heights found by oblique
analysis were in the 11-14 km height range, and these were entirely missed by
the standard stereo retrieval.

5.6 Summary

The oblique-stereo technique enhances detection of thin, high clouds previ-
ously missed by MISR. The different oblique camera pairs show different sen-
sitivity to cirrus height retrievals based on the contrast in the images. Blunders
occasionally exist due to cloud shadows, cloud edges and sunglint. Oblique
analysis is much more sensitive to CTH > 10 km because lower altitude clouds
provide less parallax, which can cause retrieval errors due to the reflected ra-
diances from the edge of the clouds. The effect of sunglint can also introduce
errors when it gets interpreted as cloud height. In such cases, oblique analysis
tends to perform better by shading out the effects of sunglint. However, the
Ca-Da cameras detected thin cirrus with fewer blunders due to high contrasts
in the images. Therefore, the oblique analysis technique is mostly carried out
using the Ca-Da camera pairs in this study. This technique indicates that a 1
m s−1 along-track wind corresponds to a 53 m difference in height while stan-
dard stereo corresponds to a 94 m difference. Oblique analysis technique also
improves precision in retrieved height from 562 m (nadir) to 252 m.

Merging the retrievals from standard stereo and oblique stereo will im-
prove the understanding of cirrus climatology on decadal scales with availabil-
ity of MISR data from 2000. Moreover, the oblique technique uses a geometric
approach to retrieve cirrus heights during the daytime with high spatial res-
olution (1.1 km) and precision (252 m) that has no effect of solar background
signals, a major problem with lidar backscatter profiles that lead to under-
estimation of daytime cirrus heights.
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Chapter 6

Validation of Oblique-Stereo
Derived Cirrus Clouds

6.1 Introduction

Traditionally, cirrus clouds have been defined on the basis of visual observa-
tions from the surface by observers (Lynch et al., 2002), but the perception of vis-
ibility in terms of color and contrast also depends on factors such as viewing
geometry, target illumination and the angular scattering properties of cloud
particles (Sassen et al., 1989a). The development in technology and techniques
using in-situ, active and passive remote sensing observations has further im-
proved the detection and classification of thin cirrus over the years. However,
as new datasets are generated, its validation process precedes the data product
distribution to the public. The validation process provides a check on the re-
trieval algorithm and also helps identify possible instrumentation or algorithm
processing errors. It usually includes comparison of the same retrieved prod-
uct from multiple instruments. A smaller bias obtained during comparison
validates the newly derived product.

Thin cirrus detected from the oblique-stereo technique also seeks proper
validation such that it can be used for climatological studies with confidence.
To validate oblique-derived thin cirrus, comparisons are made with MODIS
instrument on board the Terra satellite that MISR flies on. Also, comparisons
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of oblique-derived cirrus are made with ground-based cloud radar and lidar
sites in the Tropical Western Pacific (TWP).

6.2 Comparison with MODIS CTH

6.2.1 Instrument Description and Algorithm

MODIS is a cross-track scanning radiometer with 36 spectral bands covering
0.4 to 14.5 µm. It flies in a 705 km polar, sun-synchronous orbit on both NASA
Terra and Aqua platforms. MODIS scan mirror collects a swath of data cover-
ing an area 2330 km across-track and 10 km along-track (at nadir). Measure-
ments are made at nominal 1 km resolution for 29 of the bands, 500 m reso-
lution for 5 bands, and 250 m resolution for 2 bands. It has several onboard
instruments for in-orbit radiometric and spectral characterization (Barnes et al.,
1998). The key characteristics of MODIS Data Products are described in Ma-
suoka et al. (1998). The data product stores information on diurnal variations
in observed characteristics of land, ocean, the atmosphere and the complete
global ocean color measurements.

A complete spectral coverage in key atmospheric bands has enabled MODIS
to investigate clouds with developments in its core cloud algorithms. These
algorithms include cloud detection and masking, cloud-top properties (pres-
sure, temperature, effective emissivity), thermodynamic phase, and optical
and microphysical properties (optical thickness, particle size, water path). The
MODIS cloud algorithm and examples from Terra are described in detail in
Platnick et al. (2003). Briefly described here, the MODIS cloud mask serves as
the primary ancillary input to the other algorithms determining cloud proper-
ties, thus it is run in near real time by discriminating clear sky from clouds. The
cloud mask algorithm determines if a pixel is clear by combining the results of
several spectral threshold tests (Ackerman et al., 1998).

The cloud top-properties are derived using the CO2-slicing technique (Men-
zel et al., 1983; Wylie and Menzel, 1999). This technique is based on the atmo-
sphere becoming greatly opaque from CO2 absorption at wavelengths of 13.3
to 15 µm, causing radiances to be sensitive to a different layer in the atmo-
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sphere. The CO2-slicing technique is included in the calculation of radiative
transfer in an atmosphere with a single cloud layer. Menzel et al. (2008) used the
MODIS cloud-top pressure and amount algorithm to produce global results at
spatial resolutions of 5 km. A summary of MODIS CO2-slicing technique is
shown in Appendix D.

The thermodynamic phase of clouds is determined from a bispectral in-
frared algorithm using the difference in brightness temperature from 8.52 and
11 µm bands. The basis for the inference of cloud phase (water or ice) is the
difference of microphysical and optical properties between water droplets and
ice crystals (Baum et al., 2000). Moreover, the cloud optical and microphysi-
cal properties are retrieved simultaneously from cloud reflected radiances at
various solar bands (Nakajima and King, 1990). The retrievals are based on cal-
culations of plane-parallel homogeneous clouds overlying a black surface in
the absence of an atmosphere (King et al., 1992).

6.2.2 Data

Case studies of cirrus clouds over clear ocean in the tropics were undertaken
using the cloud height and cloud mask products from MISR and MODIS.
The MISR standard cloud stereo (MIL2TCST) product and the oblique (Ca-
Da) analysed stereo product at 1.1 km resolution (Section 5.2) were used to
retrieve CTH. The MISR cloud mask with 2.2 km resolution was taken from
the Classifier (MIL2TCCL) product described in Section 4.3.

MODIS does not produce CTH, but cloud-top pressure in the MOD06 prod-
uct (MODIS homepage, 2012). These are available at a resolution of 5 km and
contain cloud-top properties (pressure, temperature, effective emissivity), ther-
modynamic phase, and optical and microphysical cloud properties (optical
thickness, particle size, water path). To convert cloud-top pressure to height,
the NCEP geopotential heights product was used (NCEP homepage, 2012). The
cloud mask from MODIS was available in MOD35 product. It contains the
48-bit cloud mask product along with information on surface obstruction and
other factors affecting surface and cloud retrievals. Individual spectral test
(Ackerman et al., 1998) results used in the final product determination are also
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included as part of the product. The cloud mask input and output bits are fully
described in Strabala (2005).

6.2.3 MODIS versus MISR Oblique-Detected CTH

CTH derived from MISR standard stereo and MODIS CO2-slicing technique
generally agree within 2 km of each other (Naud et al., 2002, 2004, 2005a). A
tropical almost clear scene shown in Figure 5.5(a) was investigated. Firstly, the
differences in cloud classification from MODIS (Figure 6.1(a)) and MISR (Fig-
ure 6.1(b)) were noted in comparison to cirrus locations after oblique analysis.

Most of the cirrus (CTH > 10 km) were located on regions classified as
probably clear with MODIS. MISR classified such regions to be either clear or
had no classifications. The standard MODIS and MISR cloud mask indicated
the inability of both instruments in classifying especially thinner clouds. To
compare MISR CTH derived using oblique analysis with the MODIS cloud
height for the same scene shown in Figure 5.5(a), the cloud-top pressure from
the MOD06 data product were firstly converted into CTH (Figure 6.1(c)) using
the NCEP geopotential height profiles.

The oblique-derived MISR cloud-tops with 1.1 km resolution were collo-
cated and matched to MODIS resolution of 5 km as shown in Figure 6.1(d). The
MODIS CTH shown were derived using CO2-slicing technique (Menzel et al.,
1983) using MODIS band 35 and 33. MISR retrievals averaged over MODIS res-
olution show greater spatial distribution when compared to MODIS heights.
MODIS had the ability to flag cirrus pixels using the 1.38 µm reflectance, but
failed to retrieve most of the cirrus heights using the CO2-slicing technique.
These were better detected by MISR’s oblique-stereo technique. Figure 6.2
shows the comparison of the oblique-detected MISR and MODIS retrieved
heights for locations where both instruments retrieved heights for the same
tropical clear scene.

A mean bias of 1.7 km existed between MISR and MODIS CTH with MISR
mostly detecting greater heights than MODIS. Similar differences were ob-
served with comparisons of MODIS cirrus cloud-top pressures with an air-
borne lidar (Menzel et al., 2008). MODIS detects the radiative mean of cirrus
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Figure 6.1: Spatial distribution of MODIS and MISR cloud mask and CTH -
Cloud mask for a section of MISR block 73, Orbit 7187 and cirrus locations (black)
after oblique analysis for (a) MODIS (b) MISR. Cloud-top height over the same
region detected above 10 km with (c) MODIS CO2-slicing technique (d) MISR
oblique analysis technique.
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Figure 6.2: MODIS versus MISR CTH - Comparison between MISR oblique-
detected and MODIS (CO2-slicing) detected cloud-top height for a section of MISR
block 73, Orbit 7187 at locations where both instruments retrieved heights.
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clouds in the CO2 bands rather than the cloud tops.

6.3 Comparison with CTH from Cloud Radar and
Lidar

6.3.1 Instrument and Data

To assess the cirrus CTH retrieved using MISR’s oblique analysis, the cloud
boundaries determined from a combination of radar and lidar sensors at the
United States (U.S.), Department of Energy (DOE), Atmospheric Radiation
Measurement (ARM), TWP sites were utilized. The TWP sites includes ground
stations based at Nauru (0◦ 31’ 15.6” S, 166◦ 54’ 57.60” E), Manus (2◦ 3’ 39.64”
S, 147◦ 25’ 31.43” E) and Darwin (12◦ 25’ 28.56” S, 130◦ 53’ 29.75” E). The cloud
boundaries data product is known as the Active Remote Sensing Of Cloud
Layers (ARSCL) data set as outlined by Clothiaux et al. (2000).

The ARSCL data product contains cloud top boundaries from micropulse
lidar (Campbell et al., 2002) when it fully penetrates the clouds. Otherwise, it
utilizes the millimeter cloud radar (Moran et al., 1998) to retrieve the cloud-top
boundary (Clothiaux et al., 2000). The radar occasionally misses thin, high ice
clouds that are not sufficiently reflective at millimeter wavelengths whereas
the optically thick clouds attenuate lidar signals introducing more uncertainty.
However, the bias in radar and lidar cloud-top heights is < 300 m when the
lidar penetrates the clouds (Marchand et al., 2007).

6.3.2 MISR Overpass Coverage

MISR views the TWP sites twice within a 16-day cycle throughout the year.
Table 6.1 lists the number of MISR overpasses available for the comparative
study over the TWP sites.

The MISR overpass specifies a patch size of 3.3 km x 3.3 km over Nauru,
Manus and Darwin. To get coincident MISR and ARSCL data, the time of the
MISR overpass was matched with the time (nearest to 10 s) of the ARSCL data
derived from the TWP ARM sites. The patch size also accounts for mismatches
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Nauru Manus Darwin

MISR Overpasses 467 484 491
Lidar/Radar Cirrus Cases 65 79 51

Percentage (%) 14 16 10

Table 6.1: Summary of MISR overpasses over the TWP sites

due to time (± 10 s) and geo-registration errors resulting from cloud motion.
All CTH’s above 10 km from the ARSCL data were representative of typical
cirrus clouds detected with TWP Cloud Radar and Lidar (CRL). The coincident
MISR and ARSCL data were screened for cirrus cases present in the ARSCL
data. The MISR overpass is during the daytime, hence all the coincident MISR
and ARSCL cases studied were representative of daytime cirrus clouds over
the tropics.

6.3.3 Height Difference Statistics

The MISR clouds represented here are the standard-stereo derived (H) and the
MISR oblique-stereo derived (h) CTH with no cloud motion (without-winds
component represented as ww) and after accounting for cloud motion using
NCEP reanalysis winds (best-winds components represented as bw). The MISR
best-winds height product was not used because of poor sampling and sensi-
tivity to selective clouds (Prasad and Davies, 2012). A patch size of 3.3 km x 3.3
km over the TWP ARM sites is filtered for the maximum height in order to
account for cirrus clouds within the patch. A 3.3 km x 3.3 km patch size over
the TWP ARM sites is filtered for the maximum height to account for cirrus
clouds within the patch. This patch also accounts for mismatch due to time (±
10 s) and geo-registration errors resulting from cloud motion.

All the cases studied over the TWP ARM sites were classified into three
categories, namely oblique-agreement (OA), standard-agreement (SA) and MISR-
difference (MD). The height difference statistics including the number of cases,
mean and the standard deviation (σ) of the differences between TWP and
MISR retrievals for the above categories are given in Table 6.2. In 195 of the
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coincident cases investigated, 31% had oblique-agreement, 39% had standard-
agreement and the rest of the cases (30%) showed MISR differences.

Site Nauru Manus Darwin
Cases OA SA MD OA SA MD OA SA MD

Number 13 34 18 32 30 17 15 12 24
Mean (km) 2.0 -1.2 13.7 -1.5 -1.5 9.6 -2.5 -1.8 12.6

σ (km) 3.0 2.5 2.4 3.2 3.3 3.6 4.4 3.1 2.8

Table 6.2: Summary of height difference statistics- after wind corrections

Oblique-agreement cases were representative of enhanced cirrus detection
after oblique-analysis and were not retrieved using standard-stereo analysis.
Figure 6.3 shows a comparison of MISR oblique-agreement best-winds CTH and
TWP CRL retrieved CTH for TWP ARM sites.
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Figure 6.3: MISR oblique-agreement cases - Comparison of MISR oblique-stereo
best winds CTH with ground-based cloud radar and lidar for Nauru, Manus and
Darwin.

The difference in TWP and MISR heights shows a positive mean bias of
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≈ 2 km exists for Nauru, whereas Manus and Darwin show negative mean
biases of≈ 2 km, and≈ 3 km, respectively, for cases where the oblique analysis
detected cirrus.

Standard-agreement cases were representative of situations when the MISR
standard algorithm retrieved cirrus heights while the oblique analysis either
failed due to pattern mismatch or produced the same height as the standard
algorithm. Figure 6.4 shows the standard-agreement cases with the wind cor-
rections applied to the retrieved stereoscopic heights. Each TWP site gave a
negative mean bias of ≈ 1-2 km.
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Figure 6.4: MISR standard-agreement cases - Comparison of MISR standard-
stereo best winds CTH with ground-based cloud radar and lidar for Nauru,
Manus and Darwin.

Apart from the MISR agreement cases, there were cases where neither the
standard nor the oblique analysis retrieved cirrus heights comparable to the
TWP CRL height retrievals. These were classified as MISR-difference cases.
MISR failed to retrieve any heights for≈ 25% of these cases due to low contrast
in the reference camera used for stereo matching. The rest of the cases (≈75%)
showed low MISR heights, whereas the ARM data detected high cirrus. These
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cases included cirrus clouds over thick low clouds that appeared with higher
contrast in MISR images.

The relative mean biases shown in all the cases above include errors re-
sulting from the MISR stereo-height algorithm that can offset the height by as
much as 560 m (Moroney et al., 2002). Another source of error in the height re-
trievals comes from the NCEP wind corrections. The effect of NCEP winds on
MISR height was within ± 600 m for all the TWP sites. Errors also result from
fixed MISR data grid where the retrieved height has an offset of 280 m from
the true surface height at any point on the globe (Marchand et al., 2007).

