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ABSTRACT 

The feasibility of deriving cloud motion vectors from data to be obtained by the Multi

angle Imaging SpectroRadiometer (MISR) is demonstrated. It is shown that from a triplet 

of near-simultaneous multi-angle imagery cloud motion and height can be separated. The 

expected errors in the calculated cloud top height and cloud velocity are approximately 

300 m and 3 rnls, respectively, with the cross-track velocities being more accurate than the 

along-track ones. The possibility of determining the speeds of individual layers in a 2-

layer configuration is also illustrated. 

The necessary conditions for separating cloud height and motion and the optimal 

choice of wind retrieval cameras are discussed. A 3-D ray intersection algorithm is derived 

to simultaneously compute cloud top height and speed. The algorithm is tested on simu

lated clear-sky and cloudy datasets. 

Possible applications of MISR winds include studies of large-scale average wind pat

terns or synoptic-scale phenomenon, and numerical weather prediction. 

XIV 



Chapter 1: Nature of the problem 

1.1. Introduction 

The Multi-Angle Imaging SpectroRadiometer (MISR) will fly together with four other 

instruments on the flagship of NASA's Earth Observing System (EOS), the Terra (for

merly EOS-AMl) satellite. The EOS project is a chief component of NASA's Mission to 

Planet Earth (MTPE) program, which studies the Earth as a whole in hopes of understand

ing how its different subsystems interact with each other. 

MISR is designed to measure sunlight reflected by Earth with cameras oriented at dif

ferent angles along-track (see Fig. 1.1). Its main scientific objectives are concentrated 

around three key areas: 

(i) aerosol studies: global aerosol amounts, particle size and composition; 

(ii) cloud studies: cloud top heights, cloud structure, properties of cloud particles; 

(iii)land surface studies: reflection properties of different land types. 

MISR is unique in that unlike conventional satellite instruments, it is capable of taking 

measurements not only at nadir but at nine different viewing angles, opening up a whole 

new era of radiative transfer studies. This thesis is connected with the MISR Top-of-Atmo

sphere/Cloud Product, and deals with the calculation of cloud motion winds during the 

generation of cloud top heights. The scope of this work is to provide a feasibility study 

rather than to develop algorithms for operational purposes. 
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1.2. The MISR instrument 

MISR consists of nine cameras, each measuring radiances in four spectral bands cen

tered at 446, 558, 672, and 866 nanometers, which correspond to the blue, green, red, and 

near-infrared color bands, respectively. One camera (designated An) points toward the 

nadir, one bank of four cameras (designated Af, Bf, Cf and Df) points in the forward direc

tion, and the other bank of four cameras (designated Aa, Ba, Ca and Da) points in the aft

ward direction. The nominal view angles, relative to the surface reference ellipsoid, are 0, 

26.1, 45.6, 60, and 70.5 degrees for the An, Af/Aa, Bf/Ba, Cf/Ca and J?f!Da cameras, 

respectively. The cameras are of the 'push-broom' type, each containing four CCD detec

tors with 1504 light sensitive elements in each detector array. A depolizer and a focal 

plane filter assembly defining the four optical band passes are incorporated into each of the 

cameras. 

The push-broom scanning method is depicted in Fig. 1.2. The linear array of detector 

elements, aligned cross-track, scans the full width of the scene in parallel as the satellite 

moves along the along-track direction. The directly measured radiances are converted to a 

number of parameters such as bidirectional reflectance factors (BRF's) that are used as 

intermediate datasets prior to generation of output parameters. The image is made up of 

successive lines of BRF data generated at every 40.8 milliseconds. Each line consists of 

2048 samples; 512 of such lines form a block. 

The Terra spacecraft will fly in a near-circular, 705-km sun-synchronous descending 

polar orbit, with equator crossing time at approximately 10:30 A.M. local time. MISR 

makes measurements when the satellite is on the day side of Earth (descending node). The 



3 

satellite's 98-minute time of revolution means that within a 7-minute interval a stationary 

ground object is imaged by all nine cameras. The 98.2 degrees inclination of the orbit 

allows the imaging to extend to 82 degrees latitude. The combination of instrument geom

etry and observational characteristics produces an overlap swath width (i.e., the swath 

seen in common by all nine cameras) of 360 km, which in turn provides global coverage 

of the entire Earth in nine days at the equator and two days at the poles. Sample spacing in 

the downtrack direction is 275 min all nine cameras, while the cross-track sample spacing 

is 275m for all of the of-nadir cameras and 250m for the nadir camera. In addition to the 

non-averaging mode, any of the 36 MISR channels (9 cameras x 4 spectral bands) can be 

programmed to provide 2 sample x 2 line, 4 sample x 4 line, or 1 sample x 4 line averages. 

1.3. MISR cloud studies 

Clouds play a major role in controlling the climate by governing the Earth's energy 

balance. Intercomparison studies have revealed that poorly understood cloud-radiation 

interaction constitutes the main source of uncertainties in general circulation model 

(GCM) predictions (see Cess et al. 1990, 1996). Therefore, it is of paramount importance 

to extend our knowledge of clouds with special emphasis on the realistic modeling of 

cloud-radiation interactions and sub-grid scale processes in GCMs. MISR cloud studies 

can contribute to these efforts by 

(i) estimating TOA albedos and regional cloud cover; 

(ii) classifying cloud fields by their heterogeneity and altitude; 



(iii)studying, on a global basis, the spatial and temporal dependences of the effects of 

clouds on the spectral radiance and irradiance. 

4 

Multi-angle viewing makes it possible to investigate the angular dependence of solar 

radiation scattered by clouds over a wide range of scattering angles, to develop a new 

methodology for determining the albedo of cloud fields, and to use stereo-photogrammet

rical techniques for cloud altitude calculations. 

Cloud-top heights; traditional techniques 

In this study we focus on the problems connected with the calculation of cloud-top 

heights. Accurate cloud height is one of the principal characteristics that is needed in stud

ies of severe storm phenomena and 3-D radiative transfer, but unfortunately is lacking in 

existing cloud climatologies. From a MISR standpoint cloud-top heights are required in 

order to establish a parameter known as the Reflecting Level Reference Altitude (RLRA) 

that serves the purpose of providing a classification scheme incorporating cloud altitudes, 

and which also serves as a dynamic reference altitude for co-registering the multi-angle 

views. Physically, the RLRA corresponds to the main reflecting layer, which will typically 

be either the tops of bright clouds or, under clear-sky conditions, the surface. 

Currently, heights are assigned to clouds by one of three techniques depending on the 

available spectral radiance measurements (Nieman et al. 1993). The most common 

method is the infrared window (IRW) technique in which the infrared window brightness 

temperature of the cloud is compared to a numerical model forecast temperature profile, 
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and the level of best agreement is determined. For a thick, opaque cloud it yields a good 

representation of the cloud height; however for semitransparent or small, sub-pixel clouds, 

where the observed radiance contains contributions from below the cloud, this technique 

tends to underestimate the level of the cloud. 

If measurements in the C02 or H20 absorption regions are available, semi transparency 

of the cloud can be accounted for. The COriRW ratio algorithm compares the observed 

ratios of IRW and C02 channel radiance differences (clear minus cloudy) to a calculated 

value derived from spectral radiative transfer, and determines the pressure level of best 

agreement. This technique has difficulties with low broken cloud or very thin cirrus, when 

the difference between the observed and clear radiances in either channel is less than the 

instrument noise. Another problem also occurs in two-cloud-layer situations when the 

COriRW ratio yields a height somewhere between the two cloud layers. 

The H20-IRW intercept method uses radiance measurements in concert with radiative 

transfer calculations, and plots H20 radiances versus IRW radiances in a scene of varying 

cloud amount. This plot is nearly linear, and cloud height is extracted from the intersection 

of measured and calculated radiances. The performance of this method is degraded in drier 

atmospheres. 
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Ste reophoto g rammetry 

All of the above techniques are only suitable for particular cloud types, and they rely 

on ancillary information such as numerical model forecast temperature profiles or 

assumed cloud emissivity. Furthermore, radiance-based methods have great difficulties 

detecting cloud over snow- and ice-covered surfaces. 

An alternative approach that can remedy these problems is stereography, which pro-

vides an independent and wholly geometric means to obtain cloud-top heights without any 

dependence on ancillary information. The method is sketched in Fig. 1.3. When a feature 

is viewed from two different directions at approximately the same time, the height of the 

feature above some reference surface results in a parallax (or disparity) between the refer-

ence surface projected positions of the feature. In the case of satellite remote sensing, the 

reference surface is an ellipsoid (e.g. WGS84 ellipsoid) which approximates Earth's 

shape. The requirement that the images be taken at approximately the same time is neces-

sitated by the motion of clouds, but can be relaxed when mapping terrain features, since 

they do not move. If the time difference between the observations is sufficiently small 

(typically < 30 s), then the effect of cloud motion is negligible and cloud height can 

directly be calculated from the measured disparity. In Fig. 1.3 A and B 1 represent the con-

jugate image features of a cloud with a disparity AB 1 between them. Cloud height can 

then be obtained by intersecting the look rays connecting the satellite and the image fea-

--? 
tures (h and b 1 ). However, if the time interval between the images is relatively large, as it 

is the case for MISR, the measured parallax is the combination of disparities due to cloud 
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height and advection along the direction of view. Therefore, intersecting the conjugate 

--7 
look rays b and b2 in Fig. 1.3 would yield an erroneous height. In order to obtain accurate 

cloud heights, it is necessary to separate the height and advection effects. 

MISR is not the first instrument making stereo observations. In fact, cloud stereogra-

phy has a long history (Hasler 1981 ). Stereo data, both ground and aerial, were used to 

study clouds and cloud regimes as early as the first half of this century. Roach ( 1966) used 

aerial stereo photos to analyze summit areas of severe storms. Stereo cloud photographs 

were taken from low-orbiting (LEO) platforms such as Apollo 6 and Skylab to measure 

cloud tops and to study the 3-D structure of convective clouds and hurricanes (Shenk et al. 

1975, Black 1977). Hasler (1981) and Hasler et al. (1983) pioneered the application of ste-

reo observations from geosynchronous (GEO) satellites, and also showed that cloud-top 

heights could be extracted using several different combinations of satellite platforms, such 

as GEO/GEO, LEO/LEO, GEO/LEO. More recent applications include stereo studies 

using AVHRR, SPOT and Along-Track Scanning Radiometer (ATSR) imagery. 

A common characteristic of the above examples is that the effect of cloud motion was 

simply neglected or eliminated by carefully synchronizing the image pairs within a few 

seconds. The only attempts to handle cloud motion properly are contained in two propos-

als by Lorenz ( 1983). In the first case a stereo line scanner was to be combined with a laser 

range finder. This instrument would have measured the 'true' cloud heights for a number 

of reference points, then the difference between these heights and those of wind influenced 

photogrammetric determined heights would have been used for the correction of photo-
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grammetric cloud heights over the entire image. 

The other idea proposed a dedicated polar-orbiting tandem system, in which wind vectors 

and true heights were to be derived by comparing cloud parallaxes in synchronous and 

non-synchronous image pairs. Due to the inherent technical difficulties, none of these pro

posals was ever implemented. 

The MISR approach 

The effect of cloud motion can be considerable in MISR imagery. This problem is 

tackled in the following manner. As shown in Fig. 1.3, calculating heights directly from 

the wind influenced disparities leads to errors. In general, clouds at different altitudes may 

move at different velocities. Thus, the corresponding velocity should be determined for 

every cloud feature. This complexity, however, can be considerably minimized by assum

ing that, over a mesoscale domain, the cloud motion effect is a systematic bias in the 

height field due to the average horizontal wind over the domain in question. MISR data 

processing adopts this idea, and thus vertical cloud motion is neglected during the 7-

minute interval within which a cloud feature is imaged by all nine cameras, and the aver

age velocities corresponding to high and low features are determined for each 70.4 km 

(256x256 pixels) mesoscale region. Using the two most common velocities allows the sep

aration of cloud and ground in case of a broken cloud field, or lower and higher clouds in a 

multi-layer situation. Once the average windspeeds are determined, they provide a cloud 

motion correction in the conversion of the measured disparities to heights. 

The main idea is to remove the larger scale background disparity caused by the hori-
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zontal wind before calculating the smaller scale height variations. Obviously, the above 

height correction method fails when the assumption of constant horizontal wind breaks 

down, such as near a shear flow or a mesoscale convective system. 



10 

Figure 1.1. The MISR instrument on board the Terra spacecraft. Direction of flight is 

toward the lower left. The translucent surfaces illustrate the actual locations imaged by the 

nine cameras along the Earth's surface. Image courtesy of Shigeru Suzuki and Eric M. De 

long, Solar System Visualization Project; JPL image P-49081. 
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Figure 1.3. Outline of the stereo technique. 
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Chapter 2 MISR winds: a new source of cloud motion vectors 

2.1. Introduction 

In the previous chapter the wind retrieval problem was approached from a MISR point 

of view. Namely, the average horizontal wind over a mesoscale domain had to be calcu

lated in order to remove the systematic bias in the height field due to cloud motion. During 

operational data processing, the wind retrieval algorithm determines the average cloud 

motion wind for every 70.4 km region and then passes it, through memory, to the subrou

tine which converts the measured disparities to heights. Cloud motion velocity is not a dis

tributed MISR product, and currently there is no plan to archive it. 

However, besides being an ancillary calculation in the computation of cloud top 

heights, MISR wind retrieval might also be useful for scientific purposes. Therefore, it is 

worthwhile to put it into the broader context of satellite wind measurements, and explore 

its possible applications in numerical weather prediction (NWP) or research of atmo

spheric phenomena. In this chapter, first a brief overview is given on the history and meth

odology of space-borne cloud motion wind measurements. Then their scientific value is 

discussed shortly. Finally, the applicability of MISR winds for operational or research pur

poses is investigated. 

2.2. Space-borne wind measurements 

Large-scale horizontal wind velocity fields are of paramount importance for NWP as 

well as for climate research studies. Over the oceans, however, conventional observations, 

such as radiosonde, ship, and buoy measurements, are sparse. Furthermore, in the Tropics 
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there is no direct relationship (such as geostrophy) between the mass and wind fields, and 

hence wind velocity must be measured independently. Currently, there are vast oceanic 

regions with no available data. Obviously, space-based platforms offer the only hope for 

filling this data gap. 

Winds may be observed remotely by several methods (for a comprehensive review see 

Isaacs et al. 1986). Surface winds can be measured from the pattern of sunglint over the 

ocean (e.g. Wylie et al., 1981), from observed emissivities of the ocean surface (e.g. Wil

heit and Chang, 1980), and from microwave radar backscatter from the ocean surface (e.g. 

Cardone et al., 1983), while winds at different atmospheric levels can be deduced from 

Doppler lidar measurements of the motion of aerosol and water vapor features (Lawrence 

et al., 1982), and from tracking features in various spectral channels. Most of the above are 

experimental techniques with limited applicability in space and time. Here only the track

ing method is discussed, since it is the only one currently being in operational use, and 

because it is closest in nature to the MISR wind retrieval technique. 

This method estimates winds by identifying distinctive features in successive satellite 

images. It may be applied in any spectral region in which characteristic tracers can be dis

cerned. A unique example is given in Menzel et al. (1983), who tracked features in the 15-

J.lm C02 band, for operational purposes, however, only the conventional infrared, visible, 

and water vapor channels are used. In the case of clouds in visible and infrared imagery, 

the resulting winds are referred to as cloud-motion winds (CMWs), cloud-motion vectors 

(CMVs), or cloud-drift winds (CDWs), when tracking of water vapor features is also 

included the more general term of atmospheric motion vectors (AMVs) can be used. Iden-
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tification of cloud and water vapor features was traditionally done by a human operator 

aided by an interactive display system, such as MciDAS (McPherson, 1984 ), but with the 

advent of powerful computers the process could be fully automated. For feature matching 

usually a cross-correlation technique is used (Leese et al., 1971), for operational purposes, 

however, a less accurate but much faster algorithm can be satisfactory as well. 

CMWs were derived from satellite images as early as the 1970s (Leese et al., 1971, 

Hubert and Whitney, 1971). Clouds were first tracked in visible imagery, then with the 

availability of new sensors onboard various geostationary and polar-orbiter platforms, the 

infrared and water vapor channels were utilized as well. The main advantage of the IR 

channel is that cloud features can be tracked both day and night, while in the visible chan

nel observations are limited to daylight only. On the other hand, the image resolution and 

the contrast between low clouds and sea surface are much higher in the visil?le than in the 

IR. This renders tracer selection and tracking easier, which in turn, increases the coverage 

density of visible CMWs. Ottenbacher et al. (1997) reports that in the case of METEOSAT 

imagery, the visible tracking yields about six times more winds than the IR tracking. The 

derivation of winds can further be extended to cloud-free regions, where both the visible 

and IR tracking is impossible, by utilizing the water vapor channel (Laurent, 1993, Velden 

et al., 1997). Water vapor winds can be especially numerous in the summertime Tropics 

and at upper tropospheric levels. This technique, however, obviously fails in very dry air 

masses lacking in moisture features or in uniform moisture fields lacking in contrast. 

The quality of AMV s is mainly controlled by the accuracy of height assignment. Cur

rently, heights are assigned by the infrared window (IRW) method, the COT IRW ratio 
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algorithm, or the H20-IRW intercept method, depending on the available spectral channel. 

These techniques were discussed in more detail in Chapter 1. Thus here it is simply 

recalled that the IRW technique is best suited to thick, opaque clouds, while in the case of 

semitransparent (cirrus) or small clouds, the COTIRW ratio or H20-IRW intercept algo-

rithms are more suitable. Under certain conditions, however, all three methods can lead to 

serious vertical misregistration of winds. The overall problem is even more complex 

because CMWs usually show the best agreement with the ambient wind at a level lower 

than the cloud top height. Hasler et al. ( 1979) compared satellite winds with aircraft wind 

measurements and found that marine cumulus clouds tend to travel by the wind at cloud 

base, while high-level cirrus clouds move with the mean wind in the cloud layer. Unfortu

nately, it is very difficult to estimate cloud-base height from satellites, since the cloud-base 

is hidden from view by the upper part of the cloud. Nevertheless, two techniques have 

been developed to tackle this problem: ( 1) for cumulus clouds, it is possible to measure the 

distance between the edge of the cloud and the corresponding edge of the cloud shadow 

using high spatial resolution imagery (Berendes et al., 1992), and (2) for cirrus clouds, 

cloud top height, thickness, and cloud center temperature can be calculated from hi-spec

tral (visible and IR) data (Minnis et al., 1990). Both methods, however, are rather experi

mental, and their applicability is seriously limited. Therefore, it might be more fruitful 

simply to use climatology. Low level marine cumulus cloud bases, for instance, are very 

uniform in altitude (typically between 900 and 950mb), so assignment of the cloud winds 

to this climatological average should be sufficiently accurate for most applications (Hasler 

et al., 1979). As a consequence of the uncertainty in height assignment, cloud winds are 
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only vaguely categorized, usually into arbitrarily chosen high, medium, and low height 

bins. 