Moreover, notable differences in occurrence were observed for the TWP
ARM sites, especially with Nauru and Manus. Manus cirrus is thicker, warmer
and more frequent compared to Nauru, possibly due to the effects of deep con-
vection (Massie et al., 2002). Mace et al. (2006) observed 47% (Manus) and 16%
(Nauru) of cirrus that could be traced back to a deep convective activity within
a 12-hour period. Deng and Mace (2008) showed cirrus clouds are higher at
Nauru than those above Manus using 6 years of millimeter cloud radar ob-
servations. Mather and McFarlane (2009) found the frequency of occurrence of
high cloud layers was 10% at Manus and 6% at Nauru. The cirrus top-layer oc-
currence is higher for Darwin in comparison to Nauru and Manus, especially
for thicker and lower clouds that can be attributed to differences in cirrus over
land and ocean (Sassen et al., 2009). Nauru and Manus sites are closer to the
ocean compared to Darwin that is more inland and can be affected by late
afternoon-evening maximum in land convection (Liu and Zipser, 2008).

Generally, cirrus detection with the oblique-stereo technique is within 1-2
km in comparison to CRL CTH from the TWP sites. There were distinct cases
of large positive and negative biases due to total mismatch of clouds, discussed
in more detail in Section 6.3.6.

6.3.4 Geometrical Thickness

The TWP CRL vertical profiles were also used to determine the geometrical
thickness of cirrus. The height differences between the MISR and TWP CRL
retrievals are greatly influenced by the geometrical thickness of cirrus clouds,
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especially for MISR height retrievals that are based on contrast. Thicker cir-
rus tends to have higher contrast in MISR imagery when compared to thinner
cirrus.

The MISR agreement cases including oblique-agreement and stereo-agreement
showed a distinct relationship with thickness for cases of positive and nega-
tive height difference. The cases where the TWP CRL detected higher clouds
than MISR were geometrically thin. These were cases of multilayer cirrus
clouds where MISR saw through thin cirrus clouds, but detected the lower
cloud due to improved contrast in the images. However, there were cases
where the MISR detected much higher clouds than the TWP CRL. These clouds
were either geometrically thick single-layer clouds or thin clouds present un-
der thick clouds that were attenuated by the TWP CRL. On the other hand,
MISR-difference cases included geometrically thinner clouds than the MISR-
agreement cases, implying that MISR was unable to see these thin clouds with
any of its cameras due to low contrast. These clouds would typically be below
the optical depth threshold of 0.1 of the oblique-stereo technique.

6.3.5 Number of Layers

The TWP CRL vertical profile is used to determine the number of cloud lay-
ers detected for each case investigated. It can classify a maximum of 10 layers
according to the backscatter profile of each scene. Figure 6.5 shows the fre-
quency of cases for oblique-agreement, standard-agreement, and MISR-difference,
binned with respect to the total number of cloud layers.

Single-layer cirrus clouds were ≈ 28% of all the cases investigated. This in-
cluded 6% of cases with oblique-agreement, 9% of cases with standard-agreement
and 13% of cases with MISR-difference. Cirrus over lower layer (two-layers)
also included ≈ 28% of all the cases investigated, which included 11% with
oblique-agreement, 9% with standard-agreement and 8% with MISR-difference. A
notable difference observed is that the efficiency of oblique-agreement almost
doubles in the presence of two layers. This is mainly due to the effect of paral-
lax with oblique analysis, especially for multiple layers. The effect of parallax
allows varying heights to appear at different locations on the oblique image as
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Figure 6.5: Effect of number of layers on height retrieval at TWP sites - Fre-
quency of layers seen by cloud radar and lidar at TWP sites.

compared to the nadir image, thus helping the oblique-stereo matching algo-
rithm to find more matches.

The single-layers dominate the MISR-difference cases. These cases include
geometrically thinner cloud when compared to MISR-agreement cases. The
oblique-stereo and the standard-stereo techniques do not find sufficient con-
trast to retrieve the height of these clouds because they are too thin.

6.3.6 Case Studies

This section examines examples of stereo height retrieved from oblique analy-
sis technique in order to demonstrate in more detail the limitations of the MISR
standard approach compared to the oblique analysis. These cases were se-
lected for the three categories (oblique-agreement, standard-agreement and MISR-
difference) discussed earlier. MISR oblique-stereo works best for cirrus retrievals
over tropical ocean, especially with no underlying clouds (Prasad and Davies,
2012). Therefore, the case studies were chosen over Nauru, a small island in
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the tropics with a land area of only ≈ 21 km2.
Firstly, cirrus clouds with oblique-agreement cases are investigated. Figure

6.6 illustrates MISR’s oblique-stereo retrieval of cloud height for thin cirrus
clouds over Nauru (outlined by a 3.3 km x 3.3 km grid box in red). The top,
middle and bottom of Figure 6.6 shows the MISR nadir image, the standard-
stereo and the oblique-stereo CTH retrievals respectively. The results shown
below apply to the grid box over Nauru only. CRL classified Case I (18th Jan-
uary, 2004) as a multi-layer cloud. The difference between CRL and MISR
improved to 9 km after oblique-stereo analysis, but it retrieved CTH ≈ 9 km
below a relatively thin (≈ 45 m) cirrus-top later.

Case II (15th March, 2007) was also classified as a multi-layer cloud with the
difference improving from 12 km to 0.1 km since the top-layer was relatively
thicker (≈ 0.3 km). Case III (21st June, 2002) included clouds that were of
higher contrast. The oblique-stereo, standard-stereo and CRL CTH’s were 14.4
km, 13.1 km and 12.8 km, respectively. The top-layer detected by lidar was
thin (≈ 90 m), but the total geometrical thickness of layers below it was ≈ 9
km, and this likely attenuates the lidar signal, underestimating the height. The
standard-stereo analysis retrieved similar height when compared to CRL, but
the oblique-stereo analysis detected thinner cirrus above the thicker cloud that
the standard-stereo missed due to low contrast, and this was under-estimated
by the lidar due to signal attenuation.

Secondly, cirrus clouds with standard-agreement cases are investigated. Sev-
eral publications (Marchand et al., 2001, 2007; Naud et al., 2004 , 2005a, 2005b)
have compared MISR standard-stereo retrieved heights with active ground-
based sensors. Most of the results show a relative bias of 1-2 km between MISR
stereo retrieved height and the ground-based active sensors. The top, middle
and bottom of Figure 6.7 shows the MISR nadir image, the standard-stereo and
the oblique-stereo CTH retrievals respectively. These cases included successful
retrievals with the standard-stereo technique over Nauru (3.3 km x 3.3 km grid
box). The difference between CRL and MISR standard-stereo CTH for Case I
(2nd February, 2007) was ≈ 5 km. MISR standard-stereo retrieved CTH ≈ 5 km
below the top-layer that was relatively thin (≈ 45 m). This thin-layer went un-
detected by both the oblique-stereo and the standard-stereo due to enhanced
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Figure 6.6: Cirrus clouds cases with oblique-agreement - Case studies over
Nauru with oblique-success : (top) MISR’s nadir image with color composites
formed from MISR red, green and blue wavelength observations and spatial dis-
tribution of (middle) standard-stereo and (bottom) oblique stereo retrieved cloud-
top height. The 3.3 km x 3.3 km grid-box used for comparison with CRL is en-
closed with a red boundary.
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contrast from thicker layer (≈ 130 m) below it.

Figure 6.7: Cirrus clouds cases with standard-agreement - Case studies over
Nauru with standard-success : (top) MISR’s nadir image with color composites
formed from MISR red, green and blue wavelength observations and spatial dis-
tribution of (middle) standard-stereo and (bottom) oblique stereo retrieved cloud-
top height. The 3.3 km x 3.3 km grid-box used for comparison with CRL is en-
closed with a red boundary.

For Case II (12th August, 2001), the difference between CRL and the MISR
standard-stereo was ≈ 0.2 km. This was due to the presence of relatively
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thicker top-layer cirrus (≈ 225 m) that provided enough contrast for both stan-
dard and oblique cameras for successful retrievals. Case III (10th January,
2007) included a comparatively high (≈ 17 km) cirrus top-layer retrieved from
standard-stereo when compared to CRL (≈ 12 km), but it is evident from the
spatial distribution of retrieved CTH that this was due to a blunder caused by
the edge of the clouds that have been earlier reported by Naud et al. (2004) and
Marchand et al. (2007).

Lastly, cirrus clouds with MISR-difference cases are investigated. The top,
middle and bottom of Figure 6.8 shows the MISR nadir image, the standard-
stereo and the oblique-stereo CTH retrievals respectively. These cases did not
retrieve any CTH above 10 km from either the standard-stereo or the oblique
stereo technique over Nauru (3.3 km x 3.3 km grid box). Case I (29th Novem-
ber, 2000) was classified as a multi-layer cloud with the top cirrus-layer at an
altitude of 17 km and a thickness of 45 m. The oblique-stereo failed due to
featureless clouds whereas the standard-stereo detected the lowest layer with
higher contrast.

CRL detected a single-layer cirrus in Case II (21st October, 2003) with an
altitude (thickness) of ≈ 13 (0.5) km. The standard-stereo technique failed to
retrieve it due to sunglint, whereas the oblique-stereo had low contrast in the
target image due to presence of homogeneous single-layer cirrus. The effect
of sunglint introduced noisy retrievals, CTH above 20 km (rounded to 20 km)
evident around the Nauru site. Case III (21st August, 2001) also represented
a single-layer cirrus detected over Nauru by the CRL with an altitude of ≈ 19
km, but neither the standard nor the oblique stereo technique detected it due
to low thickness (≈ 45 m) and contrast over clear ocean. The regions outside
Nauru show broken clouds at a sub-pixel resolution that are also missed by
the standard-stereo technique (Marchand et al., 2007).

Generally, MISR oblique-stereo performs best with non-homogeneous clouds
with higher contrast in the images from oblique views that favors the stereo-
matching algorithm. The contrast in the images also depends on the geometri-
cal thickness and number of underlying layers. Thicker single-layer clouds are
detected from MISR oblique-stereo, but multi-layered thick clouds underneath
thin, high cirrus attenuate lidar signals.
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Figure 6.8: Cirrus clouds cases with MISR-difference - Case studies over Nauru
with MISR-failure : (top) MISR’s nadir image with color composites formed from
MISR red, green and blue wavelength observations and spatial distribution of
(middle) standard-stereo and (bottom) oblique stereo retrieved cloud-top height.
The 3.3 km x 3.3 km grid-box used for comparison with CRL is enclosed with a
red boundary.
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6.3.7 Statistical Analysis

To increase coincident data for comparison of TWP ARM and MISR-retrieved
cirrus CTH, an hour of TWP CRL data was mapped onto MISR camera images
after accounting for the drift in clouds due to winds. The time delay between
the CRL and MISR data with the NCEP winds was used to calculate the drift of
TWP high clouds on MISR camera images. The maximum CTH detected above
10 km was matched with the TWP CRL data using a 3.3 km x 3.3 km patch on
MISR camera. A 3.3 km x 3.3 km patch minimizes errors in winds used for
mapping oblique camera images onto nadir. Any perturbation in winds of 10
m s−1 and time of 10 s introduces 100 m of error in locating the cloud on the
MISR’s nadir camera. If all top-layer cirrus clouds seen by CRL are collocated
on the MISR images, the distribution of CTH obtained should in principle be
tightly correlated.

The probability distributions of cirrus derived using MISR oblique analysis
and the TWP CRL within an hour of the overpass are shown in Figure 6.9.
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The distribution of CTH obtained after collocating cirrus clouds seen by
CRL on MISR after oblique stereo analysis are highly correlated (≈ 0.75) with
each other. Interestingly, the peaks in both the CTH distributions are consis-
tent with each other. Three distinct peaks appear at≈ 13 km, 15 km and 19 km.
Figure 6.10 shows the probability distribution of top-layer cirrus thickness de-
tected from TWP CRL with distinct features at these peaks.
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Figure 6.10: Top-layer cirrus thickness - Frequency distribution of top-layer cir-
rus thickness detected from CRL at TWP within an hour of MISR overpass.

CTH’s at ≈ 13 km are thicker than clouds peaking at ≈ 15 km and 19 km.
These clouds (≈ 13 km) may largely result from deep convection in the TWP
(Jiang et al., 2004; Dessler et al., 2006; Sassen et al., 2009). The peak at ≈ 15 km
corresponds to the Tropical Tropopause Layer (TTL) (Fueglistaler et al., 2009). It
consists of cirrus clouds within the TTL layer that are thinner than deep con-
vective clouds, and are better captured by the CRL than MISR. Several publica-
tions identify these clouds as TTL cirrus coexisting in areas of deep convection
(Liu, 2007; Fujiwara et al., 2009; Schwartz and Mace, 2010; Thorsen et al., 2011). A
smaller peak at an altitude of ≈ 19 km may result from overshooting convec-
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tion (Sherwood and Dessler, 2001; Alcala and Dessler, 2002; Liu and Zipser, 2005).
Similarly, a lower fraction of overshooting towers of cloud-tops as high as 19.8
km was detected with CALIPSO lidar (Fu et al., 2007) and overshooting con-
vection over 17 km was also frequently observed from MISR over the TWP
(Chae and Sherwood, 2010).

In addition, the difference in heights observed is significant when com-
pared with the MISR’s standard retrieval technique. The mean bias improves
to -0.5 km and the root mean square (rms) error after oblique analysis is ≈
3 km. The mean cirrus thickness was 0.8 km and 67% of all cirrus detected
were thin (< 1 km). Furthermore, the effect of winds in retrieving heights was
within (± 600 m) over all the TWP sites. The expected rms error including the
effect of wind (± 600 m), pixel mismatch (± 560 m), fixed grid (± 280 m), drift
calculation (± 100 m) and CRL retrieval (± 300 m) is within 1 km.

To distinguish the errors from valid comparisons of cirrus clouds using
CRL and MISR, the bias in height (TWP -MISR) was compared to correspond-
ing cirrus top-layer thickness. Table 6.3 presents a summary of key categories
derived using the 2D histogram.

Category thickness < 1 km thickness > 1 km

Bias > 5 km 4% 0%
3 km< Bias 6 5 km 5% 0%
-3 km< Bias 6 3 km 43% 29%
-5 km< Bias 6 -3 km 8% 1%

Bias 6 -5 km 7% 3%

Table 6.3: Comparison of CRL and MISR oblique-agreement CTH distribution

Valid comparisons comprised of 72% of all the data that included biases
within 3 km centered at zero bias. 14% of the cases result from comparisons of
different clouds mostly having positive and negative biases within 3 km and
5 km. Furthermore, 4% of cases with positive bias > 5 km existed for thin (<
1 km) clouds. These were cases where thin cirrus clouds were missed after
the oblique-stereo technique due to low contrast in the images. On the other
hand, 10% of cases had a bias < -5 km. These cases were interesting with
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MISR detecting much higher CTH than CRL. (3%) of the cases include errors
due to under-estimation of CTH from lidar due to thicker clouds (> 1 km) and
the rest (7%) include blunders resulting from stereo mismatch. After oblique
analysis,≈ 65% of all the cases were centered at the mean difference within the
acceptable uncertainty range (± 1 km) with≈ 49% of these cases being thin (<
1 km).

6.4 Summary

Thin cirrus clouds detected using MISR’s oblique-stereo technique were com-
pared with coincident data retrieved from MODIS and ground-based CRL for
validation. MODIS and MISR comparisons of same scenes over the tropics
showed greater agreement in the derived cloud masks. MODIS 1.38 µm re-
flectance flagged regions to be cirrus pixels, however failed to successfully re-
trieve CTH. The MODIS CO2-slicing technique retrieved CTH of lesser cirrus
pixels classified using the 1.38 µm reflectance. Alternatively, MISR’s oblique-
stereo technique detected thin cirrus with higher fraction over the clear scenes.
A mean bias of 1.7 km existed with MISR mostly detecting greater heights
than MODIS for regions where both instruments detected heights of thin cir-
rus. This is due to MISR’s higher sensitivity in detection of cloud-tops than
MODIS CO2-slicing technique.

Similarly, ground-based radar and lidar measurements of CTH at the TWP
ARM sites assessed the MISR CTH retrievals after oblique-stereo analysis for
the duration of the MISR mission. Precise point-wise comparisons, limited
to only 195 coincident cases, showed that cirrus retrieval using oblique-stereo
analysis improved to 70% from a value of 39% using the standard-stereo tech-
nique. MISR failed to retrieve CTH with both standard and oblique-stereo
technique in 30% of the cases due to lower contrast in radiance patterns that
restricted the stereo matchers to find a suitable match. However, the inclusion
of cirrus detected after accounting for drift due to winds within an hour of
the overpass improves comparisons of CTH with CRL and MISR. A histogram
comparison of CRL and MISR oblique-derived CTH over all TWP sites reduces
errors due to wind-drift of clouds because the CTH distributions are indepen-
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dent of the cloud locations. Consistent peaks and improved correlations of
≈ 0.75 exist between the CRL and MISR oblique-stereo histogram. Both CTH
distributions showed distinct peaks at ≈ 13 km (deep convective clouds), ≈
15 km (TTL cirrus) and ≈ 19 km (overshooting convective clouds). The deep
convective clouds are thicker in comparison to TTL cirrus resulting from con-
densates detraining from convective clouds that penetrate the TTL (Danielsen,
1982). TTL cirrus is thinner and often subvisual (Wang et al., 1996). It is better
detected by the CRL than by MISR, as is evident from the size of peaks in the
relative distributions. Both instruments equally detect lower frequencies of
thin cirrus formed from overshooting convection, but MISR’s oblique-stereo
analysis showed this peak at ≈ 300 m higher than the CRL. This is likely to
be associated with errors in height calculated by MISR due to the rapid over-
shooting.

Overall, the oblique-stereo analysis detected cirrus-top layer in 65% of the
valid coincident cases, mostly < 1 km in thickness that was undetected by
the standard-stereo technique. The oblique-stereo derived cirrus CTH’s were
comparable to the height of cirrus-top layer from ground-based cloud radar
and lidar by -0.5 ± 1.0 km, validating the MISR retrievals. Most errors in
MISR CTH retrieval resulted from blunders caused by edges of clouds and
mismatches due to sub-pixel (broken) clouds. Large biases resulted from mis-
match of clouds and blockage of lidar signals due to dense lower clouds. The
stereo technique only detects the area in the cloud that has the brightest con-
trast, but it does not coincide with the highest level in clouds most of the time
when the cirrus-top layer is relatively thin.

In this chapter, MISR oblique-stereo retrievals have been validated with
comparable oblique-derived cirrus heights from MODIS and CRL. This gen-
erates confidence in thin cirrus dataset processed using MISR’s oblique-stereo
technique that would allow cirrus anomalies to be investigated.
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Chapter 7

MISR Detected versus Missed
Cirrus

7.1 Introduction

Outgoing Longwave Radiation (OLR) is sensitive to the presence of thin cirrus
since cirrus absorbs a significant amount of the terrestrial infrared radiation
emitted from earth to space. It then re-emits a portion of the absorbed radiation
back to the earth, enhancing the greenhouse effect. OLR is strongly influenced
by various atmospheric and surface conditions such as atmospheric temper-
ature and humidity profiles, surface temperature and emissivity, clouds and
aerosols and trace gas concentrations (Huang et al., 2008). Therefore, to answer
the question of how well thin cirrus are observed over extended spatial and
temporal scales, the single scanner footprint dataset from CERES that merges
MODIS and MISR cloud measurements with OLR measurement by CERES are
used. The cloud, and associated reanalysis, data are used as input to a col-
umn radiative transfer model. The model output is compared to the measured
OLR with the goal of establishing how much cirrus is being missed. Because
the standard MISR stereo height measurements are near nadir, they tend to
miss cirrus. To overcome some of this limitation, the non-standard use of the
oblique MISR cameras are explored. This leads to a determination of the height
distribution of the additional cirrus found and an examination of the amount
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of the previously missed thin cirrus that can now be measured.

7.2 Data

In this study, the standard MISR Level 2 TOA/Cloud Stereo-MIL2TCST (ver-
sion F08 0017) product with 1.1 km resolution was compared to the oblique
analysed stereo product with the same resolution. Comparisons of retrieved
cirrus were made with 1 km cloud mask and cirrus reflectance from Terra
MODIS cloud product (MOD06). To quantify the cirrus detected from oblique
analysis, the merged Single Scanner Footprint TOA/Surface Fluxes and Clouds
(SSF) dataset was used (Geier et al., 2003; Loeb et al., 2003). The SSF product
combines CERES data with coincident scene information from MODIS, also
on Terra. It includes surface fluxes and cloud optical properties derived from
MODIS cloudy pixel radiances. The cloud properties including cloud visible
optical depth, infrared emissivity, phase, liquid or ice water path and parti-
cle effective size are computed with an algorithm that uses an iterative inver-
sion scheme matching the observed radiances with a plane parallel radiative
transfer model (Minnis et al., 1998). The cloud-top pressure and height are
determined from the retrieved cloud-top temperature using the nearest verti-
cal temperature and pressure profile from the Global Modeling and Assimila-
tion Office (GMAO)’s Goddard Earth Observing System (GEOS) Data Assim-
ilation System (DAS) (GEOS-DAS) meteorological data product (Bloom et al.,
2005). The CERES-MISR-MODIS SSF-SSFM dataset integrates measurements
from CERES, MISR and MODIS by matching MISR pixels in the footprint do-
main (Loeb et al., 2006). The retrieval is performed for all merged CERES, MISR
and MODIS data between 20◦S and 20◦N from years 2000 to 2004. The CERES
footprints had a resolution of 20 km at nadir. The NCEP reanalysis 1 dataset
(NCEP homepage, 2012) was used for the temperature and atmospheric water
vapor profiles for the radiative transfer modeling of each footprint while the u
and v components of winds allowed for corrections to stereo retrievals due to
cloud motion.
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7.3 OLR Analysis

The CTH retrieved from MISR oblique analysis provides a means of calcu-
lating other cirrus properties such as the cirrus cloud fraction and its optical
depth. To explicitly examine thin cirrus with the highest probability of occur-
rence over the clear ocean in the tropics, 47 specific footprints were selected in
MISR orbit 7187 that appeared to be more than 95% clear according to MODIS
cloud mask within the CERES field of view. To test the heights detected from
oblique analysis, each footprint is modeled for clear skies with known atmo-
spheric profiles and gases. The difference in OLR between the modeled and
the measured values for each footprint after adding known clouds is referred
to the forcing due to thin cirrus (CiF).

CiF = OLRModel −OLRMeasured (7.1)

Alternatively, if there were no thin cirrus present in the footprint, the mea-
sured OLR (OLRMeasured) should be equal to the OLR from the column model
(OLRModel) that accounts for all the atmospheric constituents within the ob-
served footprint.

7.4 Measured OLR

The merged dataset from CERES, MISR and MODIS provides an excellent plat-
form to map OLR fluxes from a CERES footprint onto the MISR and MODIS
pixels. The CERES footprints are elliptical in nature with a resolution of 20 km
at nadir. Their spatial resolution is dependent on the viewing zenith angle of
CERES, hence all measurements with viewing zenith angle less than 65◦ were
considered. The LW flux at the TOA is deduced from the measured LW radi-
ance after applying an anisotropic correction factor to it (Geier et al., 2003). This
provides an estimate of the instantaneous thermal flux emitted to space from
the centered footprint with an uncertainty of 0.2 W m−2 to 0.4 W m−2 (Loeb
et al., 2007).
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7.5 Modeled OLR

Chou et al.′s (2001) radiative transfer code for LW parameterization was used
to model OLR. It has a high degree of accuracy and speed that computes fluxes
to within 1% of the high spectral resolution line-by-line calculations (Ho et al.,
1998). The thermal infrared spectrum is divided into nine bands (0-3000 cm−1)
and the parameterization includes absorption due to major gases (water va-
por, CO2, O3) and most of the minor trace gases (CFC’s, CH4, N2O) as well as
clouds and aerosols. It accounts for scattering due to clouds and aerosols by
scaling the optical thickness by the single scattering albedo and the asymme-
try factor. The optical thickness, single scattering albedo and the asymmetry
factor of clouds are parameterized as functions of ice and water content and
the particle size. Cirrus clouds are parameterized using the effective size of ice
particles based upon direct measurement of cross-sectional area and estimates
of ice-crystal mass from identified crystal shapes. This provided more realis-
tic values of effective crystal size compared to parameterizations of assumed
particle shapes (McFarquhar, 2001).

The NCEP reanalysis products for air temperature, specific humidity and
surface temperature profiles that were coincident to the footprint location were
used as inputs to the model. The amount of CO2 was assumed to be 360 ppmv
(parts per million by volume) and the mixing ratios of uniformly distributed
gases were taken from Griggs and Noguer (2002): 0.31 ppmv for N2O, 1.75 ppmv
for CH4, 0.3 ppbv (parts per billion by volume) for CFC-11, 0.5 ppbv for CFC-
12, and 0.1 ppbv for HCFC-22. The vertical distribution of O3 mixing ratio is
obtained from Rosenfield et al. (1987). As expected, OLR for clear sky condi-
tions were typically higher near the equator due to warmer surface thermal
emissions. The clear-sky mean modeled OLR for the cases investigated was
295 ± 2 W m−2 for surface temperatures within 299 ± 2 K. The NCEP sur-
face temperatures used as inputs to the model were in a 2.5◦ latitude by 2.5◦

longitude grid while the modeled footprint had a resolution of 20 km at nadir.
Hence, all footprints coincident to a unique NCEP grid-box produced the same
modeled OLR flux.

For the footprints that were not 100% clear according to the MODIS scene
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information within the CERES footprint, the known cloud properties (height,
coverage and optical depth) from the merged dataset were utilized (Minnis
et al., 1998). The known clouds were categorized into the MODIS high (< 500
hPa) and low clouds (> 500 hPa) that were bundled with the merged dataset
(Geier et al., 2003). The footprints were sorted to minimize cloud overlapping
and was firstly modeled for clear sky conditions with known atmospheric pro-
files and trace gases as inputs. To account for all the clouds identified by
MODIS within the CERES field-of-view, the known low MODIS clouds were
added into the model and OLR at TOA was computed, followed by the known
high clouds. Figure 7.1(a-c) shows the difference in the modeled OLR after
MODIS low clouds were fed into the model.

After the addition of MODIS low clouds, the MODIS high clouds were
added to the model. Figure 7.1(d-f) shows the difference in the modeled OLR
due to the addition of MODIS high clouds. The difference in modeled OLR is
proportional to the fractional cover of input MODIS clouds; however, a min-
imum fractional cover of 0.01 was required to produce any significant differ-
ence in the modeled OLR as shown in Figure 7.1(e). The model’s sensitivity to
low cloud presence in almost-clear scenes is < 0.5 W m−2 and for high clouds
≈ 1 W m−2.

The model is also sensitive to the surface temperature used to compute
OLR flux for a footprint. To calculate the model’s sensitivity to surface tem-
perature, the NCEP surface temperature was compared with the surface skin
temperature originating from Meteorological GEOS-DAS product within the
merged MISR, CERES and MODIS footprint dataset. Figure 7.2 shows the dif-
ference in modeled OLR due to the observed difference in surface temperature
for the footprints that were > 95% clear. For all the clear sky cases investigated,
a surface temperature difference of 1.5 K would alter the modeled OLR by 1 W
m−2.

Water vapor is a dominant greenhouse gas and has a large effect on the
modeled OLR. A comparison of NCEP specific humidity dataset with obser-
vations from ships in the tropics shows a mean bias of 0.2 g kg−1 (Smith et al.,
2001). Dessler and Davis (2010) showed that average specific humidity at 300
hPa from NCEP differ by as much as 0.15 g kg−1 when compared with direct
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Figure 7.1: Sensitivity of the model to known clouds - The sensitivity of modeled
OLR for almost clear tropical scenes to MODIS cloud properties; (a) low cloud-top
height, (b) low cloud fraction, (c) low optical depth, (d) high cloud-top height, (e)
high cloud fraction, (f) high optical depth into the model. The MODIS low cloud
properties were added to the model before the MODIS high clouds.
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Figure 7.2: Sensitivity of the model to surface temperature - The sensitivity of
modeled OLR for almost clear tropical scenes to differences in NCEP surface tem-
perature and MODIS surface skin temperature.
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measurements made by NASA’s Atmospheric Infrared Sounder (AIRS) in the
tropics. Another comparative study with atmospheric reanalysis at the Data
Assimilation Office (DAO) and NCEP over the tropics show differences in spe-
cific humidity by as much as 10% at 500 hPa (Bony et al., 1997). Therefore, the
model’s sensitivity to water vapor was computed by perturbing the NCEP spe-
cific humidity profiles by as much as 10%. For the almost-clear footprint cases
investigated, a 10% perturbation in NCEP specific humidity profiles changes
the modeled OLR by 3 W m−2.

Figure 7.3 compares modeled OLR with measured OLR for each of the
almost-clear footprint cases under investigation.
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Figure 7.3: Case study with measured and modeled OLR - Variation in modeled
and measured OLR fluxes for each distinct footprint case under investigation. The
modeled OLR were computed for clear skies and also for known MODIS cloud
properties in each footprint.

The mean OLR difference in model results between the clear conditions and
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the known < 5% cloudy conditions for all the footprint under investigation
was≈ 0.4 W m−2. When compared with the measured OLR, the modeled OLR
was much higher in magnitude. The differences in the measured and modeled
OLR indicate a missing input to the model that is most likely to be thin cirrus.
The most ideal clear case was seen to have the least difference between the
measured and the modeled OLR. This indicates that in the absence of thin
cirrus, the model and measured values should in principle agree very closely.

7.6 Compensating for Thin Cirrus

Based on Equation 7.1, the mean thin cirrus forcing for all the almost-clear
cases investigated was 17 W m−2. The magnitude of cirrus forcing is a measure
of thin cirrus present. The cirrus factor (cf ) is defined as the product of thin
cirrus visible optical depth (τ) and fractional cover (f ).

c f = τ. f (7.2)

Unlike, the effective cloud fraction (cloud fraction times the cloud infrared
emissivity) that has been extensively used to study clouds from sounders
(Susskind et al., 1987; Stubenrauch et al., 1999) including high cirrus clouds (Wylie
and Menzel, 1999), cirrus factor is only applicable to thin cirrus with τ < 0.3.
Figure 7.4(a) shows an example of the model’s response to cirrus factor for a
single, almost-clear footprint.

For each footprint case under investigation, the cirrus factor is calculated
after compensating for the thin cirrus forcing. This is done by tuning the model
for 0 < f < 1 and τ < 0.3 since MODIS picks optical depth above 0.3 in its
cloud properties retrievals (Mace et al., 2005; Chiriaco et al., 2007). The average
heights detected from MISR oblique analysis within the concerned footprint
were used as cirrus cloud heights for the model. Simultaneously varying the
cloud fraction and the optical depth within the boundary values described
above, the modeled OLR with cirrus clouds approaches the measured OLR
and the tuned cloud parameters are taken to be the probable cirrus fraction
and optical depth. However, a number of possible tuned cirrus parameters
could be used to compensate for the cirrus forcing for a single footprint as
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Figure 7.4: Cirrus forcing compensation - Response of (a) OLR from the model
to varying cirrus factor for a sample footprint and (b) the best fit curve showing
the variation of cirrus optical depth with cirrus fraction after compensating for the
cirrus forcing.
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shown in Figure 7.4(b). The best-fit power function ( f = aτb) with coefficients
a and b is used to calculate the mean value of the tuned cirrus fractional cover
( f ) and optical depth (τ).

f =
1

0.3−min(τ)

∫
0.3

min(τ)

aτbdτ (7.3)

τ =

(
f
a

)1
b

(7.4)

The computed mean values in Equations 7.3 and 7.4 ( f ,τ) represent the most
probable cirrus properties for the observed footprint.