Traditionally, AMV s are verified against collocated rawindsonde measurements or 

numerical model forecast winds. When evaluating the accuracy of AMV s, it should be 

kept in mind that RAOB winds themselves show a typical error of 3 rn/s, while compari

son with a forecast field may be rather misleading, since large discrepancies between the 

AMV s and forecast winds might simply reveal the limitations of the forecast model due to 

the lack of real observations over oceans rather than the inaccuracy of the AMV s. Verifica

tion studies discovered that the AMV s usually underestimate the true atmospheric winds 

by a few rn/s, especially in the higher wind regime (Nieman et al., 1996). This so called 

"slow bias", which is most probably caused by the inaccurate height assignment, is often 

remedied by incrementing the AMVs with an empirically determined amount (typically 7-

8%). The magnitude of the vector rms error of the best quality AMVs is presently on the 

order of 7-14 rn/s. 

Finally, it should be noted that in some cases the AMV s can be completely unrepresen

tative of the airflow at the assigned altitude. This occurs, for example, for stationary wave 

clouds, or when the changes in the positions of cloud edges arise from development rather 

than advection. 

AMV s have mainly been derived from geostationary satellite imagery. The global sys

tem of geosynchronous satellites currently consists of the GOES-8 and GOES-1 0 satellites 

(USA) located at 101°W and 135° W, respectively, the METEOSAT-7 satellite (European 

Union) at 0° longitude, the GMS-5 satellite (Japan) at 140° E, and the INSAT2B satellite 
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(India) located at 93.5° E. One of the prime objectives of this system is to provide winds 

around the globe at low and middle latitudes for improved NWP. Winds, both cloud 

motion and water vapor winds, are calculated from time sequence imagery. Generally, two 

wind vectors are derived from three consecutive images, which allows for some sort of 

consistency and quality check. For operational purposes the time interval between the 

images is usually 30 mins. For research studies, however, much higher temporal resolution 

data have been used as well. The main advantage of geostationary imagery is that it allows 

the continuous coverage of a large portion of the globe. Its most serious limitation is that 

due to viewing geometry constraints, its applicability is restricted to low and middle lati-

tudes. In fact, no geosynchronous satellite data are of use at latitudes poleward of 60°. 

AMY s can also be derived from polar-orbiter satellites by means of overlapping areas 

on images from consecutive orbits. Shenk and Kreins ( 1970) obtained CMW s from HRIR 

measurements contained within the overlapped region of two adjacent NIMBUS II orbits. 

Warren and Turner (1988) calculated cloud track winds for the overlapping area on three 

successive TIROS-N/AVHRR images. Since polar-orbiter satellites produce almost no 

overlap in low latitudes, this technique is constrained to high latitude regions. Another dif

ficulty arises from the large (typically 100-min) intervals between the observations, which 

considerably complicates the identification of a cloud element in all images, and hence 

seriously degrades the accuracy of the wind estimates. Both of the above problems may be 

remedied by a proposal of Kazansky and Federyakov (1993) that envisages an observa

tional system comprising a triple of polar-orbiter satellites with equally spaced nodes and 

time intervals of 113 of orbit's time (34 mins). Such a system would combine benefits of 
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short time intervals inherent in geosynchronous satellites with global coverage intrinsic in 

polar-orbiter ones. The plausibility of the concept has been proven with the triple of 

NOAA-9-10,-12 satellites. An operational system, however, has not been established to 

date. 

Finally, let us mention a technique which is very similar in concept to the MISR wind 

retrieval method. As shown before, conventional AMV retrieval algorithms calculate cloud 

height independently of cloud speed. Campbell et al. ( 1996) developed and tested a 

method to derive both cloud height and velocity simultaneously. This asynchronous stereo 

and motion analysis uses stereographic techniques, but does not require time synchroniza

tion between the different satellite images. By means of a mixture of at least three geosyn

chronous and/or polar-orbiter observations, the algorithm performs a least-squares fit to all 

observations minimizing the difference between the apparent position from the observing 

satellites and an ideal vector which moves with a constant velocity in time. The practical 

implementation required manual intervention from an operator using the MciDAS system, 

future automatization of the process, however, is possible. The claimed accuracy is better 

than 1 km for height and 0.5 rn/s for velocity measurements. 

2.3. Utilization of satellite-tracked winds 

The utilization of AMVs is twofold: (i) NWP, and (ii) research of atmospheric phe

nomena. For NWP purposes high quality AMVs (IR, VIS, and H20 winds) are operation-

ally generated at NOAA/NESDIS and EUMETSAT, from GOES and METEOSAT data, 

respectively. NESDIS implemented a fully automated GOES-8/9 cloud-tracked wind pro-
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duction scheme in early 1996 (Nieman et al., 1997). At EUMETSAT, the manual quality 

control has not yet been completely abandoned, though efforts are concentrated on 

improving the automatic techniques (Holmlund, 1998). In addition, satellite-tracked winds 

are also generated regularly from GMS and INSAT data, with the quality of the latter 

being inferior to that of AMY s from other platforms. Satellite winds are usually produced 

and disseminated on the GTS twice a day, at 0000 and 1200 UTC to coincide with RAOB 

measurements. The reason for that is that the AMYs are mainly used as single-point mea

surements equivalent to radiosonde observations. The typical number of CMW s generated 

from full disk IR and visible imagery during one production cycle is on the order of 3-500, 

and 2-3000, respectively. 

These wind fields may then be assimilated into NWP models. Several assimilation 

experiments have been performed to evaluate the impact of satellite winds on forecasts 

(see e.g. 3rd Intl. Wind Workshop). These experiments showed that satellite winds have a 

little effect on the accuracy of forecasts over land due to the sufficiently dense upper air 

observing network, over the oceans, however, they can considerably improve the short and 

medium range forecasts. The most important contribution to this improvement comes 

from the assimilation of low and medium level winds. High level winds are often derived 

from water vapor images and represent some deep layer mean motion and not the wind at 

a particular level. The impact of AMY s is progressively lost as the forecasting period gets 

longer and, eventually, the effect on long range forecasts is neutral. Satellite-derived winds 

have also been successfully used to improve hurricane track forecasts (Yelden, 1996). This 

application seems to be especially promising with the advent of the new generation GOES 
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satellites that are capable of making observations as frequently as a few minutes ( 1-3 

mins). 

Concerning the utilization of satellite winds for NWP, it is noted here that satellite 

data, in general, are difficult to assimilate into forecast models. Traditional objective anal

ysis schemes do not handle the time dimension, entailing that the extraction of AMV s has, 

as a rule, been confined to the main synoptic times only, which grossly underutilizes their 

potential. Only new assimilation methods, such as four-dimensional variational schemes 

(4D-VAR), enable the use of data derived at asynoptic times. Currently, the optimal assim

ilation of satellite data, including winds, is a subject of intensive research (Holmlund, 

1998). 

As mentioned before, satellite-tracked winds also have great potential in a non-opera

tional environment for research on atmospheric phenomena. For example, Gruber et al. 

( 1971) portrayed the large-scale circulation over the Pacific Ocean, particularly in the 

Tropics, with CMW s derived from ATS 1 data. Des bois et al. (1984) used METEOSAT 

CMW s and simultaneous aircraft measurements to infer some conclusions about the West 

African monsoon circulation. Finally, Hasler et al. (1998) demonstrated the great value of 

CMW s for research on tropical cyclones and severe weather by deriving very high spatial 

and temporal resolution wind fields for a mature hurricane from GOES 1-min images. 

2.4. Potential applications for MISR winds 

The prospect of MISR winds being used for scientific purposes is delimited by the 

instrument's orbital and viewing characteristics. MISR will fly on the Terra satellite in a 
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sun-synchronous polar orbit with an equator crossing time of approximately 10:30 A.M. 

local time. The satellite's time of revolution is 98 minutes; the imaging extends to 82 

degrees latitude. The instrument collects data only on the day lit side of the Earth. During 

each orbit, MISR obtains a swath of imagery that is 360 km wide and about 20,000 km 

long. This corresponds to approximately 140 blocks of data with each block containing, 

on average, 12 mesoscale (70.4 km) regions of real data. Therefore, the number of mesos

cale regions for which wind retrieval is attempted during one orbit is estimated to be 1600-

1700. Of course, a considerable number of these regions will cover clear-sky scenes or 

will contain an insufficient amount of clouds, which renders the wind retrieval impossible. 

If it is conservatively estimated that the retrieval is successful only in 113 of the cases, this 

still yields 5-600 wind vectors with a spatial resolution of 70.4 km during a 50-minute 

period. Both the number and horizontal spacing of these wind vectors are comparable to 

those of CMWs derived from geostationary infrared images. Unfortunately, the vertical 

resolution of winds is very poor, only a low cloud bin and a high cloud bin are distin

guished. Geostationary satellite winds, however, are also afflicted by poor vertical resolu

tion, and are usually assigned to arbitrary pressure levels. The MISR instrument will be 

capable of determining cloud top heights relatively accurately by means of stereographic 

techniques, which may help to assign MISR winds to characteristic altitudes. On the basis 

of the above discussion, one can conclude that the possibility of MISR winds, especially 

those over oceans or poleward of 60 degrees, having a positive impact on NWP cannot be 

ruled out. This, however, will strongly depend on the overall accuracy of the wind product, 

and can only be decided by data assimilation experiments. 
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A more promising area for MISR winds may be climate research. A disadvantage of 

polar-orbiter platforms is that, unlike geosynchronous ones, they are unable to cover the 

same area continuously. On the other hand, their advantage is global coverage. The MISR 

instrument will provide global coverage of the entire Earth in nine days at the equator and 

two days at the poles. Therefore, circulation patterns with a lifetime of that magnitude 

could be possible candidates for MISR wind studies. Large-scale average wind patterns 

such as the Madden-Julian Oscillation (MJO) may be successfully investigated with the 

help of MISR wind retrievals. Another possible use could be in a study of certain semiper

manent features of the Tropics such as the intertropical convergence zone or monsoon. 