Table 7.1 provides a summary of 47 footprint cases under investigation that
were more than 95% clear. The 5% cloudy pixels have been identified from
the MODIS cloudy pixels within the CERES footprint investigated. These re-

Clouds Height (km) Cloud Fraction (%) Optical Depth

MODIS Low 1.9 ± 0.8 2 ± 1 2 ± 1
MODIS High 9 ± 2 1.0 ± 0.9 0.6 ± 0.3

MISR (Oblique) 16 ± 2 60 ± 23 0.18 ± 0.07

Table 7.1: Quantifying thin cirrus- within one standard deviation from the nor-
mally distributed mean

sults suggest that the MISR oblique analysis technique enhances the detection
of thin cirrus clouds to an optical depth of 0.1, which makes up around 60%
of clouds present in the footprints that were almost clear. The oblique cam-
era with a view angle of 70.5◦ increases the optical path length by a factor of
3 when compared to the nadir view. This suggests that the minimum optical
depth detected by the standard height retrieval technique is ≈ 0.3 and is com-
parable to the MISR minimum optical depth threshold of 0.3 to 0.5 detected
from ground-based lidar analysis of clouds seen at all ARM sites (Marchand
et al., 2007). Therefore, the cloud heights (τ > 0.3) detected from standard
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stereo analysis is captured by the MODIS cloudy pixels within the CERES field
of view and the net forcing calculated is only representative of thin cirrus (τ <

0.3).

7.6.1 Quantifying Detected and Missed MISR Cirrus

The MISR minimum optical detection threshold limit of 0.1 obtained after
oblique analysis can be used to separate the net forcing due to thin cirrus CiF
into MISR-detected thin cirrus forcing (CiFMISR) and the thin cirrus forcing
missed by MISR (CiFMISR−MISSED) after the oblique analysis technique.

CiF = CiFMISR + CiFMISR−MISSED (7.5)

CiFMISR is dependent on the cirrus fraction that is detected after oblique anal-
ysis. This is calculated to be the ratio of area-weighted fraction of MISR cirrus
cloud detected after oblique analysis to the total footprint area. Figure 7.5(a)
shows the MISR oblique-detected cirrus fraction and the oblique MISR-missed
cirrus fraction for all the footprint cases that were almost clear.

For most cases, MISR oblique-detected cirrus fraction is less than the cirrus
fraction missed by MISR after oblique analysis. The missed fraction includes
visible thin cirrus (0.1 < τ < 0.3) that are homogeneous in nature. These
are missed entirely because the stereo matchers fail to find suitable patterns
in their measured radiances. This is investigated by examining the radiance
pattern of the footprint cases with the maximum and minimum fraction of
MISR oblique-detected cirrus. Figure 7.6 shows the patterns of radiance at 670
nm measured by MISR for a sample footprint that had a relatively high fraction
of MISR oblique-detected cirrus.

The radiances measured by the An, Ca and Da cameras are shown in Fig-
ure 7.6 (a-c), and the corresponding probability distributions of measured ra-
diances within the footprint are shown in Figure 7.6 (d-f). The footprint was
geo-registered to the nadir (An) camera. To map the footprint on the oblique
cameras, the mean MISR oblique-detected cirrus height within the footprint
and the oblique angle for Ca and Da camera were used to correctly locate
the footprints on the oblique cameras. A good correlation (≈ 0.9) existed in
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Figure 7.5: Separating missed and detected cirrus - Variation in (a) the cirrus
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Figure 7.6: Radiance pattern for high MISR oblique-detected cirrus fraction -
The pattern of radiance (W m−2 sr−1 micron−1) measured at 670 nm with cam-
eras; (a) An, (b) Ca, (c) Da and the probability distribution of radiance within the
footprint in cameras; (d) An, (e) Ca, (f) Da. This case had the highest MISR de-
tected cirrus fraction.
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the patterns of radiance measured by the Ca-Da camera pairs. A critical ex-
amination of these radiance patterns revealed that ≈ 15% of thin cirrus were
missed after oblique analysis because of their homogeneity and ≈ 39% were
detected due to a distinguishable pattern of radiance seen from Ca-Da cameras
that were re-projected on nadir. This was carried out by examining the mean
and the standard deviations of radiance at 1.1 km resolution according to the
contrast threshold set with the stereo matcher applicability test. This test is
done prior to establishing a valid stereo match and is set to a threshold value
of 5. If the contrast metric calculated is below the threshold, the areas to be
matched are taken to be feature-less (Diner et al., 1999). The homogeneous cir-
rus were flagged with higher mean radiance values, lower standard deviations
and contrast metric values below the threshold. The homogeneous cirrus and
the MISR oblique-detected cirrus fraction were fed into the model with mean
optical depth of 0.2, but it still produced differences when compared to the
measured OLR. These differences were compensated with ≈ 9% of subvisual
cirrus (τ < 0.1) that were unaccounted for due to lack of contrast and intensity
in the radiances.

The pattern of radiance at 670 nm measured with MISR for a sample foot-
print that had a low fraction of MISR oblique-detected cirrus was also inves-
tigated. The radiances measured by the An, Ca and Da cameras are shown in
Figure 7.7 (a-c) and their corresponding probability distributions of measured
radiances within the footprint are shown in Figure 7.7 (d-f). This footprint had
low correlation (≈ 0.3) in the pattern of radiance measured by the Ca-Da cam-
era pairs. The MISR oblique-detected cirrus was ≈ 0.3% with a mean height of
14 km. The radiances measured by the Ca-Da camera pairs do not show signif-
icant thin cirrus features when examined for patterns. The Ca camera lacked
contrast and the radiances measured were homogeneous. Careful examination
of the contrast metric and the pattern of radiances showed that ≈ 40% of thin
cirrus were missed due to lower contrast and indistinguishable pattern of radi-
ances. The differences between model and measured OLR were compensated
with ≈ 25% of subvisual cirrus that was totally missed.

Now, the optical depth for CiFMISR can be limited to be within 0.1 < τ <

0.3 while CiFMISR−MISSED can be separated into CiFMISSED−HOMO and
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Figure 7.7: Radiance pattern for low MISR oblique-detected cirrus fraction - The
pattern of radiance (W m−2 sr−1 micron−1) measured at 670 nm with cameras; (a)
An, (b) Ca, (c) Da and the probability distribution of radiance within the footprint
in cameras; (d) An, (e) Ca, (f) Da. This case had the lowest MISR detected cirrus
fraction.
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CiFMISSED−SUBVISUAL.

CiFMISR−MISSED = CiFMISSED−HOMO + CiFMISSED−SUBVISUAL (7.6)

All clouds with τ < 0.1 would contribute to CiFMISSED−SUBVISUAL due to the
presence of subvisual cirrus that was not picked up by the MISR oblique anal-
ysis technique due to low contrast and radiance. However, CiFMISSED−HOMO

also includes the contribution from thin cirrus (0.1 < τ < 0.3) that was missed
due to their homogeneity. These clouds have detectable reflectance, but in-
sufficient contrast for the stereo matcher. Figure 7.5(b) shows the variation in
the cirrus forcing detected by MISR after using the MISR cirrus fractions in the
model with a mean optical depth of 0.2. The almost-clear footprint cases inves-
tigated showed that the MISR oblique analysis technique detected 6% of cirrus
and missed cirrus with 54% coverage which included ≈ 22% of subvisual cir-
rus and ≈ 32% of thin cirrus that was missed because of its homogeneity.

7.7 Tropical Analysis

To compute the overall cirrus properties within footprints, 556 orbits spanning
45 daily cases from 2000 to 2004 in the tropics including all valid footprints
with clear and cloudy scenes were analysed. The probability distribution of
thin cirrus forcing and height is shown in Figure 7.8.

The distribution of instantaneous cirrus forcing across the tropics is a slightly
skewed Gaussian as indicated in Figure 7.8(a). The tail ends of the distribu-
tion indicate the possible existence of multiple cirrus layers of variable op-
tical depths that were unaccounted for in the model. This also includes the
rare possibility of having thinner cirrus below thicker cirrus. However, using
mean values to represent highly cloudy scenes in the model also introduced
uncertainties in the modeled OLR. The mean value for cirrus forcing of 21 W
m−2 is consistent with recent cirrus studies undertaken in the tropics. Lee et al.
(2009) calculated an instantaneous cirrus forcing of 20 W m−2 at the TOA using
MODIS 1.38 µm reflectance. Comstock et al. (2002) showed thin cirrus clouds be-
come radiatively significant with cloud forcing above 10 W m−2 when optical
depths exceeds 0.06 using lidar observations, and Haladay and Stephens (2009)
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Figure 7.8: Probability distribution of cirrus forcing and height - Probability dis-
tribution of tropical (a) cirrus forcing and (b) cirrus height for all valid footprints
and the overall MISR oblique thin cirrus heights detected from the analysis of 556
MISR orbits from 2000-2004.
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computed instantaneous LW forcing of 20 W m−2 due to thin cirrus (0.02 < τ <

0.3).
The distribution of thin cirrus height detected from all valid footprints has

a mean height of 14 km and a modal height of 12.8 km as seen in Figure 7.8(b).
These valid footprints only include a subset of the detected thin cirrus clouds
from the MISR oblique analysis technique since all the footprints investigated
were within the MISR swath, but these footprints did not entirely cover the
MISR swath. However, after showing that the oblique analysis technique de-
tects thin cirrus clouds within the footprints with high confidence, this tech-
nique is than applied to the whole MISR path. Therefore, the overall thin cir-
rus height distribution is better captured with all the MISR oblique analysed
heights above 10 km in a total of 556 MISR orbits spanning 45 daily cases from
2000 to 2004 in the tropics. This yields an overall mean thin cirrus height value
of≈ 13 km with a modal height of 12.2 km consistent with recent cirrus studies
(Dessler et al., 2006; Nazaryan et al., 2008; Sassen et al., 2008; Haladay and Stephens,
2009).

The data including all the 556 orbits were re-processed for all footprints
with positive cirrus forcing such that multilayer cirrus cases were minimized.
Figure 7.9(a) depicts the probability distribution of thin cirrus amount used
to compensate for all positive cirrus forcing, assuming the presence of ho-
mogeneous single-layer thin cirrus of visible optical depth below 0.3 at the
MISR oblique detected altitude for almost clear footprint cases and all the
cloudy cases. However, using the cirrus fraction detected after oblique analy-
sis, shown in Figure 7.9(b), separates CiFMISR and CiFMISR−MISSED from CiF
as outlined in Figure 7.9(c-d).

Thin cirrus missed by MISR has contributions from visible homogeneous
cirrus (0.1 < τ < 0.3) and subvisual cirrus (τ < 0.1). Unraveling the homo-
geneous cirrus from the subvisual cirrus would require scene investigation for
all footprints. Earlier case study indicates that homogeneous cirrus of cover-
age 15% - 40% is missed by MISR. This would mean that around 25% - 50%
subvisual cirrus should exist. Figure 7.10(a-b) shows the probable distribution
of CiFMISSED−HOMO and CiFMISSED−SUBVISUAL assuming that the missed ho-
mogeneous cirrus had a mean coverage of 32% and an optical depth of 0.2, es-

97



7. MISR DETECTED VERSUS MISSED CIRRUS

0 0.5 1
0

0.5

1

1.5

2

2.5

3

3.5

ftotal

pr
ob

ab
ilit

y 
de

ns
ity

(a)

 

 
all cases
> 95% clear

0 0.5 1
0

10

20

30

40

fMISR

pr
ob

ab
ilit

y 
de

ns
ity

(b)

 

 
all cases
> 95% clear

0 5 10 15 20
0

0.2

0.4

0.6

0.8

CiFMISR (Wm−2)

pr
ob

ab
ilit

y 
de

ns
ity

(c)

 

 
all cases
> 95% clear

0 10 20 30 40 50
0

0.01

0.02

0.03

0.04

CiFMISR−MISSED (Wm−2)

pr
ob

ab
ilit

y 
de

ns
ity

(d)

 

 
all cases
> 95% clear

Figure 7.9: Probability distribution of detected and missed cirrus properties
- Probability distribution of tropical cirrus properties; (a) thin cirrus (τ < 0.3)
fraction, (b) MISR detected thin cirrus (0.1 < τ < 0.3) fraction, (c) cirrus forcing
from MISR detected thin cirrus (0.1 < τ < 0.3), (d) cirrus forcing from thin cirrus
(τ < 0.3) missed by MISR. The distributions are shown for > 95% clear footprints
(blue curve) cases and all clear and cloudy footprints (red curve) cases.
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tablished from earlier case studies and applied to both clear and cloudy cases.
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Figure 7.10: Probability distribution of missed cirrus properties - Probability
distribution of tropical cirrus properties missed by MISR; (a) cirrus forcing from
homogeneous thin cirrus (0.1< τ < 0.3), (b) cirrus forcing from subvisual cirrus
(τ < 0.1). The distributions are shown for > 95% clear footprints (blue curve)
cases and all clear and cloudy footprints (red curve) cases.

A summary of MISR detected thin cirrus and the cirrus missed by MISR
for almost-clear footprint cases and all footprint cases is provided in Table 7.2.
The results are shown after averaging all data over the tropics. For all tropical
almost-clear scenes, oblique analysis technique detects ≈ 7% of thin cirrus (0.1
< τ < 0.3) with cirrus forcing of 3 W m−2. It misses ≈ 65% of thin cirrus
(τ < 0.3) with possible cirrus forcing of 18 W m−2. Assuming ≈ 32% of thin
cirrus (τ ≈ 0.2) is undetected due to homogeneity, the cirrus forcing due to
this would be 8 W m−2 and this would imply≈ 33% of subvisual cirrus clouds
exist with cirrus forcing of 10 W m−2.

The results obtained for the almost-clear cases have minimum contamina-
tion from known MODIS clouds used as inputs to the model. As the footprints
get more cloud contaminated, the known MODIS clouds used as inputs into
the model introduces more uncertainty in flux calculations, mainly due to the
use of mean values to represent its fraction and optical depth. For all tropical
scenes including clear and cloudy cases, oblique analysis technique detects ≈
10% of thin cirrus (0.1 < τ < 0.3) with cirrus forcing of 2 W m−2 and misses
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Parameters Coverage Cirrus Forcing
(%) (W m−2)

Clear Cases
MISR Detected 7 ± 6 3 ± 2
MISR Missed 65 ± 21 18 ± 11

All Cases
MISR Detected 10 ± 9 2 ± 2
MISR Missed 67 ± 22 17 ± 10

Table 7.2: Tropical Averages- within one standard deviation from the normally
distributed mean

≈ 67% of thin cirrus (τ < 0.3) with possible cirrus forcing of 17 W m−2. Based
on similar assumption as for the almost-clear cases, if ≈ 32% of thin cirrus (τ
≈ 0.2) is undetected due to homogeneity, the cirrus forcing due to this would
be 7 W m−2 and this would imply ≈ 35% of subvisual cirrus clouds may exist
with cirrus forcing of 10 W m−2.

7.8 Summary

In this chapter, the outgoing LW flux at the TOA was used to quantify the
oblique stereo derived heights. A comparison of modeled and measured out-
going longwave fluxes at the top of the atmosphere for almost-clear special
case scenes over ocean using known input properties of the merged CERES,
MODIS and MISR data showed significant differences. After accounting for
uncertainties in modeled OLR of ± 4 W m−2 due to uncertainties in the input
properties, especially known high cloud, surface temperature and specific hu-
midity, the average difference of 17 W m−2 cannot be directly explained, and
is attributed to the presence of undetected thin cirrus.

MODIS detects cirrus down to an optical depth of about 0.3 in its standard
processing (Mace et al., 2005; Chiriaco et al., 2007), as does the nadir-stereo of
MISR (Marchand et al., 2007). However, by using the oblique stereo analysis
technique, which is more sensitive than the nadir-stereo analysis, this limit can
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be lowered to about 0.1. Adding the cirrus found by oblique stereo analysis
results in better agreement between model and the measurements, but an av-
erage difference of 15 W m−2 remains. This difference was explained with the
investigation of the radiances used in stereo matching for almost-clear scenes.
Results showed that 15% - 40% are homogeneous clouds that are not detected
because the stereo-matcher fails to find a suitable radiance pattern in the refer-
ence cameras and thinner cirrus (τ < 0.1) with 25% - 50% coverage is not even
detected by the oblique stereo analysis of MISR due to the lack of contrast and
intensity in the reference images.

When applied to all tropical almost-clear scenes, the coverage of thin cirrus
found by oblique stereo analysis with optical depths in the range 0.1-0.3 is 7%
with cirrus forcing of 3 W m−2. Based on the overall difference between model
and the measurement, the remaining coverage of thin cirrus with τ < 0.3 is
65% with a forcing of 18 W m−2 that has contribution of 32% of undetected
thin cirrus missed due to homogeneity with cirrus forcing of 8 W m−2 and
33% of subvisual cirrus with cirrus forcing of 10 W m−2. The net instantaneous
cirrus forcing due to the missed and the detected cirrus clouds for almost-clear
cases over the Tropical Ocean is 21 W m−2 and an average coverage of 72%.
This indicates that most of the scenes over the Tropical Ocean that appear to
be cloud-free have a high contamination of thin cirrus that possibly includes
homogeneous thin cirrus, broken cirrus or subvisual cirrus.

As more cloudy scenes are included, the uncertainties in quantifying thin
cirrus using the model increases when thicker clouds are inaccurately repre-
sented. Assuming that the merged data product accurately represented the
known clouds in the model, similar methodology is applicable for the almost-
clear cases to quantify thin cirrus in the scenes that also included cloudy foot-
prints over the tropics. For these cases, the oblique analysis technique detects
≈ 10% of thin cirrus (0.1 < τ < 0.3) with cirrus forcing of 2 W m−2 and misses
≈ 67% of thin cirrus (τ < 0.3) with possible cirrus forcing of 17 W m−2. The net
instantaneous cirrus forcing due to the missed and the detected cirrus clouds
for all the cases over the Tropical Ocean is 19 W m−2 and an average coverage
of 77%.

The MISR oblique stereo heights capture 7% - 10% of thin cirrus with mean
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height of 13 km over all the scenes that the standard stereo missed completely.
The pattern or the contrast threshold used for screening noise limits the per-
formance of oblique stereo technique. To improve cirrus detection, a possible
improvement can be made by lowering the current quality assessment thresh-
old value from 5 to 1 that will make more pixels available for stereo-matching.
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Chapter 8

Trend Analysis

8.1 Introduction

Cloud feedback is one of the most important, yet least understood process in
climate. The coupling between cloud properties and the surface air tempera-
ture is complex, and perturbations in cloud properties and surface air temper-
atures have multiple effects on the climate system. To understand the changes
in cloud properties in response to rising surface temperatures require long-
term observational evidence that can be replicated within models.

Satellites monitor changes in clouds and have generated immense interest
in the cloud-feedback problem. The use of MISR to understand changes in
cloud properties is made easier with enhanced resolution, reduced sampling
and instrument calibration errors, but the standard stereo technique has limita-
tions with cloud detection. Thin cirrus (τ < 0.3) is missed by MISR due to the
standard stereo approach that use nadir camera for stereo matching (Chapter
4). The oblique stereo technique proposed in Chapter 5 is able to detect thin
cirrus clouds to an optical depth of 0.1 and has been validated with coincident
clouds measured from MODIS and ground based CRL (Chapter 6).

In this Chapter, the enhanced oblique stereo technique is used to investi-
gate the fluctuations in CTH. Immense interest lies in the highly convective
zones of the tropics where thin cirrus occurrence is high. Comparison of the
standard and oblique stereo derived CTH is used to show the impact of thin
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cirrus clouds on regional and global scales.

8.2 CTH Trends from Standard MISR

Recently, Davies and Molloy (2012) investigated cloud height fluctuations mea-
sured by MISR from 2000 to 2010. Using a similar analysis approach, an ex-
tended time series of height anomaly is investigated. The standard MISR prod-
uct includes all clouds above an optical depth of 0.3. The global and regional
height fluctuations are explored in this Section.

8.2.1 Data

The Orbit Stats data from March 2000 to February 2012 were used to compute
the trends. The Orbit Stats produces simple statistics (such as means, counts,
percentages and 1-dimensional histograms) of some of the quantities found in
the standard MISR Level 2 files on a block- by-block basis for each orbit pro-
cessed. The Orbit Stats were a special data product that included separate best-
winds and without-winds (zero-wind) stereo statistics. The statistics produced
from zero-wind correction were ideal for trend analysis due to poor sampling
of the best-wind product. Further description of the Orbit Stats data for stereo
heights is shown in Appendix E.

The CERES SSF1DegLite Product was used for comparison and correlation
studies with height trends. This product provides CERES-observed tempo-
rally interpolated TOA radiative fluxes and coincident MODIS-derived cloud
and aerosol properties. Each parameter is available at daily and monthly 1◦

regional, zonal and global time-space scales. TOA fluxes are provided for
clear and all-sky conditions in the LW, SW, and window regions. The regional
means are determined for 1◦ equal-angle grid boxes calculated by first interpo-
lating each parameter between the times of the CERES observations in order
to produce a complete 1-hourly time series for the month. After interpolation,
the time series is used to produce mean parameters. Monthly means are calcu-
lated using the combination of observed and interpolated parameters from all
days containing at least one CERES observation. The daytime data for CERES
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on Terra are used to consider clouds seen by MISR.

8.2.2 Analysis Approach

The height anomalies were calculated using the effective cloud height (H)
(Davies and Molloy, 2012). H was calculated on a block-by-block basis as

H =
∫ ∞

0
f (h)h dh (8.1)

=
n

∑
bin=1

fbinhbin ∆h (8.2)

where f (h)dh is the probability of a detectable cloud top occurring in the range
h to h + dh. The Orbit Stats are binned (bin) histograms where hbin corresponds
to the middle of the height bin. The height anomaly (H′) over any time period
is calculated as H − 〈H〉, where 〈H〉 is the average over the period.

The algorithm to calculate the height anomaly is listed below:

1. Load Orbit Stats files.

2. Perform elementary checks on files for valid data.

3. Average all data by time of the year for specific regions.

4. Calculate the difference between the average for a given interval and the
full record average for the same region and time of year (deseasonalised
anomaly).

5. Integrate regions to obtain zonal or global values. The local anomalies
are weighted by area (cos(latitude)), provided they are sampled more
than a minimum threshold of 100 samples.

8.2.3 Global Height Fluctuations

The global height anomaly H′(y, p) was calculated for specific time interval (p)
of the year (y) using the algorithm described in Section 8.2.2. The time interval
(p) was chosen as 10 day with 3 discrete intervals within the month (Davies and
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Molloy, 2012). This allowed signals greater than 10 days coupled in heights to
be deseasonalised. Figure 8.1 shows the number of MISR orbits used in the
analysis.
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Figure 8.1: Number of MISR orbits processed - Total number of MISR orbits
processed using the standard stereo technique

The 2.2 km RLRA product derived from the Orbit Stats is processed for the
calculation of effective height shown in Figure 8.2.
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Figure 8.2: Global height anomaly - Global height anomaly calculated using 2.2
km RLRA’s. Height anomaly is smoothed using a 12 month running mean.
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The rms difference between orbital averages of H was ≈ 450 m. Each suc-
cessive orbit has an equatorial separation of ≈ 2500 km and it takes 16 days
before the orbital paths are repeated. The average number of orbits that were
fully processed was ≈ 4000/year. Therefore, the expected sampling error in
the global annual average H is about 8 m (Davies and Molloy, 2012). After in-
cluding 12 years of data, the linear trend calculated over a decade (March 2000
to February 2010) is ≈ -47 ± 19 m. A similar trend was calculated by Davies
and Molloy (2012). The linear trend in the global height anomaly is highly in-
fluenced by major La Niña events in 2008 and 2011. The overall decrease in
global height anomaly for the past 12 years is ≈ -56 ± 23 m.

A recent publication by Evan and Norris (2012) argued that the decreasing
trend in global mean effective CTH from MISR measurements relates to arti-
facts present in the standard data during the early years of the mission. They
hypothesized that a systematic reduction in the number of retrievals of clouds
at lower elevations due to MISR camera co-registration issues caused sampling
biases at the beginning of the mission. This misconception actually related to
satellite inclination maneuvers, which were certainly more dominant at the
beginning of the mission prior to the spacecraft reaching a stable orbit. This
was acceptable and accounted for by nominal standard processing (Jovanovic
et al., 2007). Further investigation (Davies. R, personal communication, 2012)
showed that the trend in global mean effective CTH anomaly calculated with
the number of cloud retrievals kept constant across the mission reveal no sig-
nificant changes in trends calculated earlier in Davies and Molloy (2012).

8.2.4 Global versus Tropics

To determine the spatial distribution of trends, H′(y, p) is transformed into
H′(y, p, θ, φ) where θ and φ are the latitude and longitude respectively. The 2.2
km RLRA product that mainly has the effects of clouds in normalizations from
the Orbit Stats were used with monthly periods. A typical MISR “block” rep-
resents ≈ 140 km in the along track-direction and ≈ 380 km in the across-track
direction, hence a 2◦×2◦ latitude-longitude grid was used in the calculation
of H′(y, p, θ, φ). Figure 8.3 shows the regional distribution of H′ trends for a
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decade.
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Figure 8.3: Spatial distribution of H′ trends for a decade - Spatial distribution of
trends in height anomaly from March 2000 to February 2010

CTH’s have decreased extensively over South Western Indonesia and the
Indian Ocean, Central Australia and the Western Arctic region, but CTH’s have
significantly increased over Africa, East Asia, TWP and the Western Antarctica
regions. Regional differences in trends of H′ are interestingly important, espe-
cially for the tropics. The tropical region is of high importance to the Earth’s
radiation budget because the net radiative heating is largest in the tropics,
and the circulations of oceans and atmospheres redistribute the surplus en-
ergy. Moreover, a large number of clouds are formed by deep convection and
convergence of water vapour. Figure 8.4 shows the zonal distributions of CRF
(see Appendix B) calculated from CERES on Terra satellite.

CRFSW and CRFLW can almost cancel out each other in the tropics. CRF
shown in Figure 8.4(c) almost approaches zero in the tropics. A high correla-
tion in CRFLW anomaly and H′ has been observed in the tropics (Figure 8.5).
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Figure 8.4: Zonal distributions of average cloud radiative forcing - Average (a)
CRFSW , (b) CRFLW and (c) CRF from March 2000 to February 2010. The shaded
region is the 1σ confidence with zero forcing reference line (pink) and 20◦N-20◦S
tropical region (black)
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Figure 8.5: Correlation of H′ and CRFLW anomaly - Global distribution of corre-
lation with H′ and CRFLW anomaly
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The CRFLW signifies the greenhouse effect of clouds, and the tropics exten-
sively show the dominance of H′ and CRFLW anomaly. Thus, the tropics are of
particular interest, and trends in effective height in the tropics would help in
the understanding of the radiative effect of clouds in this region. Furthermore,
the tropical region includes convective zones that have a high occurrence of
thin cirrus clouds, but MISR standard-stereo technique misses thin cirrus be-
low an optical depth of 0.3 (Marchand et al., 2007; Prasad and Davies, 2012).
Therefore, the H′ trend in the tropics is subject to change with the inclusion of
enhanced thin cirrus detected from MISR’s oblique-stereo technique. This is
investigated in the next Section.

8.3 Effect of Oblique-Detected Thin Cirrus on CTH
Trends

After successful detection (Chapter 7) and validation (Chapter 6) of thin cirrus
clouds with oblique-stereo technique (Chapter 5), especially in the tropics, the
decadal fluctuations of high clouds can be computed. Thin cirrus missed by
MISR was a major problem in accurately measuring cloud height fluctuations
Davies and Molloy (2012). This section includes the enhancement made in thin
cirrus detection with the oblique-stereo technique and explores the effects of
thin cirrus clouds on the cloud height trends in the tropics.

8.3.1 Data and Analysis Approach

In this study, the standard MISR Level 2 TOA Cloud Stereo-MIL2TCST (ver-
sion F08 0017) product (MISR homepage, 2012) and the oblique analysed stereo
product, both with the resolution of 1.1 km were used. The oblique-stereo
product was corrected for winds using the NCEP reanalysis 1 dataset (NCEP
homepage, 2012). The oblique-stereo technique is fully described in Chapter 5.
The oblique-stereo product generation was done at NASA DAAC for specific
MISR paths ordered. Due to the time required to reprocess the oblique-stereo
product, only 50 out of the 233 paths randomly chosen over the tropics were
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analysed for the whole MISR mission (2000-2010). Ideally all 233 paths should
have been analysed, but the subset gives an unbiased estimate of the trend,
albeit with larger uncertainty.

A similar analysis approach was undertaken to calculate the tropical height
anomaly H′t as in Section 8.2.2. However, own statistics were firstly calculated
for each tropical block, for every orbit in each of the 50 paths for the entire
mission. This was done for both the standard and the oblique-stereo products.
However, for the tropics (20◦N-20◦S), MISR “blocks” 75-106 were utilized with
monthly periods (p = m). Figure 8.6 shows the number of MISR orbits used in
the oblique versus standard analysis.
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Figure 8.6: Number of MISR standard and oblique orbits processed - Total num-
ber of MISR orbits processed using the standard and oblique stereo techniques

The expected sampling error in the tropical annual average Ht is calculated
as described in Section 8.2.3. However, for the tropics, the rms difference be-
tween orbital averages of Ht was ≈ 500 m and the average number of orbits
that were fully processed was ≈1000/year. Thus, the expected sampling error
in the tropical annual average Ht is about 16 m.
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8.3.2 Tropical Height Fluctuations

To calculate the tropical height anomaly H′t(y, m), the tropical summaries 〈Ht(y, m)〉
over paths (P) were calculated as

〈Ht(y, m)〉 =

50

∑
P=1

106

∑
b=75

HtPb(y, m)NPb(y, m) Cos(θb)

50

∑
P=1

106

∑
b=75

NPb(y, m) Cos(θb)

(8.3)

Here, the 50 paths were the randomly chosen MISR paths and were weighted
by total number of counts, N and by area, Cos (θ) over the tropical MISR
“blocks”, b with central latitude, θ. Thus, the tropical height anomaly H′t(y, m)
was calculated as

H′t(y, m) = 〈Ht(y, m)〉 − 〈Ht(m)〉 (8.4)

where 〈Ht(m)〉 = 〈〈Ht(y, m)〉〉. Figure 8.7(a) shows the fluctuations in H′t from
March 2000 to February 2010 using MISR standard and oblique techniques.

Table 8.1 summarises the main characteristics of the trends for standard,
oblique and cirrus cases. The enhanced oblique stereo technique with the in-

Data Trend Maximum Interannual
Product (m/decade) Departure(m) Difference(m)

Standard -46 ± 25 153 ± 16 -92 ± 23
Oblique -38 ± 35 -232 ± 16 -75 ± 23
Cirrus -26 ± 13 -132 ± 16 -3 ± 23

Table 8.1: Tropical height trends from March 2000 to February 2010

clusion of thin cirrus with optical depth above 0.1 has a minor effect on the
overall trend, but the effect of cirrus clouds is evident with fluctuations in H′t.
Figure 8.7(b) shows the fluctuations in cirrus H′t. These cases only included
CTH above 10 km retrieved after the corrections for parallax and winds (Chap-
ter 5). Thin cirrus fluctuations are heavily influenced by strong El Niño events
starting in early 2005 and 2007 (Figure 8.8). The differences in H′t between
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Figure 8.7: Tropical height anomaly from the standard and oblique technique -
Tropical height anomaly from March 2000 to February 2010 for (a) standard and
oblique stereo and (b) cirrus cases

113



8. TREND ANALYSIS

February 2010 and the end of March 2000 reflects the role of tropical pressure
changes in cirrus formation that largely controls the overall trends established.
The decrease in cirrus H′t of -26 m is significant in terms of high-cloud feed-
backs. The overall effect of enhanced oblique CTH slows down the trends
derived from the standard product. This would imply overall cooling effect in
the tropics, provided this trend continues and the subvisual cirrus behaves as
the thinner cirrus detected from MISR.
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Figure 8.8: Southern-Oscillation Index - SOI calculated by Australian Bureau of
Meteorology using the pressure differences between Tahiti and Darwin. Persistent
negative (positive) value of 8 indicates El Niño shaded in blue (La Niña shaded in
red) events

8.3.3 Gridded Tropical Height Trends

To understand the regional importance of cirrus, H′t(y, p) is transformed into
H′t(y, p, θ, φ) where θ and φ are the latitude and longitude respectively. Similar
grids were used as in Section 8.2.4. Figure 8.9 shows the spatial distribution of
H′t(y, p) calculated from the oblique enhanced product and the cirrus product.