Here it should be noted, however, that the resultant winds are necessarily biased toward 

cloud-producing circulation features and might not be directly relevant to the global aver

age circulation. 

Finally, MISR winds might also be useful in studies of synoptic-scale phenomenon 

such as a marine cyclone. The swath width of MISR data generally do not completely 

cover a synoptic-scale cyclone. However, the satellite may fly over the storm several times 

over the course of its lifetime, and scah different portions of it. Data from these overpasses 

can be merged with winds from other sources (e.g. marine boundary layer model) to fill 

the gaps between swaths. These composite wind fields can reveal mesoscale detail that is 

often unavailable and lost in conventional analyses, especially over oceanic regions. 

Important parameters such as divergence, vorticity, and heat flux can also be calculated 

using the composite data. For an example of the construction and applications of such 

composite (satellite+ PBL model) wind fields see Dickinson and Brown (1996). 
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Chapter 3: The MISR wind retrieval algorithm 

3.1. Separability of cloud motion and height 

Before discussing the wind retrieval algorithm in detail, it is useful to introduce a sim-

plified model of the problem, which proves helpful in investigating the separability of 

cloud motion and height and determining the optimal choice of cameras for wind retrieval. 

Due to the large change in viewing zenith angle from one camera to another, the stereo 

effect and the correlation between cloud motion and height are much stronger in the along-

track than in the cross-track direction. Therefore, in this section, the cloud motion and the 

camera look vectors are assumed to lie in the along-track plane, i.e. they do not have cross-

track components. For the sake of simplicity, Earth's rotation is excluded, and it is also 

assumed that the orbit of the satellite is circular, and Earth is a sphere. 

First let us calculate the time interval between the camera views. The angular speed of 

revolution of the satellite, ro s , can be obtained from 

GM 

(R + H)
2 

2 = (R + H)ros (3.1) 

where G = 6.67 x 10-
11 

Nm2kg-2 is the gravitational constant, M = 5.98 x 10
24 

kg is 

the mass of Earth, R = 6.37 x 10
6 

m is the average radius of Earth, and H = 7.05 x 10
5 

m is the altitude of the satellite. Eq. (3.1) yields 
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(3.2) 

Now consider a target point, P, on the surface that is viewed by camera i at time t i 

(Fig. 3.1). The angle ~i can be calculated from the sine theorem: 

(3.3) 

where 8 i is the camera view angle. Thus 

(3.4) 

which gives a unique value for ~i. The angle between the radial lines to the spacecraft and 

the surface point is then given by 

a. = 180° - ( 180°- e.) - A. = e.- A. 
l l t-' l l t-' l (3.5) 

At time t j the surface point P is viewed by camera j with a corresponding central angle 

aj, calculated by substituting 8 j into Eqs. (3.4) and (3.5). During the time interval 
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b.t = tj- t; the satellite travelled the distance Ss corresponding to the central angle dif-

ference ai - aj, therefore 

a.-a . 
t . = t. + b.t = t. + l 

1 
1 z z ro 

s 
(3.6) 

where ai and a j are in radians. A surface point is first viewed by the most oblique for-

ward-looking camera, Df, then by Cf, Bf and so on, finally by the most oblique aftward-

looking camera Da. The camera traveling times with respect to the Df camera imaging 

time are given in Table 3.1. Note that the results are symmetric to the 'nadir view' and that 

during a 6.8-minute interval a point on the surface is imaged by all nine cameras. 

Now consider a cloud moving at a constant speed at a constant altitude above the sur-

face (see Fig. 3.2). The cloud is viewed by two different cameras at times t 1 and t2 , 

respectively. During the interval t 2 - t 1 , the spacecraft and the cloud respectively travelled 

the distances S s and S c described by 

Ss = vs(t2- tl) 
= (R + H)<ps 
= (R + H)[(82 - 1 2)- (8 1 - 1 1)] 

= (R+H)(82 -81)-(R+H)(12 -11) 

(3 .7) 



Table 3.1: Camera traveling times obtained from Eqs. (3.4), (3.5), and (3.6) 

by setting i = 1 , j = 1, 2, ... , 9 , and t 1 = 0 s. 

and similarly 

Camera 8 j (deg.) 

1- Df 70.5 

2- Cf 60.0 

3- Bf 45.6 

4 -Af 26.1 

5 -An 0.0 

6 -Aa -26.1 

7- Ba -45.6 

8- Ca -60.0 

9 -Da -70.5 

Sc = vc(t2- ti) 
= (R+h)q>c 

tj (s) 

0.0 

60.24 

112.87 

158.87 

204.34 

249.81 

295.81 

348.44 

408.68 

= ( R + h)[ ( ()2 - Y 2) - ( () 1 - Y 1 ) ] 

tj- tj_ 1 (s) 

---

60.24 

52.63 

46.0 

45.47 

45.47 

46.0 

52.63 

60.24 

= (R+h)(82 -81)-(R+h)(y2 -y 1) 

26 

(3.8) 

where v s and v c are the respective velocities of the satellite and the cloud in the along-

track direction, and his the cloud height. In Fig. 3.2, 81 and 82 are the angles between the 

initial radial line at time t0 and the radial lines to the surface locations x 1 and x 2 , respec-
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tively; r 1 and r 2 are the angles between the radial lines to the spacecraft and the corre-

sponding surface locations x 1 and x 2 ; finally, y 1 and y 2 are the angles between the radial 

lines to the cloud and the corresponding surface locations x 1 and x 2 . 

Since h « R (h is typically less than 20 km), the following approximations can be used in 

Eq. (3.8): 

and 

(R + h)(o2 - o1)::::: R(o2 - o1) 

= RB2 - Ro 1 

= X2- XI 

Substituting Eqs. (3.9) and (3.10) into Eq. (3.8) yields 

(3.9) 

(3.10) 

(3.11) 

In Eq. (3.11) the camera view angles are known and the imaging times and surface loca-

tions are determined from stereo matching, so there are only two unknown quantities, v c 

and h. Thus two equations are needed to solve for cloud velocity and height. This means 
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that at least three images (or two stereo image pairs) with different view zenith angles are 

required to separate cloud motion and height. Eq. (3 .11) can be generalized for a triplet of 

cameras: 

X · - X · 1 = V ( t · - t · l ) - h ( tan S · I - tanS ·) 1 ]- c 1 ]- )- 1 (3.12) 
X · 1 - X · = V ( t · I - t ·) - h ( tan S · - tan S · I ) 1+ J c j+ 1 1 j+ 

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

de tA = ( t j + I - t j) ( tanS j _ I - tan S j) - ( t j - t j _ I ) ( tanS j - tan S j + I ) (3.13) 

is not zero. If detA equals zero, then the above two linear equations are depe11dent on each 

other and thus cloud motion and height are inseparable. This occurs in two cases described 

below. 

(i) If the selected triplet consists of the nadir camera and two other cameras that happen to 

be symmetric to the nadir view, then 

s . = oo s. 1 = -s . 1 1 ' ]+ )-

tanS
1
. = 0 tanS . I = -tanS . 1 ' J + ) - (3.14) 

f. I-t . = f.-f . I 
1+ 1 J 1-
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Substituting these into Eq. (3.13) results in a zero determinant. Therefore, triplets An-Df-

Da, An-Cf-Ca, An-Bf-Ba, and An-Af-Aa are unsuitable for wind retrieval. 

(ii) The matrix of coefficients in Eq. (3.12) will also be singular on a small scale, where 

the flight line is straight and the surface is a plane (see Fig. 3.3), since here 

v s ( t j - t j _ 1 ) - v c ( t j - t j _ 1 ) = ( H - h) tan 8 j _ 1 - ( H - h) tan 8 j 
v s ( t j + 1 - t j) - v c ( t j + 1 - t j) = ( H - h) tan 8 j - ( H - h) tan 8 j + 1 

Eq. (3 .15) transforms to 

t.- t. 1 J j-

tj+l-tj 

= tan e j - 1 - tan e j 
tan e . - tan e . 1 J j+ 

(3.15) 

(3.16) 

which means that the traveling time interval between any pair of cameras is linearly 

related to the tangent of view zenith angles. From Eq. (3.13) it is obvious that Eq. (3.16) is 

the condition detA = 0 written in a different form. 

3.2. Camera selection for wind retrieval 

So far we have concluded that only on an orbital scale with curved orbit and surface 

and non-symmetric camera triplet can cloud motion and height be separated. The latter 

requirement (asymmetrically positioned cameras) eliminates 4 out of the(;) = 84 possi-
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ble camera triplets. In order to select the triplet that is optimal for wind retrieval, the deter

minant given in Eq. (3.13) is calculated for all of the remaining 80 camera combinations. 

Mathematically, the necessary and sufficient condition for the linear system in Eq. (3.12) 

to be soluble is that its determinant has to be non-zero. From a numerical point of view, 

however, the determinant can only be calculated with an error, since the quantities in Eq. 

(3.13) cannot be measured with absolute precision, and thus a small theoretical determi

nant value may result in numerical singularity. Therefore, the best way to avoid singularity 

is choosing the camera combination with the largest possible absolute determinant value. 

Having a larger determinant has also the advantage of producing smaller uncertainties in 

cloud motion and height calculated from Eq. (3.12) using Cramer's rule. 