The enhanced oblique product that includes thin cirrus (0.1 < τ < 0.3)
clouds and the standard MISR clouds (τ > 0.3) show maximum decrease
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Figure 8.9: Spatial distribution of H′t trends for a decade - Spatial distribution of
trends in tropical height anomaly from March 2000 to February 2010 for oblique
enhanced (top) and cirrus (bottom) product.
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over central Indonesia (0◦N, 120◦E) and increase over the central Pacific (0◦N,
180◦E). Similar results were obtained with standard MISR data (Davies and
Molloy, 2012). Interestingly, if only thin cirrus clouds are considered, thin cir-
rus height anomaly trends decreased (increased) at a slower rate over central
Indonesia (central Pacific). However, thin cirrus negatively correlated (<-0.5)
with the oblique enhanced product off the coast of North-West Australia (15◦S,
92◦E) and Tropical Eastern Pacific. These regions had high impact of cirrus
clouds on the overall trends in the region.

For the same regions in the tropics, correlations of H′t were calculated for
fluctuations with key variables including surface skin temperature, CRFLW and
Southern Oscillation Index (SOI). Figures 8.10 and 8.11 show these correlation
plots using oblique enhanced and cirrus products respectively.

The correlations of H′t with skin surface temperature are higher over In-
donesia and the central Pacific. These regions had higher fluctuation in oblique
enhanced H′t indicating the role of surface and ocean heating in modulating
CTH. Moreover, the correlation between oblique enhanced H′t and CRFLW is
maximum over TWP where formation of cirrus from deep convection is com-
mon. Most importantly, the relationship between oblique enhanced H′t and
SOI shows strong positive correlation over Indonesia and a negative correla-
tion over the central Pacific. This indicates that during El Niño phase (negative
SOI), clouds over Indonesia decrease while they increase over the central Pa-
cific. Similarly, exactly the opposite occurs during the La Niña phase (Davies
and Molloy, 2012).

When cirrus clouds (τ > 0.1, CTH > 10 km) detected from MISR are sepa-
rately investigated, lower correlations exist in most of the key variables investi-
gated. However, relationships of cirrus H′t with surface skin temperature and
CRFLW were higher in the Eastern Tropical Pacific and lower over the coast
of Northern Australia. On the other hand, the correlations of cirrus H′t with
SOI indicate positive correlations over the central Pacific while lower correla-
tions exist off the coast of North-West Australia. These correlations indicate
the complex nature of thin cirrus clouds which are modulated by Sea Surface
Temperature (SST) and influenced by El Niño-Southern Oscillation (ENSO).
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8.3 Effect of Oblique-Detected Thin Cirrus on CTH Trends

Figure 8.10: Tropical distributions of oblique enhanced height relationships -
Correlation of oblique enhanced H′t with (top) surface skin temperature, (middle)
CRFLW , (bottom) Southern Oscillation Index. The color scale indicates the corre-
lation coefficient.
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Figure 8.11: Tropical distributions of thin cirrus height relationships - Cor-
relation of thin cirrus H′t with (top) surface skin temperature, (middle) CRFLW ,
(bottom) Southern Oscillation Index. The color scale indicates the correlation co-
efficient.
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8.4 Summary

A complete 12 year fluctuation in cloud height anomaly from standard MISR
shows a decrease in heights of -56 ± 11 m. This trend is highly influenced by
La Niña events in 2008 and 2011 indicated by maximum departures of -80 m
and -50 m, respectively. The CTH anomaly strongly decreased over Indonesia
while the central tropics showed maximum increase. This is consistent with
decadal fluctuations in height measured by Davies and Molloy (2012). More-
over, the tropics is radiatively important due to the cancellation of the CRFSW

and CRFLW . Any fluctuation in height of thin, high clouds missed by standard
MISR technique would alter the overall trend in the tropics with significant
impacts on climate.

The use of an oblique stereo technique enhanced the detection of thin cir-
rus down to an optical depth of 0.1. Interestingly, the effect of thin cirrus de-
tected does not strongly affect the enhanced CTH anomaly, however the height
fluctuations of the additional cirrus detected become plausible. The enhanced
oblique CTH anomaly from March 2000 to February 2010 shows a decrease of
-38 ± 35 m and is lower than a decrease of -46 ± 25 m. The thin cirrus height
anomaly also showed a decline of -26 ± 13 m over the decade. It was shown
that strong El Niño events in early 2005 and 2007 influenced the trends in thin
cirrus height anomaly.

Furthermore, detailed spatial relationships of tropical CTH anomaly illus-
trated the role of surface skin temperature in modulating CTH, especially over
Indonesia and the central Pacific. The tropics is affected by ENSO and the trop-
ical CTH anomaly responds according to regional changes in surface temper-
ature. The enhanced oblique CTH anomaly includes clouds above an optical
depth of 0.1 because the oblique stereo technique misses subvisual cirrus. In-
vestigation of the effects of subvisual cirrus clouds on the enhanced oblique
CTH anomaly in the tropics is greatly anticipated, but the close nature of thin
and subvisual cirrus clouds imply similar results to be obtained.
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Chapter 9

CALIOP Climatological
Comparisons

9.1 Introduction

Developments in active remote sensing of clouds have vastly improved our
understanding of cloud climatology over the years. The inception of space-
borne lidar has added vital information on clouds vertical profile and distribu-
tion over the globe. This includes the launch of CALIPSO CALIOP payloads as
part of the A-Train constellation of satellites (Stephens et al., 2002; Winker et al.,
2007). The A-Train satellites are in a 705 km sun-synchronous polar orbit with
a 16 day repeat cycle and equatorial crossing time of about 13:30 local solar
time, providing a global coverage between 82◦N-82◦S.

The CALIPSO payloads consist of three nadir viewing instruments. This
includes CALIOP, Imaging Infrared Radiometer (IIR) and the Wide Field Cam-
era (WFC). The primary instrument carried on CALIPSO is a solid-state neody-
mium doped yttrium aluminum garnet (Nd:YAG) laser that produces simul-
taneous coaligned pulses at 1064 and 532 nm. CALIPSO combines an innova-
tive combination of an active lidar instrument (CALIOP) with passive infrared
(IIR) and visible imagers (WFC) to probe the vertical structure and properties
of thin clouds and aerosols over the globe. Each lidar measurement is a 100 m
wide snapshot or profile of the atmosphere with separate horizontal and verti-
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9. CALIOP CLIMATOLOGICAL COMPARISONS

cal resolutions based on altitude range. An overview of the CALIPSO mission
and CALIOP data processing algorithm is presented in Winker et al. (2009).

CALIOP cloud height measurement capability exists for layers with τ >

0.01, allowing it to detect subvisual and thin cirrus with high confidence. Sev-
eral studies have shown the global distribution of thin and subvisual cirrus
using CALIOP products (Lamquin et al., 2008; Nazaryan et al., 2008; Sassen et al.,
2008; Haladay and Stephens, 2009; Massie et al., 2010; Stubenrauch et al., 2010).
Although, CALIOP and MISR do not see the same clouds due to differences in
equatorial crossing times, the cirrus climatology produced from both instru-
ment should reveal similar results.

Moreover, the enhanced oblique MISR height anomaly only includes thin
cirrus with τ > 0.1. To determine the effect of subvisual cirrus (missed by
MISR) on the enhanced oblique MISR height anomaly, the CALIOP dataset
can be used. This chapter investigates climatological comparisons of cirrus
clouds from CALIOP and MISR.

9.2 Data

This study used the CALIPSO Level 2 cloud layer product (CALIPSO homepage,
2012) with a 5 km horizontal resolution from 13/06/2006 to 31/10/2011. The
fundamental data product provided by the CALIPSO cloud layer product is
the vertical location of cloud layer boundaries. All other layer properties such
as integrated attenuated backscatters and layer two-way transmittances are
computed with reference to these boundaries. The CALIOP cloud layer detec-
tion algorithm and uncertainties associated with layer detection in backscatter
lidar data are described in Vaughan et al. (2009).

For climatological comparisons with standard MISR, the Orbit Stats de-
scribed in Section 8.2.1 and Appendix E are used. The enhanced MISR oblique
stereo product described in Section 8.3.1 was specifically used for thin cirrus
comparisons in the tropics.
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9.3 Analysis Approach

The cloud layer product from CALIOP is screened for daytime high confidence
clouds. The daytime screening ensures similar statistics to be compared with
MISR retrievals, and screening of high confidence clouds discriminates aerosol
from clouds. The cloud screening was performed using the Cloud-Aerosol
Discrimination (CAD) score. It provides a numerical confidence level for the
classification of layers by the CALIOP cloud-aerosol discrimination algorithm
(Liu et al., 2009). The CAD algorithm separates clouds and aerosols based on
multi-dimensional histograms of scattering properties (intensity and spectral
dependence) as a function of the geophysical location (Liu et al., 2004). The
standard CAD scores reported in the CALIPSO layer products range between
-100 and 100. The sign of the CAD score indicates the feature type where pos-
itive (negative) values signify clouds (aerosols) and the absolute value of the
CAD score provides a confidence level for the classification. The CAD scores
above 80 were used to screen high confidence clouds from all CALIPSO orbits.

All CALIPSO top-layer altitudes are sorted into a 1◦× 1◦ latitude (θ)-longit-
ude (φ) grid as a function of year (y) and month (m), along with other variables
such as bottom layer-altitude and optical depth. For comparisons with MISR
CTH’s, the topmost layers detected with CALIOP are considered. Further-
more, the screened CALIOP data are binned with respect to MISR’s standard
and oblique detectable thresholds. These binned regimes include the follow-
ing:

• All CALIOP topmost clouds (τ > 0 and CTH > 0 km)

• All CALIOP topmost clouds similar to standard clouds (τ > 0.3 and CTH
> 0 km) from MISR.

• All CALIOP topmost clouds similar to oblique enhanced cirrus clouds
(0.1 < τ < 0.3 and CTH > 10 km) from MISR.

• All CALIOP topmost clouds similar to undetected subvisual cirrus (τ <

0.1 and CTH > 10 km) from MISR
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9.4 CALIOP Climatology

The average CALIOP CTH (〈h(θ, φ)〉) and the occurrence (〈 f (θ, φ)〉) is calcu-
lated as:

〈h(θ, φ)〉 =

6

∑
y=1

12

∑
m=1

hym(θ, φ)

6

∑
y=1

12

∑
m=1

Nym(θ, φ)

(9.1)

〈 f (θ, φ)〉 =

6

∑
y=1

12

∑
m=1

Nym(θ, φ)

6

∑
y=1

12

∑
m=1

Tym(θ, φ)

(9.2)

Here hym is the total sum of CALIOP CTH with the total number of counts,
Nym and Tym is the total number of CALIOP overpass in the grid specified by
θ and φ over the years 2006-2011. Figures 9.1 and 9.2 show the geographical
distribution of average CALIOP CTH and its occurrence based on the binned
regimes described in Section 9.3.

The global distribution of average CALIOP CTH and its occurrence jointly
show the important role the tropics play with teleconnections from other re-
gions in modulating CTH. An average CTH of 14 km exists over the tropical
belt. CALIOP frequently (≈ 80%) detects low clouds (< 4 km) at high lati-
tudes. The Southern high latitudes show 60% occurrence of thick (τ > 0.3),
low clouds (< 4 km). Interestingly, thin (τ < 0.1), high (> 10 km) subvisual
cirrus have a global spread and the tropics peaks with a height (occurrence)
of ≈ 15 km (40%). Similarly, thin (0.1 < τ < 0.3) visual high (> 10 km) cirrus
occurs (≈ 15%) uniformly over the tropics and are not present at high latitudes.

The frequency distribution of height of the topmost layer detected from
CALIOP is shown in Figure 9.3. The contributions of all CALIOP detected
clouds (τ > 0) have been split into contributions from all clouds stratified by
optical depth thresholds from MISR standard (τ > 0.3) and oblique (0.1 < τ <
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Figure 9.1: Average CALIOP CTH - Calculated for the period starting 13/06/2006
to 31/10/2011
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Figure 9.2: Average CALIOP occurrence of clouds - Calculated for the period
starting 13/06/2006 to 31/10/2011
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Figure 9.3: CALIOP CTH occurrence - (left) Global and (right) Tropical topmost
layer normalized (using frequency of all detected clouds) occurrence calculated
for the period starting 13/06/2006 to 31/10/2011.
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0.3) processing. The subvisual cirrus (τ < 0.1) are also included to complete the
overall contributions from all clouds stratified by the CALIOP optical depth.

Interesting differences are observed over the tropics and the globe with all
CALIOP detected clouds (τ > 0). The tropics shows increased frequency of
CTH’s above 10 km in comparison to CTH’s below 10 km. Most of the high
cloud contribution in the tropics results from subvisual cirrus (τ < 0.1). Also,
CALIOP detected thinner cirrus (τ < 0.3) cloud-top with a height threshold of
10 km in the tropics. A similar threshold for CTH was estimated with MISR
in Section 5.3. This highlights the important role thinner cirrus (τ < 0.3) have
in the calculation of CTH anomaly in the tropics. Though, oblique-stereo de-
tects thin cirrus with τ > 0.1, the frequent occurrence of subvisual cirrus from
CALIOP in the tropics can be influential in determining overall trends from
MISR.

9.5 MISR versus CALIOP

MISR’s inability to detect subvisual cirrus from oblique-stereo can be influ-
ential in the tropical height anomaly calculations from Section 8.3.2. It could
amplify, dampen or compensate for the decreasing trend calculated using the
enhanced oblique stereo technique. However, CALIOP’s ability to detect sub-
visual cirrus has been shown in Section 9.4. The diverse coverage and height
distribution of subvisual cirrus in the tropics reflects its radiative significance
and importance in testifying for the net effect of all clouds in feedback pro-
cesses. Cloud climatology from CALIOP and MISR is compared for clouds
detected by the standard and the oblique stereo techniques. Figure 9.4 shows
the cloud (τ > 0.3) climatology for the same period of CALIOP and MISR
standard operation.

The global distribution of MISR CTH calculated from RLRA at 2.2 km res-
olution shows a similar distribution pattern as detected from CALIOP. Both
instruments detect higher clouds over the tropics, and lower clouds over Trop-
ical Eastern Pacific, Southwest coast of Africa, Western coast of Australia and
the poles. Moreover, the occurrence of clouds (τ > 0.3) is higher in the high
Southern latitudes compared to the Northern. Both instruments detect low fre-
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9.5 MISR versus CALIOP

Figure 9.4: Thick cloud climatology from CALIOP and MISR - (left) CTH and
(right) occurrence from (top) MISR and (bottom) CALIOP calculated for the pe-
riod starting 13/06/2006 to 31/10/2011. This includes all clouds above an optical
depth of 0.3 from both instruments. Different color codes are used for pattern
recognition.
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quency of clouds over desert areas and the Tropical Eastern Pacific. Although
the instruments have different equatorial crossing times, its evident similar
cloud (τ > 0.3) climatology exists with both. Similarly, Figure 9.5 shows thin
cirrus (0.1 < τ < 0.3) climatology for the same period of CALIOP and MISR
oblique operation.

Figure 9.5: Thin cloud tropical climatology from CALIOP and MISR - (left) CTH
and (right) occurrence from (top) oblique MISR and (bottom) CALIOP calculated
for the period starting 13/06/2006 to 31/10/2011. This includes all clouds (0.1
< τ < 0.3) from both instruments.

In the tropics, occurrence of thin cirrus (0.1 < τ < 0.3) from CALIOP and
MISR oblique operation agrees closely. Over Indonesia, both instruments de-
tect thin cirrus (0.1 < τ < 0.3) with occurrences of ≈ 15%. The average CTH
from CALIOP is ≈ 2 km higher than MISR due to enhanced detection of deep
convective clouds, but the distribution pattern is similar in regions where both
instruments detect clouds.

Although, on different platforms, the climatology of thick (τ > 0.3) and
thin (0.1 < τ < 0.3) clouds from CALIOP and MISR show similar results for
the same years of operation. Therefore, similar climatology is expected from
both instruments for subvisual clouds (τ < 0.1). This also validates MISR’s
ability to detect thin cirrus (0.1 < τ < 0.3) prior to CALIOP’s operations.
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9.6 CALIOP CTH Trends

The climatology of daytime clouds from both CALIOP and MISR instruments
are quite similar. The calculation of significant trend at decadal scales with
CALIOP is not possible at this stage because of its shorter time of operation,
however height fluctuations from CALIOP is still of interest, especially with
subvisual cirrus.