The determinant is plotted in Fig. 3.5 for different camera triplets. Due to the symme

try of MISR imaging geometry, the determinant of a given triplet and that of its pair 

obtained by replacing the forward-looking cameras with the corresponding aftward-look

ing ones and vice versa, are opposite in sign but have the same magnitude. Therefore, only 

one member of each such triplet pair corresponding to a unique absolute determinant value 

is shown in Fig 3.4. The triplets with the largest determinants all include the most oblique 

D cameras. The data suggest that the Df-Bf-Ca camera combination is best suited to wind 

retrieval. However, there are considerations other than the magnitude of the determinant 

that should also be taken into account. An important factor is the performance of stereo 

matching. At lower sun elevation angles, either the forward cameras look at the sunlit side 

and the aft cameras view the shadowed side of objects or vice versa, and so matching the 

image of a forward camera to that of an aft camera may prove difficult. Therefore, prefer-
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ence is given to triplets consisting of either forward or aftward cameras only (hatched 

bars). As it is shown in Fig. 3.5 the first two triplets meeting this criterion are Df-Cf-An 

and Df-Bf-An with respective determinant values of approximately 53 and 50. Both com

binations have determinants of approximately the same magnitude. The expectation, how

ever, is that stereo matching will perform better on triplets whose intermediate camera is 

farthest from both the other two cameras, i.e. on the Df-Bf-An triplet. Stereo is likely to 

work well on the D and C images, but can yield larger errors when matching the less cor

related C and An images. Thus, the Df-Bf-An triplet and its aft pair the Da-Ba-An triplet 

are the first choices for wind retrieval. Of course, the operational camera selection algo

rithm has some flexibility built into it, so when the ideal set of cameras is not available the 

next best set will be chosen. 

Finally, let us summarize the main conclusions of this section. 

• Cloud motion and height are inseparable on a small scale where the flight line is 

straight and the surface is a plane. This separation is possible only on an orbital scale. 

• Triplets with symmetrically positioned cameras are unsuitable for wind retrieval. 

• Taking into account the performance of stereo matching, the Df-Bf-An and Da-Ba-An 

camera triplets appear to be best suited to wind retrieval. 
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3.3. 3-D ray intersection 

In the previous section an elementary model was introduced with several simplifying 

assumptions, such as a non-rotating spherical Earth, circular orbit, and look-vectors and 

cloud motion having no cross-track components. Obviously, look-vectors, except at the 

middle of the swath, have cross-track components, and the rotation of the Earth, the non-

sphericity of the reference surface and the proper orbital characteristics all have to be 

taken into account when the look rays are calculated. Clouds also have velocity compo-

nents in the cross-track direction. This section introduces a general ray intersection algo-

rithm that treats the 3-D nature of the problem properly. The only limitation of the method 

discussed below is that, as before, vertical cloud motion is neglected and horizontal cloud 

motion is assumed to be constant over a mesoscale domain of 70.4 km. 

--7 
Consider a cloud moving at a constant horizontal speed, v c, at a constant altitude h 

above the surface ellipsoid (see Fig. 3.4). A cloud feature is imaged at times t 1 , t 2 , and t3 , 

when its locations are Q1 , Q2 , and Q3 , respectively. The cloud is projected to surface 

points P 1 , P 2 , and P 3 . The unit vectors of the projecting look rays are ~, b, and i:, 

respectively, and A- 1 , A-2 , and A-3 are the corresponding scale factors of the look rays for 

them to intersect with the cloud. Then, the cloud motion vector, the conjugate look rays, 

and the surface disparities form a closed loop described by 
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-----7 ------7 ------7 
p1p3 = Q1P3- QIP1 (3.17) 

----7 ~ 7 
= Q 1 Q 3 + A3 c - A 1 a 
~ ~ 7 

= v c (t 3 - t 1 ) + A3 c - A 1 a 

and 

-----7 ------7 ------7 
p2p3 = Q2P3- Q2P2 (3.18) 

----7 ~ 7 
= Q2Q3 + A3C- A2b 
~ ~ 7 

= v c(t3 - t2) + A3c- A2b 

It is preferable to represent these vector relationships in a coordinate system in which 

the condition of zero vertical wind can easily be imposed. Therefore, Eqs. (3.17) and 

(3.18) are expressed in a local Cartesian coordinate system whose z-axis is aligned with 

the zenith direction at image point P 3 , and having its origin at P 3 . The x-axis and they-

axis point towards the north and east, respectively. This particular coordinate system is 

called the Local North (LN) coordinate system and is discussed with more detail in 

Appendix A. Here we note only that the angle between the groundtrack of the satellite and 

the local north varies along the orbit. At lower and mid latitudes the x-axis and the y-axis 

of the LN system more or less correspond to the along-track and cross-track directions, 

respectively, while at higher latitudes the roles of the axes are reversed. The z-components 

of Eqs. (3.17) and (3.18) can be written as 
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(3.19) 

and 

(3.20) 

b = (bx, by, b2), and E = (ex, cy, c
2
). Since vertical motion is neglected, vcz = 0, 

which yields 

(3.21) 

and 

(3.22) 

Substituting Eqs. (3.21) and (3.22) into Eqs. (3.17) and (3.18) respectively, gives the fol-

lowing set of equations: 
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(3.23) 

(3.24) 

Eqs. (3.23) and (3.24) are the generalizations of Eq. (3.11) to three dimensions. 

Because there are three unknowns, A-3 , vex , v cy and four equations, the problem is over-

determined. This arises from the fact that, under the condition of zero vertical wind, sepa-

ration of cloud motion and height in the along-track direction requires three conjugate 

image locations of the same cloud feature, while in the cross-track direction windspeed 

could be calculated by matching only two images, since cloud motion and height are 

almost independent due to the small stereo effect. This provides an extra equation for the 

calculation of the cross-track wind. 

Least-squares solution 

The overdetermined set of Eqs. (3.23) and (3.24) is solved by the least-squares method 

(Press et al.). Let us introduce the following notation: 
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(3.25) 

(3.26) 

11 = t3 - t 112 = t3- t2 (3.27) 

Then Eqs. (3.23) and (3.24) can be rewritten as 

11 Vex + + ml A3 = ft (3.28) 

12 Vex + + m2A,3 = !2 

+ 11 v ey + m3A3 = !3 

+ 12 V ey + m4A3 = !4 

The right hand sides of these conditional equations represent the 'measurements'. All the 

'measurement errors' are assumed to be of the same magnitude. Then the kth 

(k = 1, 2, 3) normal equation can be obtained by multiplying each conditional equation 

by the corresponding coefficient of uk ( u 1 = vex , u2 = v cy , u3 = A.3 ), and then adding 
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the resulting equations together. This leads to the following non-homogeneous linear sys-

tern: 

where 

+ Lvcy + M 2 A.3 = F 2 

Ml vex+ M2vcy + M3A3 = F3 

F1 = l1ft+l2f2 

F2 = ltf3 + l2f4 

F3 = m1f1 +m2f2+m3!3+m4!4 

MI = mlll +m2l2 

M2 = m3ll + m4l2 

2 2 2 2 
M3 = mi +m2 +m3 +m4 

Eq. (3.29) is solved by Cramer's rule. Let us introduce the following determinants: 

(3.29) 

(3.30) 

(3.31) 

(3.32) 



L 0 M 1 

D = 0 L M2 

MI M2 M3 

F 1 0 M 1 

D 1 = F 2 L M 2 

F3 M2 M3 

L F 1 M 1 

D2 = 0 F2 M2 

MI F3 M3 

L 0 F 1 

D3 = 0 L F2 

MI M2 F3 
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(3.33) 

where D i ( i = 1, 2, 3 ) is obtained by replacing the ith column of D by the constants on 

the right hand sides of Eq. (3.29). Then, the wind components and the scale factor A-3 can 

be calculated as 

DI 
vex= v (3.34) 

The height of the cloud is the z-component of the look ray connecting the cloud location 

Q3 and the surface point P 3 , i.e. 
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(3.35) 

The above calculations provide the cloud height and the horizontal wind in the Local 

North coordinate system assigned to P 3 , so vex and v cy refer to the local North-South and 

East-West wind components, respectively. 

3.4. Stereo matchers 

A key component of the wind retrieval algorithm is the identification of a cloud feature 

in images with different view zenith angles. This goal is accomplished by stereo matching 

MISR images. Over the years, a huge number of different stereo matchers have been 

developed with possible applications ranging from robot vision to atmospheric sciences. 

The particular algorithms that have been used in this study are briefly discussed below. For 

a detailed description of these methods the reader is referred to Diner et al. ( 1997). 

Nested Max (NM) 

Nested Max is a feature based matcher that is employed to quickly identify and match 

relatively few features (typically less than 1 o/o of all pixels within a scene are matched). 

NM is applied to a pair of stereo images, with one member of the pair termed the reference 

image, the other called the comparison image. For both of the images the algorithm first 

finds local maxima (i.e. the brightest spots) in the signals, and then the local maxima of 

the local maxima, and so on. Then target and search windows are defined within the refer

ence and comparison images, respectively. Finally, each local maximum within a target 
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window is matched with candidate points within the search window and the best match is 

determined. The dimensions of the search window are specified so as to allow for the dis

placement due to wind as well. 

The physics behind Nested Max is depicted in Fig. 3.6. The graphs show the variation, 

along a given direction, of a particular height field and that of the corresponding nadir 

brightness field calculated by a 3-D Monte Carlo radiative transfer code (V arnai, personal 

communication). Fig. 3.6 suggests that NM tends to find the highest cloud tops since they 

tend to be the brightest. Fig. 3.7 shows the variation of the brightness field for the cameras 

of the default wind retrieval camera triplet. The An and Bf images are highly correlated, 

and the graphs are clearly shifted with respect to each other due to cloud height (stereo 

effect). While it is relatively easy to eyeball the corresponding local maxima in the An and 

Bf images, this appears to be much more difficult in the Bf and Df images, which are less 

correlated due to the large viewing zenith angle difference. 

Multipoint Matcher (M2) 

The Multipoint Matcher is an area-based stereo matcher. It establishes a small region, 

or target patch, around a pixel in the reference image and a comparison patch within a 

search window in the comparison image. The center of the comparison patch is then ras

tered through all possible locations in the search window, and the corresponding matching 

metric value is calculated from the BRFs of the target patch and comparison patches. The 

comparison pixel with the smallest metric value is chosen as a match if its metric value is 

smaller than a given threshold. This approach can be applied to every single pixel in the 
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target image. Due to time considerations, however, the particular version of M2 used in 

this study matches every 16th target i1nage pixel only. Nevertheless, it provides a much 

larger number of matching pairs than NM. 

Since it is much faster than M2, NM is the designated stereo 1natcher for operational 

wind retrieval. However, for research purposes M2 is not prohibitively slow either, thus 

results obtained both with NM and M2 are presented in this work. A triplet of matching 

points corresponding to the same cloud feature is determined in the following manner. 

First, the Bf-An and Bf-Df target-comparison stereo pairs are matched, then matching 

pixel pairs with a common target (Bf) member are selected (see Fig. 3.8). 

3.5. Algorithm summary 

Having discussed all of its components, let us now give a step-by-step summary of our 

implementation of the MISR wind retrieval algorithm. The following operations are com

pleted on every 70.4 km mesoscale region. 

1. First, stereo matching is performed, using NM or M2, on the highest resolution (275 

m), unaveraged red-band imagery of the wind retrieval camera triplet. This provides a 

set of matching point triplets, each corresponding to a given image feature. 

2. For each member of a matched triplet the corresponding timetag, geolocation and 

look-vector are obtained from previously computed datasets. The timetag provides the 
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time (with respect to a camera starting time) when the pixel in question was viewed by 

the given camera. The pixel's geolocation is determined from its geodetic latitude and 

longitude. The look-vector indicates the direction from which the pixel was viewed by 

a certain camera. It is expressed in the Earth Centered Rotating (ECR) coordinate sys-

tern described in detail in Appendix A. For each pixel of the triplet, the corresponding 

geolocation and look-vector have to be transformed into the LN system assigned to the 

reference camera image point P3 . This is accomplished by a similarity transform (see 

Appendix A.2). 

3. Once all the look-vectors and pixel locations are expressed in this common LN sys-

tern, then these data and the timetags constitute the input parameters for the 3-D ray 

intersection algorithm. The horizontal wind components and cloud height are calcu-

lated from Eqs. (3.34) and (3.35), respectively. 

4. Steps 2 and 3 are repeated for every matching point triplet. Note that the LN system in 

which the wind and the cloud height are calculated will be different for every point 

triplet. Therefore, all wind velocities are transformed into a common LN system 

whose origin is in the center of the mesoscale region of interest. Then, the cloud veloc-

ity vectors are sorted into a 2-D histogram, where each bin of the histogram corre-

sponds to N-S and E-W wind speeds. The bin widths are 6 m/s in both directions. 

~ 

Next, the two most populated bins are determined, and the average velocities, ( v c> 1 , 
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--7 
( v c> 2 , and median heights, hmedian 1 , hmedian2 , are calculated in each of the two bins. 

Then the average of the median heights is obtained: 

1 
hwind = 2 ( hmedian 1 + hmedian2) (3.36) 

The bin with a median height larger than hwind is designated the High Cloud bin and 

the corresponding average velocity is assigned to this bin. The other bin with its corre-

sponding average velocity represents the Low Cloud bin. The intention behind identi-

fying the two largest modes of the 2-D histogram is to be able to separate ground and 

cloud, or two cloud layers moving at different speeds at different altitudes. 
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Figure 3.1. Diagram for calculating camera travelling times. 
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Figure 3.2. Imaging geometry in the along-track direction. 
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Along-track imaging geometry for straight flight line and plane surface. 

Outline of 3-D ray intersection. 
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Determinant calculated from Eq. (3.13). Hatched bars represent for-

ward-looking triplets. 
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Chapter 4: Error analysis 

4.1. Effect of pixel quantization on the retrieval of the along-track wind 

and cloud height 

Let us consider the simplified model introduced in Chapter 3, since it can shed some 

light on the main limitations of MISR wind retrievals. In this simple model, the look-vee-

tors have no cross-track component, and thus there is a stereo effect only in the along-track 

direction. For the default An-Bf-Df camera triplet, the cloud velocity and height can be 

expressed from Eq. (3.12) as follows 

(4.1) 

and 

h = (4.2) 

where 8 An, 8 Bf, and 8 Df are the nominal camera view angles of 0°, 45.6°, and 70.5°, 

respectively, tAn , t Bf, and t Df are the imaging times of the cloud feature, x An , x Bf, and 

x Df are the image locations of the cloud and 

tan 8 Df - tan 8 An 
T = ----~-----

tane81- taneAn 
(4.3) 



and 

p = tAn- tDJ 

tAn- tBf 

50 

(4.4) 

Let us consider a cloud at a constant altitude he moving at a constant speed v c· Know-

ing the nominal view angles and the speeds of the satellite and the cloud and assuming a 

spherical Earth and spherical orbit, the imaging times and the image locations can easily 

be calculated. Substituting these back into Eqs. (4.1) and (4.2) one can get an estimate for 

the true cloud velocity and height. The effect of a finite pixel size is that the conjugate 

image locations cannot be determined exactly, but with some error only. When a cloud fea-

ture is projected to the surface, the location of the projection point within a pixel is 

unknown, and the image location is registered to the center of the pixel. If the projections 

fall to pixel centers, the error is minimal, if they fall to the edges of pixels, the error is the 

maximum half a pixel, and there are cases in between these two extremes. 

The effect of pixel quantization on the accuracy of the velocity and height retrievals is 

shown in Fig. 4.1 for three different pixel sizes. Here a single cloud at a height of 1 km, 

moving at a speed varying from 0 to 50 m/s was considered. The solid lines represent the 

true cloud speeds and height, while the plus signs mark the retrieved values. Panel a) 

shows the results for an infinitesimally small pixel, i.e. when the image locations are 

known exactly. In this case both the velocity and the height can be determined very accu-

rately. The small difference between the truth and the retrievals, which is noticeable only 
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in the true wind vs. retrieved height plot, is due to the approximations given by Eqs. (3.9) 

and (3 .1 0) that are inherent in the formulas expressing the retrieved speed and height (Eqs. 

(4.1) and (4.2)). In panel b) the pixel size was set to 27.5 m. This introduces errors in the 

image locations, and hence in the retrieved speeds and height. The calculated wind and 

height fluctuate around their true values. Finally, panel c) corresponds to the MISR pixel 

size of 275 m. As in panel b), the retrievals fluctuate around the truth, but with a much 

larger amplitude. At certain speeds the surface projections of the cloud coincide with or 

are close to pixel centers, in which case the retrieval errors are small, while at other speeds 

the projections fall to pixel edges, which in turn, yields large discrepancies from the truth. 

In the worst case, the velocity and height retrieval errors are on the order of 10 rnls and 7-

800 m, respectively. 

As shown in Fig. 4.2, the velocity and height errors are positively correlated, i.e. an 

overestimation of the true windspeed causes an overestimation of the true height and vice 

versa. Also, the height and velocity errors are related roughly linearly, an 1 rn/s error in the 

along-track velocity produces an 70-80 m height error. 

Effect of cloud height variations on the retrieval 

In reality, cloud top heights vary within a certain range depending on the type of the 

cloud field (stratiform, cumuliform etc.). Therefore, the effect of pixel quantization will in 

general be different for different individual clouds within the scene. For some cloud 

heights the error in the calculated velocity may be large, for others it may be relatively 

small. Thus, when dealing with a multitude of clouds moving at the same speed at differ-
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ent heights, the retrieval algorithm produces a distribution of velocities. Employing the 1-

D version of the binning algorithm described in Section 3.5, the true cloud speed is esti

mated by determining the most populated bin of the windspeed histogram and then aver

aging the velocities in that bin. The results are summarized in Fig. 4.4. Panel a) is the same 

as panel c) in Fig. 4.1, a single cloud at a height of 1 km. Panel b) corresponds to 500 

clouds moving at exactly the same speed but at different altitudes varying randomly 

between 1 and 4 km. Obviously, in this case the retrieval results become more structured, 

the retrieved velocities are concentrated around certain values. In general, the errors are 

smaller than in case of a single cloud, and the calculated velocities roughly follow a step

function rather than fluctuating randomly. 

Effect of velocity fluctuations on the retrieval 

Not only do the heights of clouds vary, but also their velocities .. When a cloud field 

advects at a certain average speed, it is reasonable to assume that the velocities of its indi

vidual clouds fluctuate around the mean velocity. This is expected to have an effect similar 

to that of the height variations, i.e. organizing the retrieved winds around certain values. 

This is demonstrated in panel c) of Fig. 4.4. This case is the same as the one depicted in 

panel b), except that the wind fluctuations around the mean wind rather than being zero, 

are drawn from a normal distribution with zero mean and a standard deviation of 3 m/s. 