The height anomaly calculations with CALIOP used similar analysis ap-
proach described mostly in Chapter 8. Briefly described here, all CALIOP CTH
are sorted into a 1◦× 1◦ latitude (θ) - longitude (φ) grid as a function of year (y)
and month (m). To reduce sampling errors, the grids were taken to be smaller,
where data were mostly independent and uncorrelated. The sampling error
calculated within a 1◦ latitude (θ) - longitude (φ) grid was ≈ 5 m. The sorted
data are further reprocessed into groups classified by the optical depths de-
scribed in Section 9.3. All data are averaged by the time of the year for specific
regions, deseasonalised and integrated (weighted by area) to obtain zonal or
global values of height anomalies.

The spatial distribution of total changes in CTH from CALIOP from June
2006 to October 2011 is shown in figure 9.6. The change in CALIOP CTH (τ >

0) for 5 years of operation shows a strong decrease in height over the central
tropics and increase over Indonesia. All CALIOP topmost clouds similar to
MISR standard clouds (τ > 0.3 and CTH > 0 km), all CALIOP topmost clouds
similar to MISR oblique enhanced cirrus clouds (0.1 < τ < 0.3 and CTH >

10 km) and all CALIOP topmost clouds similar to MISR undetected subvisual
cirrus (τ < 0.1 and CTH > 10 km) show similar spatial patterns, but the subvi-
sual cirrus have the dominant effect. To further explore the CTH fluctuations
from CALIOP, the global and tropical CTH anomalies are calculated.

Figure 9.7 shows the global CTH anomaly calculated using CALIOP start-
ing June 2006 to October 2011. Interestingly, the trends from CALIOP show a
decline in global CTH anomaly for all clouds classified by their optical depths
and height. This is largely due to strong El-Niño event in 2007, and a stronger
La-Niña in 2011 (see Figure 8.8). During, the term of CALIOP’s operation,
ENSO events largely influenced the global CTH anomalies. All clouds (τ >
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Figure 9.6: Spatial distribution of changes in height anomaly with CALIOP
from June 2006 to October 2011 - Height anomaly calculated using CALIOP strat-
ified by optical depth. The spatial distribution is averaged into a 5◦ latitude (θ)-
longitude (φ) grid.
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0 and CTH > 0 km) declined by atleast 200 m due to a strong La-Niña event
in 2011. The La-Niña event was much stronger in 2011 than in 2008 (the SOI
index shown in Figure 8.8). This is also reflected by the magnitude of global
CTH anomaly dips in 2008 and 2011.

2006 2007 2008 2009 2010 2011 2012
−400

−200

0

200

400

he
ig

ht
 a

no
m

al
y 

(m
)

! > 0,CTH > 0 km

 

 
smooth anomaly
monthly fluctuation
trend

2006 2007 2008 2009 2010 2011 2012
−400

−200

0

200

400

he
ig

ht
 a

no
m

al
y 

(m
)

! > 0.3,CTH > 0 km

2006 2007 2008 2009 2010 2011 2012
−400

−200

0

200

400

he
ig

ht
 a

no
m

al
y 

(m
)

0.1 < ! < 0.3,CTH > 10 km

2006 2007 2008 2009 2010 2011 2012
−400

−200

0

200

400

he
ig

ht
 a

no
m

al
y 

(m
)

! < 0.1,CTH > 10 km

Figure 9.7: Global height anomaly from CALIOP - Global height anomaly calcu-
lated using CALIOP stratified by optical depth. Height anomaly was smoothed
using a 12 month running mean.

Similar features are observed in CTH anomalies for clouds that include thin
(0.1 < τ < 0.3 and CTH > 10 km) and subvisual (τ < 0.1 and CTH > 10 km)
cirrus due to La-Niña events in 2008 and 2011. However, the impacts of the El-
Niño event in the mid of 2009 also caused the global CTH anomaly for thin and
subvisual clouds to decrease by atleast 80 m. Global subvisual CTH anomaly
decreased in height by ≈ 200 m in the mid of 2008, whereas thick clouds (τ >

0.3 and CTH > 0 km) CTH anomaly increased in height by ≈ 50 m.
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Also, the tropical CTH anomaly calculated using CALIOP starting June
2006 to October 2011 is shown Figure 9.8. The tropical CTH anomaly is strongly
modulated by ENSO events. In particular, the thin and subvisual cirrus clouds
show a strong decrease in CTH anomaly during strong La-Niña events. Simi-
lar to the global CTH anomaly trends, the tropics also show a decline in CTH
anomaly for all clouds classified by their optical depths and height.
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Figure 9.8: Tropical height anomaly from CALIOP - Tropical height anomaly cal-
culated using CALIOP stratified by optical depth. Height anomaly was smoothed
using a 12 month running mean.

The tropical contribution to global CTH anomaly is illustrated in Figure 9.9.
Although the tropics play a key role in climate, the teleconnections from the
other regions seem equally important. Thin and subvisual cirrus are present
in the extra-tropics and high latitudes (see Figure 9.2) and have a strong influ-
ence on the global CTH anomaly. The current CALIOP dataset is too short for
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decadal analysis, but the data acquired in the next few years will determine
whether the current trend continues.
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Figure 9.9: Inter-comparison of CALIOP’s global and tropical height anomaly
fluctuations - Global and Tropical trends in height anomaly using CALIOP’s data
from June 2006 to October 2011.

9.7 Summary

Active space-borne lidar, CALIOP successfully detects multi-level clouds with
high precision. CALIOP detects subvisual cirrus that are missed by MISR’s
oblique-stereo technique. Both subvisual and thin cirrus clouds exist mostly
above 10 km in altitude over the tropics. CALIOP sees thin, high subvisual
cirrus clouds globally with maximum occurrence (height) of ≈ 40% (15 km)
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in the tropics. This can influence the trends in CTH anomaly calculated from
MISR, but climatological comparisons from MISR and CALIOP show a high
degree of similarities in thick (τ > 0.3) and thin (0.1 < τ < 0.3) clouds over
most regions. This suggests that the climatology of subvisual cirrus clouds
should agree well in principle from both instruments.

The global and tropical CTH anomaly calculated for thick, thin and sub-
visual clouds are modulated by ENSO events, and all show a decline in CTH
anomaly for ≈ 5 years of CALIOP’s operation. Similar height fluctuations are
seen with MISR for thick and thin clouds. Evidently, subvisual cirrus would
have amplified the overall trends from MISR if it had been detected. These
trends would be significantly important to cloud feedback if they continue
over the next decade.
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Chapter 10

Conclusion and Future Directions

10.1 Conclusion

This thesis presents the detection, validation and trends of tropical thin cir-
rus from MISR. Thin, high cirrus clouds were difficult to detect from MISR’s
standard stereo technique due to the nadir and near nadir cameras used for
stereo matching. The stereo matching technique is based on contrast of the
images used for pattern matching, and the operational cloud-height product
from MISR may miss thin cirrus when it overlies thicker, lower-level cloud.
The standard stereo technique was able to detect clouds with minimum optical
depths of 0.3. The CTH forms an essential parameter in understanding the role
of clouds on the climate since the longwave forcing caused by a decadal change
of ≈ 19 m in effective cloud height can compensate for the CO2 forcing caused
over the last decade (Davies and Radley, 2009). Furthermore, the fluctuations
in effective cloud height from operational MISR over the last decade (March
2000- February 2010) shows a decline in effective height anomaly of 44± 22 m,
but omits thinner cirrus influence (Davies and Molloy, 2012). Any fluctuation
in the effective cloud height is significant in determining cloud feedback and
the equilibrium surface temperature. To establish a better understanding of
the effects of cloud feedback in terms of long-term climatic trends, the effec-
tive mean height should include thin cirrus clouds that have been previously
undetected by MISR.
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Initiation of thin cirrus detection with MISR was possible after indications
of improvement in contrasts from the oblique cameras. This led to the formu-
lation of the oblique-stereo technique, however different oblique camera pairs
showed varying sensitivity to cirrus with Ca-Da being the most sensitive to
CTH above 10 km. This technique also required correction for parallax and
winds. The oblique stereo technique reduced errors resulting from sunglint
due to the use of oblique views than the nadir, but blunders in stereo matching
still existed due to the edge of clouds. Moreover, spatially incoherent heights
also associated with noisy retrievals dominated by height values above 20 km
were screened out. Overall, it improved precision of CTH detection to 252 m,
reduced height errors due to cloud motion by 40% and enhanced detection of
high clouds by 46%.

Detailed analysis of tropical case studies over clear ocean revealed that ma-
jority of the oblique stereo derived heights to be in regions that were flagged as
cirrus pixels using MODIS 1.38 µm cirrus reflectance. MODIS cirrus reflectance
had the ability to flag regions to be cirrus (τ < 0.3) pixels, but it was not used
to retrieve CTH. MODIS algorithm used CO2 slicing techniques for CTH de-
tection (See Appendix D). A comparison of oblique-detected CTH with coinci-
dent CTH derived from MODIS showed a bias of 1.7 km with MISR detecting
higher heights than MODIS. This bias is largely due to MODIS sensitivity in
the CO2 band that detects the radiative mean rather than the cloud-tops (Men-
zel et al., 2008). Furthermore, ground-based precise point-wise comparisons
limited to only 60 coincident cases resulting from < 17% of total MISR over-
passes over TWP ARM sites were within 1-2 km when comparing the same
clouds seen by MISR’s oblique technique and by ground-based cloud radar
and lidar over Nauru, Manus or Darwin. Using a statistical analysis approach
with histogram comparisons characterizing the same region with increased
samples, the oblique-stereo analysis detected cirrus-top layer in 65% of all the
valid coincident cases, mostly < 1 km in thickness that was undetected by the
standard-stereo technique. The oblique-stereo derived cirrus CTH’s differed
from the heights of cirrus-top layers from ground-based cloud radar and lidar
by only -0.5 ± 1.0 km, validating the MISR retrievals.

Several questions still remained unanswered including the actual amount
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of thin cirrus detected from the enhanced oblique technique, its minimum de-
tectable optical depth threshold and the amount of cirrus still being missed.
The availability of a merged satellite (CERES, MODIS and MISR) dataset that
included information on TOA fluxes and clouds allowed measurements to be
compared with modeled results. The effect of thin cirrus to OLR had been
widely known in terms of the enhanced greenhouse effect. Thus, the measured
OLR from the merged data product was compared with a modeled output. The
underlying principle was that with known clouds, aerosols and atmospheric
conditions, the modeled OLR should in principle agree with the measured
CERES OLR from the merged footprint. However, comparison of modeled
and measured OLR at the top of the atmosphere for almost-clear special case
scenes over ocean using known input properties of the merged CERES, MODIS
and MISR data showed significant differences. After accounting for uncertain-
ties in modeled OLR of± 4 W m−2 due to uncertainties in the input properties,
especially known high cloud, surface temperature and specific humidity, the
average difference of 17 W m−2 cannot be directly explained, and is attributed
to the presence of undetected thin cirrus. This difference was compensated by
the addition of thin cirrus at MISR oblique detected heights with an average
fractional coverage of 60%. This exercise also revealed the minimum optical
depth for thin cirrus detected with the oblique-stereo technique was ≈ 0.1. All
clouds below this threshold were missed by MISR.

The cirrus fraction detected with oblique-stereo technique was fed again
into the model and the differences (≈ 15 W m−2) that still existed included the
effects of subvisual cirrus and homogeneous cirrus. A detailed investigation
of radiance patterns in MISR imagery over the special clear scene footprints
showed that ≈ 15-40% of thin clouds in coverage missed are homogeneous.
These clouds are missed due to the failure of the pattern matching algorithm
to detect features despite having larger radiance values. Similarly, ≈ 25-50%
of clouds in coverage missed are subvisual. These clouds lack contrast and
are flagged with low intensity of measured radiances. Overall, the net instan-
taneous cirrus forcing due to the missed and the detected cirrus clouds for
almost-clear cases over the Tropical Ocean is 21 W m−2 with average coverage
of 72%. This showed that a majority of the scenes over the Tropical Ocean that
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appear to be cloud-free have a high contamination of thin cirrus that possibly
includes homogeneous thin cirrus, broken cirrus or subvisual cirrus clouds.
The oblique-stereo technique detected ≈ 7% of thin cirrus, initially missed by
the standard MISR processing. The amount of cirrus still undetected was ≈
65% consisting of≈ 32% of homogeneous cirrus and≈ 33% of subvisual cirrus.
A possible improvement in thin cirrus detection still missed by the oblique-
stereo technique could be made by fine-tuning the quality assessment thresh-
old value set with the stereo-matching algorithm. A much lower threshold
allows more pixels to be available for stereo matching, increasing the probabil-
ity of feature-matching.

The enhancement in detection of thin cirrus using MISR’s oblique stereo
technique made the decadal analysis of cloud fluctuations possible. The en-
hanced oblique stereo cases with the inclusion of thin cirrus with optical depth
above 0.1 had a minor effect on the overall decadal trend calculated from stan-
dard MISR processing, but the height fluctuations of the additional cirrus de-
tected become plausible. The enhanced oblique CTH anomaly from March
2000 to February 2010 showed a decrease of -38 ± 35 m and was lower than a
decrease of -46 ± 25 m from the standard processing. Strong El Niño events
in early 2005 and 2007 influenced the trends in thin cirrus height anomaly.
Regional differences in cirrus height anomaly were noticed, especially over In-
donesia and the Central Pacific. However, the behaviour of thin cirrus was
mostly different from the thicker (τ > 0.3) clouds. Thin, higher cirrus were
heavily modulated by strong El Niño events, while the thicker clouds were
more heavily influenced by the La Niña events. Generally, over the tropics,
the thin cirrus height anomaly showed a decline of -26 ± 13 m over the last
decade. This may indicate a negative-feedback from thin, high clouds if the
trend continues over the next decade. However, the oblique stereo techniques
failure to detect subvisual cirrus caused a similar dilemma on overall trends as
the previously undetected thin cirrus.

Fortunately, climatological comparisons from CALIOP helped in under-
standing the behaviour of subvisual clouds over a smaller period of operation
(≈ 5 years). Greater agreements in the distribution of thin (0.1 < τ < 0.3 and
CTH > 10 km) and thick (τ > 0.3 and CTH > 0 km) clouds climatologically
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from MISR and CALIOP existed. This strongly suggested that the climatol-
ogy of subvisual cirrus clouds should in principle be similar from both instru-
ments. CALIOP detected thin high subvisual cirrus clouds globally with maxi-
mum occurrence of ≈ 40% in the tropics, whereas a relatively close amount (≈
33%) of subvisual cirrus was inferred to be missed by the oblique-stereo tech-
nique. Thus, similar CTH anomaly calculations using operational CALIOP
data showed a decline in heights for thick and thin clouds, modulated by re-
cent ENSO events. Surprisingly, the subvisual CTH anomaly calculations also
showed a decline in CTH anomaly over the tropics, suggesting similar results
would have been expected from MISR. Therefore, the net effect of clouds in-
cluding thin, thick and subvisual may suggest a negative feedback, especially
if these trends continue to decline over the next decade.

10.2 Future Directions

This thesis answered most of its objective questions that were set at the begin-
ning of the project, however the author wishes to point out to the readers some
possible areas that could be researched in the future. One obvious extension
would be carrying out a global study of thin cirrus detected from MISR. The
amount of time and processing power taken to reprocess the data using the
oblique-cameras restricted a global study to be undertaken, but this is seem-
ingly possible given the importance of these undetected clouds. Furthermore,
the use of a lower quality assessment threshold during the reprocessing would
increase the likelihood of more features to be matched. This would improve
the coverage of thin cirrus detected and the overall trends, and also lower
down the current sampling errors.
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Appendix B

Cloud Radiative Forcing

The CRF defines the radiative impact of clouds on climate by computing the
differences between all-sky and clear-sky fluxes. The net radiation Rnet is given
by

Rnet =
S
4
(1− α)− F (B.1)

where S is the solar insolation, α is the albedo and F is the OLR.
For an atmospheric column consisting of fractional cloud cover, N and a

clear sky fraction (1− N), Equation B.1 can be written as

Rnet = (1− N)Rclr + NRcld (B.2)

where the subscripts clr and cld refer to the value of Rnet for clear-sky and
all-sky conditions. Equation B.2 can be simplified as

Rnet = Rclr − NRclr + NRcld (B.3)

Rnet − Rclr = −NRclr + NRcld (B.4)

Rnet − Rclr = N(Rcld − Rclr) (B.5)

Equation B.5 is generally used to compute CRF.