Compared to panel b), the retrieved velocities become even more organized, the 'plateaus' 

of the step-function are more distinct. 
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Summarizing the findings above, one can point out that, in case of a single cloud, the 

error in the calculated cloud speed and height due to the 275m MISR pixel size can be on 

the order of 10 mls and 7-800 m, respectively. When dealing with a multitude of clouds, 

the binning of the calculated velocities and the variations in cloud height and speed orga

nize the retrieved velocities into a step-function. The steps seem to follow at every 6 m/s, 

which in turn, yields an average velocity error of approximately 3-4 m/s. 

4.2. Effect of pixel quantization on the retrieval of the cross-track wind 

In the simplified model there is no stereo effect in the cross-track direction, therefore 

the cross-track disparities depend solely on the corresponding velocity component. Of 

course, this is not true when the general problem with Earth's rotation and the actual view

ing geometry is considered, but even in this latter case the cross-track stereo effect is much 

smaller than the along-track one. Therefore, it may prove helpful to calculate the cross

track uncertainties of the simplified model, just to get a rough estimate of the uncertainties 

of the general 3-D algorithm. 

While separation of cloud motion and height in the along-track direction requires three 

conjugate image locations of the same feature, the cross-track wind component can 

already be calculated knowing only two locations of the cloud (that is why Eqs. (3.23) and 

(3.24) are overdetermined). Thus, the cross-track velocity can be determined from either 

of the three possible disparities: An-Bf, An-Df, and Bf-Df. Assuming perfect registration, 

the maximum error in the measured cross-track distance travelled by the cloud is one 

pixel. This occurs when both of the projections fall to opposite pixel edges (see Fig. 4.3). 
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Therefore, the uncertainty of a single velocity measurement can be estimated as 

275m 
Bf-An: L\v 1 - ~ z 3 rnls 

275m 
Df-Bf: L\v2 -

113
s z 2.4 rnls (4.5) 

275m 
Df-An: L\v3 -

204
s z 1.4 rnls 

where the camera traveling times in the denominators are taken from Table 3 .1. Obviously, 

the longer the time between the measurements, the smaller the error. It is reasonable to 

assume that the characteristic uncertainty is somewhere in between the extreme values cal-

culated in Eq. ( 4.5). The mean of 2.4 m/s can be considered a typical value. Compared 

with the along-track errors, which can be larger than 10 rnls, the cross-track uncertainties 

are much smaller. When a multitude of clouds is considered, the effect of cloud speed vari-

ation and averaging may further reduce the uncertainty. Therefore, the expectation is that 

the wind retrieval algorithm can estimate the cross-track velocity component fairly accu-

rately, with a typical error of 1-2 rnls. 
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Figure 4.1. Effect of pixel quantization on the retrieval of the along-track velocity 

and height. The pixel size is a) infinitesimally small, b) 27.5 m, and c) 275m. 
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at 1 km, b) 500 clouds at various heights, c) same as b) but with cloud velocity fluctuating 
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Chapter 5: Results 

5.1. Test data generation 

In the absence of actual measurements, the MISR wind retrieval algorithm was tested 

on two simulated datasets. One of them is 3-block worth of clear-sky test data provided by 

the Jet Propulsion Laboratory. This dataset covering a portion of Mexico was generated 

from real satellite measurements by the MISRSIM simulation software (Lewicki et al. 

1994). Since the data include topographical features only, the wind retrieval algorithm 

should return, within a certain margin of error, zero wind and the height of topography. 

In order to retrieve cloud-track winds, cloudy scenes were generated in the following 

manner (see Fig. 5.1). First, a cloud height field of 256 x 256 pixels (70.4 km) was created 

with a fractal cloud generator (Barker and Davies, 1992). The cloud field was assumed to 

consists of 256 x 256 prisms. Each one of these prisms had a base area of 275 x 275 m2 

and a height drawn from the previously generated fractal cloud height field. Supported by 

the results shown in Fig. 3.6, an arbitrary brightness field was then assigned to the Lam

bertian cloud tops, with higher tops being brighter. This cloud field with all the prisms 

being at the same cloud base height was assumed to move with a constant horizontal 

velocity. Finally, a brightness value was assigned to each pixel of a 256 x 256-pixel region 

on the surface ellipsoid by means of a ray tracing algorithm (ellipsoid projection). The 

input to the ray tracing consisted of the geodetic latitude and longitude, and the corre

sponding camera look-vectors and timetags of each pixel. In the course of the ray tracing, 

the brightness value was linearly interpolated from neighboring values, whenever the side 

of a cloud column was hit instead of its top. An example of simulated images is also pre-
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sented in Fig. 5.1 for the default wind retrieval camera triplet. 

The main limitations of the cloudy test data stem from assuming isotropic reflection. 

While cloud tops might be considered as Lambertian reflectors at small solar zenith 

angles, reflection of sunlight is definitely anisotropic at small sun elevations. Thus, for

ward looking views can considerably differ from aftward looking views in oblique sun sit

uations. This and several other effects are not accounted for in our data simulation method, 

but can later be included by using the results from a 3-D Monte Carlo radiative transfer 

code. Even the above simplified cloudy test scenes, however, are suitable for studying the 

limitations of the wind retrieval algorithm arising from the geometry of the problem. 

5.2. 3-block Mexican test scene 

The MISR wind retrieval algorithm was first tested on a simulated clear-sky dataset 

provided by JPL. When the algorithm is applied to this dataset, it is expected to retrieve 

zero winds and the height of topography. The dataset corresponds to a portion of a particu

lar orbit's measurements and comprises the following data. 

• Red band radiances for all nine cameras, given at a resolution of 275m. The radiance 

field was compiled from actual satellite measurements with the MISRSIM software, 

which simulates the instrument's imaging geometry. 

• Starting time for all nine cameras, and imaging time (with respect to the starting time) 

of every pixel, for all nine cameras. 
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• Geodetic latitude and longitude of the center of each 1.1 km (4 x 4 pixels) region. 

• Average elevation of every 1.1 km (4 x 4 pixels) region. 

• Look-vectors for all nine cameras, corresponding to the center of every 17.6 km (64 x 

64 pixels) region. The look-vectors are given in the LN coordinate system. 

All data known at a resolution coarser than 275 m were first resampled to 275 m resolution 

using bilinear interpolation. Simple linear interpolation is adequate for the wind retrieval 

tests since the input parameters change slowly from pixel to pixel. 

The dataset consists of 3 blocks and covers a portion of central/southern Mexico (see 

Fig. 5.2). Each block is made up of 512lines (140.8 km) with 2048 sampl~s (563.2 km) in 

each line. The groundtrack of the satellite does not run exactly in the north-south direction 

but is slightly tilted eastwards. For any pixel, the solar zenith angle falls within the range 

of ( 4 7 ± 4) o , while the solar azimuth angle is in the range of ( 327 ± 4) o , which corre

sponds approximately to the NW direction. The actual radiance data extend longitudinally 

and latitudinally from 99W to 103W, and from 18N to 21N, respectively. Areas with no 

valid data are depicted by white color. A blow up of the radiance field is shown in Fig. 5.3. 

Note that in this image the blocks are apparently unaligned and shifted with respect to 

each other. Due to computational considerations, the unaligned data were used in this 

study, since they were much less complicated to work with than the properly aligned data. 

For wind retrieval is performed over a 70.4 km (256 x 256 pixels) mesoscale domain, 30 
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such regions, represented by black squares in Fig. 5.3, were cut out of the dataset, remem

bering that each one of them had to lie entirely within one block. Individual cuts are num

bered 1 to 30 from top to bottom and from west to east. 

The results of the wind retrieval test for NM and M2 are summarized in Table 5.1 and 

Table 5.2, respectively. In these tables n 1 and n2 are the number of wind vectors in the 

most populated bin and in the second most populated bin, respectively, v!x and v!Y are the 

average N-S and E-W wind components of the most populated bin, v~x and v~Y are those 

of the second most populated bin, hmedl and hmed2 are the median of heights within the 

most populated bin and the second most populated bin, respectively, hwind is the average 

of the median heights defined in Eq. (3.36), and hmed is the median scene elevation of the 

mesoscale region in question calculated from the true height field. 

As an example, let us take CUT #8 with NM as stereo matcher. First, for all successful 

matches, the components of the cloud velocity vector and the associated height are calcu

lated, separately for the forward-looking and aftward-looking camera triplets. The 1-D 

histograms of the wind components are plotted in Fig. 5.4 and Fig. 5.5 for the forward and 

aftward camera triplets, respectively. Finally, the independent results from the forward 

triplet matches and from the aftward triplet matches are used together to form a 2-D histo

gram of the wind vectors (see Fig. 5.6). The same procedure is followed when M2 is used 

as stereo matcher. 

Here it is noted that the dimensions of the search window, in pixels, were 50 x 75 for 
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both NM and M2. These dimensions were chosen to account for the displacement due to 

winds as high as 50 rnls, even though in this particular case zero winds were retrieved, and 

thus the search window could have been smaller. For consistency, however, a search win

dow of the above size was used everywhere throughout this study. Because the along-track 

parallax is the combination of the along-track wind and the displacement due to height, the 

search window is positioned differently depending on whether the reference or the com

parison camera is the 'more forward' one. For computational simplicity, only those pixels 

of the reference image are matched whose associated search window is entirely within the 

image (see Fig. 5.7). This means that a considerable fraction of the pixels are excluded 

from the wind calculations. This, however, does not change the main conclusions, since 

experience with the algorithm suggests that the accuracy of the retrieval is quite insensi

tive to the size of the search window as long as it is large enough to account for the com

bined (wind+height) displacement. Of course in the operational data processing every 

single pixel will enter the algorithm. 