CRF = Rnet − Rclr (B.6)

CRF = N(Rcld − Rclr) (B.7)
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For models, Equation B.6 and Equation B.7 can be used to compute CRF, how-
ever for satellites that do not include detailed information of N, the CRF is
evaluated from Equation B.6.

Following Equation B.1 and B.7, the shortwave and longwave components
of CRF is derived.

Rcld =
S
4
(1− αcld)− Fcld (B.8)

Rclr =
S
4
(1− αclr)− Fclr (B.9)

∴ CRF = N
[(

S
4
(1− αcld)− Fcld

)
−
(

S
4
(1− αclr)− Fclr

)]
(B.10)

= N
[

S
4
− S

4
αcld − Fcld −

S
4

+
S
4

αclr + Fclr

]
(B.11)

= N
[

S
4
(αclr − αcld) + (Fclr − Fcld)

]
(B.12)

= N
[

S
4
(αclr − αcld)

]
︸ ︷︷ ︸

CRFSW

+ N [Fclr − Fcld]︸ ︷︷ ︸
CRFLW

(B.13)

From Equation B.13

CRFLW = N (Fclr − Fcld) (B.14)

CRFSW = N
[

S
4
(αclr − αcld)

]
(B.15)

Fcld can be expressed as a function of cloud top temperature Tc and emissivity
ε using Equation B.4

F− Fclr = −NFclr + NFcld(ε, Tc) (B.16)

Fclr − F = N(Fclr − Fcld(ε, Tc)) (B.17)

Thus, Equation B.14 can be rewritten from Equation B.17

CRFLW = Fclr,LW − Fnet,LW = N(Fclr − Fcld(ε, Tc)) (B.18)

Similarly, analogous to Equation B.18

CRFSW = Fclr,SW − Fnet,SW = N
[

S
4
(αclr − αcld)

]
(B.19)
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Appendix C

Standard-Stereo Algorithm

MISR cloud classification (Diner et al., 2000) operates in three stages outlined
below:

C.1 Stage 1: Preliminary Processing

1. Averaging of radiances to the spatial resolutions required for application
of the subsequent algorithms.

2. Conversion of input radiances from Level 1B2 to Bidirectional Reflectance
Factor (BRF)’s, providing intermediate datasets at the same resolution
as the input radiances. One dataset is calculated from terrain-projected
TOA radiances and is referenced to the surface topography; the other is
calculated from ellipsoid-projected TOA radiances and is referenced to
the WGS84 surface ellipsoid.

3. Calculation of ellipsoid-referenced look vectors for each camera, on 2.2
km centres, and solar illumination vectors, on 17.6 km centres.

C.2 Stage 2: Stereophotogrammetric Processing

1. Establish which sets of cameras will be used for stereoscopic wind and
height retrievals.
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2. Determination of a stereoscopically-derived velocity and height field us-
ing area-based and feature-based stereo matching techniques.

3. Establishment of altitude designations associated with the retrieved heights
(near the surface or above the surface), along with a high or low confi-
dence flag.

4. Combination of the stereoscopically-derived altitude designations with
the RCCM generated during Level 1B2 processing, according to a speci-
fied decision matrix, to generate a height field incorporating all available
information.

5. Use of the final height field to establish the SDCM with 1.1-km sampling,
and values of RLRA and standard deviation of RLRA within 2.2 km2 sub-
regions. The RLRA and SDCM are used to coregister multiangle views,
and to aid in cloud classification.

6. Conceptualization of the RLRA surface as an array of square 2.2 km2

columns (prisms), and projection of BRF’s to the tops and sides of these
prisms.

7. Calculation of the reflecting-level parameters: average BRF’s, texture in-
dices, and number of unobscured pixels on the tops of the RLRA prisms,
and average BRF’s and number of unobscured pixels on the sides of the
RLRA prisms.

C.3 Stage 3: Scene Classification

1. Construction of an ASCM using the BDAS algorithm on the B, C and D
cameras which view forward-scattered light.

2. Updating of the seasonal cirrus detection thresholds based upon his-
togram analysis.

3. Cloud classification by height, using the stereoscopically retrieved heights,
as well as the SDCM, ASCM, and information derived from the RCCM.
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Appendix D

MODIS CO2-Slicing Technique

For a given cloud element in a field of view, the radiance observed R(υ) in
spectral band υ can be expressed as

R(υ) = (1− NE)Rclr(υ) + NE [Rbcd(υ, Pc)] (D.1)

where Rclr(υ) is the clear-sky radiance, Rbcd(υ, Pc) is the opaque cloud radi-
ance from pressure level Pc, N is the fraction of the field of view covered with
cloud, and E is the cloud emissivity. It is apparent from this expression that if
the emissivity is overestimated, then the cloud-top pressure will also be over-
estimated (thereby putting the cloud too low in the atmosphere). The opaque
(black) cloud radiance can be calculated from

Rbcd(υ, Pc) = Rclr(υ)−

∫
Ps

Pc

τ(υ, p)
dB [υ, T(p)]

dp
dp (D.2)

where Ps is the surface pressure, Pc is the cloud pressure, τ(υ, p) is the frac-
tional transmittance of radiation at frequency υ emitted from the atmospheric
pressure level p arriving at the top of the atmosphere (p=0), and B [υ, T(p)] is
the Planck radiance at frequency υ for temperature T(p). The second term on
the right represents the decrease in radiation from clear conditions introduced
by the opaque cloud.

The inference of cloud-top pressure for a given cloud element is derived
from radiance ratios between two spectral bands. The ratio of the deviations
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D. MODIS CO2-SLICING TECHNIQUE

in observed radiances R(υ) to their corresponding clear-sky radiances Rclr(υ)
for two spectral bands of wavenumber υ1 and υ2, viewing the same scene, is
written as

R(υ1)− Rclr(υ1)
R(υ2)− Rclr(υ2)

=
NE1

∫
Ps

Pc
τ(υ1, p)

dB [υ1, T(p)]
dp

dp

NE2

∫
Ps

Pc
τ(υ2, p)

dB [υ2, T(p)]
dp

dp

(D.3)

For frequencies that are spaced closely in wavenumber, the assumption is made
that E1 is approximately equal to E2. This allows the pressure of the cloud to
be specified when the atmospheric temperature and transmittance profiles for
the two spectral bands are known or estimated.

Therefore, after cloud-top pressure has been determined, an effective cloud
amount (also referred to as effective emissivity) can be evaluated from the in-
frared window band data using the relation

NE =
R(w)− Rclr(w)

B [w, T(Pc)]− Rclr(w)
(D.4)

Here NE is the effective cloud amount, w represents the window band fre-
quency, and B [w, T(Pc)] is the opaque cloud radiance.
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Appendix E

Orbit Stats

The dataset includes four sets of two histograms each (two with fine binning,
and the other two with coarse) calculated along with some single-valued statis-
tics. Both fine and coarse histograms are calculated from the 1.1 km stereo
heights and the 2.2 km RLRA.

The coarse height binning corresponds to the standard “low”, “middle”
and “high” cloud height definitions, while the fine bins match the actual height
quantization. The heights tend to be quantized in multiples of 560 m (the
height difference produced by a one pixel disparity difference in An-Af or
An-Aa matching), and the finely binned histogram has a matching bin width,
centered at the 560 m intervals. For each bin in the coarse histogram, the bin
population expressed as both a raw count and a percentage, and the mean and
standard deviation of all heights that fall into the bin are stored. For the fine
histograms, only the count and percentage in each bin are written out to the
binary file. Both histograms are incremental rather than cumulative, and the
percentage of counts in each bin is normalized by the total number of counts
in the histogram. This means that the normalization factor varies according to
which type of histogram is being calculated, as clear pixels are filtered out of
the coarse 1.1 km histogram, but not for the other three.

The fine histograms are calculated from all available data (including those
pixels for which the SDCM is clear), but only cloudy pixels are considered for
the coarse height histogram. The RLRA histograms are also calculated using
all available data including those that correspond to SDCM with clear pixels.
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This means that some surface-height fill-ins (as happens over clear ocean) will
be included in the fine 1.1 km height and both RLRA histograms.

The miscellaneous statistics consist of the mean RLRA in the block along
with the count of pixels with a valid RLRA, the number of pixels with an RLRA
corresponding to a “NearSurface” height, the percentage of clear and cloudy
SDCM values, the percentage of heights that had nonstereoscopically derived
values, and the percent of No Retrievals in the stereo heights. The SDCM and
Stereo Height statistics are all normalized by the total number of 1.1 km pixels
in a block.

152



References

Ackerman, S. A., K. I. Strabala, W. P. Menzel, R. A. Frey, C. C. Moeller, and L. E. Gum-
ley (1998), Discriminating clear sky from clouds with MODIS, Journal of Geophysical
Research, 103(D24), 32,141–32,157. 56, 57

Alcala, C. M., and A. E. Dessler (2002), Observations of deep convection in the tropics
using the Tropical Rainfall Measuring Mission (TRMM) precipitation radar, Journal
of Geophysical Research, 107(D24), 4792. 75

Arking, A. (1964), Latitudinal distribution of cloud cover from TIROS III photographs,
Science, 143(3606), 569–572. 19

Arking, A. (1991), The radiative effects of clouds and their impact on climate., Bulletin
of the American Meteorological Society, 72, 795–953. 12

Barkstrom, B. R. (1984), The Earth Radiation Budget Experiment (ERBE), Bulletin of the
American Meteorological Society, 65(11), 1170–1185. 13

Barnes, W., T. Pagano, and V. Salomonson (1998), Prelaunch characteristics of the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) on EOS-AM1, Geoscience and
Remote Sensing, IEEE Transactions on, 36(4), 1088–1100. 56

Baum, B. A., P. F. Soulen, K. I. Strabala, M. D. King, S. A. Ackerman, W. P. Menzel, and
P. Yang (2000), Remote sensing of cloud properties using MODIS airborne simula-
tor imagery during SUCCESS 2. cloud thermodynamic phase, Journal of Geophysical
Research, 105(D9), 11,781–11,792. 57

Black, P. (1977), Some aspects of tropical storm structure revealed by handheld-camera
photographs from space, NASA. Johnson Space Flight Center Skylab Explores the Earth,
pp. 417–462. 26

153



REFERENCES

Bloom, S., et al. (2005), Technical report series on global modeling and data assim-
ilation, vol. 26: Documentation and validation of the Goddard Earth Observing
System (GEOS) data assimilation system–version 4, Tech. rep., NASA/TM–2005–
104606. 80

Bony, S., Y. Sud, K. Lau, J. Susskind, and S. Saha (1997), Comparison and satellite
assessment of NASA/DAO and NCEP-NCAR reanalyses over tropical ocean: At-
mospheric hydrology and radiation, Journal of Climate, 10(6), 1441–1462. 86

Bony, S., et al. (2006), How well do we understand and evaluate climate change feed-
back processes?, Journal of Climate, 19(15), 3445–3482. 12, 24

Bruegge, C., D. Diner, R. Kahn, N. Chrien, M. Helmlinger, B. Gaitley, and W. Abdou
(2007), The MISR radiometric calibration process, Remote Sensing of Environment,
107(1), 2–11. 28

CALIPSO homepage (2012), http://www-calipso.larc.nasa.gov/. 122

Campbell, G., and K. Holmlund (2004), Geometric cloud heights from Meteosat, Inter-
national Journal of Remote Sensing, 25(21), 4505–4519. 26

Campbell, J., D. Hlavka, E. Welton, C. Flynn, D. Turner, J. Spinhirne, V. Scott III, and
I. Hwang (2002), Full-time, eye-safe cloud and aerosol lidar observation at atmo-
spheric radiation measurement program sites: Instruments and data processing,
Journal of Atmospheric and Oceanic Technology, 19(4), 431–442. 61

Cess, R., and G. Potter (1987), Exploratory studies of cloud radiative forcing with a
general circulation model, Tellus A, 39(5), 460–473. 12

Chae, J. H., and S. C. Sherwood (2010), Insights into cloud-top height and dynamics
from the seasonal cycle of cloud-top heights observed by MISR in the west pacific
region, Journal of the Atmospheric Sciences, 67(1), 248–261. 75

Chahine, M. T. (1974), Remote sounding of cloudy atmospheres. I. the single cloud
layer, Journal of the Atmospheric Sciences, 31(1), 233–243. 20

Charlock, T. P., and V. Ramanathan (1985), The albedo field and cloud radiative forcing
produced by a general circulation model with internally generated cloud optics,
Journal of the Atmospheric Sciences, 42(13), 1408–1429. 12

154



REFERENCES

Chen, T., W. Rossow, and Y. Zhang (2000), Radiative effects of cloud-type variations,
Journal of Climate, 13(1), 264–286. 12, 13

Chiriaco, M., et al. (2007), Comparison of CALIPSO-like, LaRC, and MODIS retrievals
of ice-cloud properties over SIRTA in France and Florida during CRYSTAL-FACE,
Journal of Applied Meteorology and Climatology, 46(3), 249–272. 87, 100

Choi, Y., and C. Ho (2006), Radiative effect of cirrus with different optical properties
over the tropics in MODIS and CERES observations, Geophysical Research Letters,
33(21), L21,811. 2

Chong, J., and P. Toh (1992), Cloud height estimation using the visible images from
two geosynchronous satellites, Acta Astronautica, 26(2), 127–128. 26

Chou, M., M. Suarez, X. Liang, and M. Yan (2001), A thermal infrared radiation param-
eterization for atmospheric studies, Tech. rep., NASA Goddard Space Flight Cent.,
Greenbelt, Md. 82

Clothiaux, E., T. Ackerman, G. Mace, K. Moran, R. Marchand, M. Miller, and B. Mart-
ner (2000), Objective determination of cloud heights and radar reflectivities using
a combination of active remote sensors at the ARM CART sites., Journal of Applied
Meteorology, 39, 645–665. 61

Collis, R. T. H. (1965), Lidar observation of cloud, Science, 149(3687), 978–981. 18

Comstock, J., T. Ackerman, and G. Mace (2002), Ground-based lidar and radar remote
sensing of tropical cirrus clouds at Nauru Island: Cloud statistics and radiative im-
pacts, Journal of Geophysical Research, 107(23), 4714. 4, 19, 23, 95

Cox, S. (1971), Cirrus clouds and the climate., Journal of Atmospheric Sciences, 28, 1513–
1514. 15

Cox, S., D. McDougal, D. Randall, and R. Schiffer (1987), FIRE- The First ISCCP Re-
gional Experiment, Bulletin of the American Meteorological Society, 68, 114–118. 23

Danielsen, E. F. (1982), Statistics of cold cumulonimbus anvils based on enhanced in-
frared photographs, Geophysical Research Letters, 9(6), 601–604. 77

Davies, R., and M. Molloy (2012), Global cloud height fluctuations measured by MISR
on Terra from 2000 to 2010, Geophysical Research Letters, 39(3), L03,701. 5, 104, 105,
107, 110, 116, 119, 137

155



REFERENCES

Davies, R., and C. Radley (2009), Radiative-convective equilibrium revisited: the
greenhouse effect of clouds, in Current Problems in Atmospheric Radiation (IRS 2008),
edited by N. T. and M. A. Yamasoe, American Institute of Physics. 5, 137

Deng, M., and G. G. Mace (2008), Cirrus microphysical properties and air motion
statistics using cloud radar doppler moments. Part II: Climatology, Journal of Ap-
plied Meteorology and Climatology, 47(12), 3221–3235. 65

Derr, V. E., N. L. Abshire, R. E. Cupp, and G. T. McNice (1976), Depolarization of lidar
returns from virga and source cloud, Journal of Applied Meteorology, 15(11), 1200–
1203. 18
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