Now let us have a closer look at the results given in Tables 5.I and 5.2. As it can be 

seen in Fig. 5.3, cuts I to 5 and cuts 26 to 30 contain variable amount of invalid, spurious 

data. Besides, only a portion of each region is stereo matched (see Fig. 5.7). Therefore, the 

performance of the wind retrieval algorithm might be degraded over the top five and the 

bottom five regions. In fact, NM could not find a matching point triplet in cuts 1, 2, and 30, 

thus the wind retrieval returned no results. Although M2 worked even on corrupted data, it 

yielded mostly false disparities in these cases, and thus the retrieval results were com

pletely unusable for cuts I to 4. This provides 27 and 26 usable, realistic retrievals for NM 
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and M2, respectively. 

Because the coverage of M2 is much larger than that of NM, using M2 as stereo 

matcher results in a much larger number of wind vectors in the most populated and in the 

second most populated bins. Here it should be noted, however, that the values of n 1 and 

n 2 in Table 5.2 are a bit misleading, and actually should be divided approximately by 16. 

The reason for that is that due to speed considerations, M2 matches only the center pixel 

of every 4 x 4 pixels patch, but assigns the determined disparity to all 16 pixels of that 

patch. Nevertheless, there is still a magnitude more data to work with than in the case of 

NM. 

The results in Tables 5.1 and 5.2 show that in most cases the error of the retrieval was 

less than 3 m/s in both directions. The root-mean-square errors for the most populated bin 

1 1 
(vex, v ey) were rmse 1, NM = 3.6 m/s and rmse 1, M 2 = 3.4 m/s using NM and M2, 

2 2 
respectively, while for the second most populated bin (vex, v ey) they were 

rmse2, NM = 5.5 m/s and rmse2, M2 = 3.6 m/s. Although the accuracy of the algorithm 

does not justify providing the results up to the first decimal place, the numbers still indi-

cate that, as expected, they wind component (approximately the cross-track component) 

is determined more accurately than the x component (approximately the along-track com-

ponent). It is also shown in Figs. 5.4 and 5.5, where the histograms of they components 

have a smaller spread and a more distinct peak than those of the x components. This is true 

1 1 2 2 
for vex and v ey as well as for vex and v ey . 
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The four central bins of the 2-D wind histogram contain wind velocities between -6 ml 

s and +6 rnls, in both directions. It is obvious that the most populated bin ( v !x, v !Y) is 

always one of these central bins. The wind vectors in this bin correspond to disparities 

measured with no error. The second most populated bin ( v~x, v~Y) is also one of the cen

tral bins in most of the cases. In a few cases, however, it corresponds to disparities contain-

ing a 1-2 pixel error, which in turn yield an error in v;x much larger than 3 rnls (see cuts 

3,4,5,13,17,21,23, and 28 for NM and cuts 7, and 21 for M2). 

It is noted that using M2 as stereo matcher yields slightly more accurate results (see 

rms error values). This is mainly because M2 gives a lot more matching triplets than NM. 

The increase in accuracy is insignificant, however, and NM, being much faster than M2, is 

the first choice for operational purposes. 

Once the accuracy of the wind retrieval is known, the algorithm can also be used to 

check the consistency of simulated test data. This is of great importance since simulated 

datasets constitute the only source of data that can be used for the prelaunch verification of 

MISR science algorithms. The finding that for clear-sky scenes the error of the algorithm 

was on the order of 3 rnls proved helpful in discovering inconsistencies in other datasets 

that resulted much larger uncertainty in the windspeeds. Unfortunately, the 3-block Mexi

can data turned out to be the only reliable dataset that was available for this study. 
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As mentioned in Chapter 3, the primary reason for calculating the parameter hwind is 

to separate the high cloud bin and the low cloud bin describing features at substantially 

different altitudes (multilayer clouds, cloud above ground). In this case, however, both 

most populated bins refer to the surface, and thus hwind corresponds to the surface as well. 

Experience shows that the matching point triplets found by NM or M2 are distributed 

fairly evenly over the domain of interest. Therefore, hwind is expected to approximate the 

true median height of the domain. This comparison is shown in Fig. 5.8 and Fig. 5.9 for 

NM and M2, respectively. The true median height (hmed in Tables 5.1 and 5.2) is plotted 

with solid line, while the stars mark the corresponding hwind value. Of course, the height 

comparison is really meaningful for regions that do not contain spurious data (cuts 6-25). 

The algorithm was able to capture the general outline of the height variation throughout 

the 3-block test scene, both with NM and M2. For most cuts the difference between hwind 

and hmed was on the order of 2-300 m, but in a few cases it was as large as 6-700 m. For 

NM, the largest differences seem to occur when the second most populated bin corre-

sponds to disparities with a 1-2 pixel error, i.e. when v;x has a large error of - 8 rn/s. 

Finally, let us summarize the main findings of this particular wind retrieval test. 

• The algorithm was capable of retrieving zero winds with a 2-3 m/s error in both wind 

components, which means an overall rms error of - 3 - 4 rn/s in the windspeed. 

• This error in the windspeed corresponded to a height error of - 300 m in most cases. 
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• The accuracy of the retrieval is higher in the cross-track direction than in the along

track direction. 

• Results obtained with NM are comparable to those obtained with M2. 

5.3. Cloud motion retrieval test 

· Single cloud layer 

In the previous section the MISR wind retrieval algorithm was tested against a simu

lated clear-sky dataset, which contained surface reftectances but no clouds. The algorithm 

retrieved the expected zero wind relatively well. In this section the retrieval algorithm is 

tested on simulated cloud fields for a wide range of cloud velocities. The cloudy test data 

were generated as described in Section 5.1 with the geodetic latitude and longitude, the 

camera look-vectors and the timetags being taken from the 3-block Mexican dataset. 

First let us consider a scene with a single cloud layer and 100% cloud cover, i.e. the 

surface is not visible. The results given below were obtained for a cloud base height of 1 

km with cloud top heights varying between 1 km and 3.8 km. The clouds were moving in 

the NE direction, thus the N-S and E-W velocity components were identical and varied 

from 0 to 50 m/s with 1 m/s increments. The retrieved cloud motion components are plot

ted in Fig. 5.10 and Fig. 5.11 for NM and M2, respectively. Here the solid lines represent 

the true cloud speeds, while the plus signs mark the retrieved values. Since the Mexican 

scene runs almost N-S, the N-S and E-W directions approximately correspond to the 

along-track and cross-track directions, respectively. 

As we have seen in Section 4.1 as well, the calculated along-track wind components 
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are strongly quantized. The retrieved velocities are concentrated around 3, 9, 15, 21, 27, 

33, 39, 45, and 51 m/s. The reason for this lies in the way a characteristic wind speed is 

calculated from the measured values. As described in Section 3.5, the cloud velocity vec

tors are sorted into a 2-D histogram with bin widths of 6 m/s in both directions. The bins 

have speeds falling into the range of 0-6 m/s, 6-12 m/s, 12-18 m/s, 18-24 m/s etc. The 

characteristic cloud motion velocity is determined by averaging the speeds in the most 

populated bin. 

Obviously, the wind retrieval results plotted in Figs. 5.10 and 5.11 correspond to the 

bin centers of the 2-D histogram. For all true wind speeds that fall into the same histogram 

bin, the retrieved wind speed is the center value of that bin. This yields an accuracy of 

±3- 4 m/s in the along-track direction. It was shown previously that for a single cloud the 

error in the along-track component due to pixel quantization can be as high as 10 m/s (see 

Fig. 4.lc). This means that in case of a multitude of cloud top heights, the measured along

track components scatter within a wide range around the true value, which in turn yields 

that the speeds in the most populated bin are distributed fairly evenly and vary from the 

lower to the upper limit of that bin. Therefore, the average of these speeds is approxi

mately the center value of the bin. This effect is much less pronounced in the cross-track 

direction, since the wind error for a single cloud (1-2 m/s) and hence the spread of the 

measured winds around the truth is much smaller. Not surprisingly, the retrieved cross

track components follow the true values very closely with a typical error of 1-2 m/s. 

The above reasoning implies that the accuracy of the retrieved along-track components 

could be enhanced by simply reducing the width of the histogram bins. Halving the bin-
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width to 3 m/s, for example, should result in retrieved velocities of 1.5, 4.5, 7.5, 10.5 m/s 

etc., and a typical error of 1.5-2 m/s. A smaller binwidth, however, means a greater num

ber but less populated bins, which may render the determination of the histogram peak 

more difficult. So there is really a trade-off here between a small binsize having small the

oretical error and the ability to find the mode of the histogram. A strategy for selecting the 

optimal binsize can be best developed once real data are available. 

The root-mean-square errors corresponding to the retrievals depicted in Fig. 5.10 and 

Fig. 5.11 were rmse NM = 2.2 m/s and rmse M2 = 1.8 m/s for NM and M2, respectively. 

Compared to NM, results obtained with M2 show less fluctuation and the step-function 

character of the retrievals is more distinct. The general accuracy of the calculated winds, 

however, has not increased dramatically by using M2 instead of NM. 

Broken cloud field above ground 

In the previous section, the retrieval algorithm was tested on a single cloud layer with 

individual clouds moving at exactly the same speed. There are, however, several realistic 

situations when different features move at different velocities, e.g. a multi-layer cloud 

field with each layer having its own advection velocity. Identifying all the occurring cloud 

velocities operationally would be too ambitious a task, therefore the MISR wind retrieval 

algorithm was designed to calculate only the two most common velocities. As described in 

Section 3.5, the average wind speeds of the two most populated bins of the wind vector 

histogram are determined and then assigned to a low and high cloud bin. In order to test 

this feature of the retrieval, the algorithm was run on simulated scenes containing partially 
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cloudy land. The broken cloud fields, generated as described previously, were combined 

with surface reflectance data from the 3-block Mexican dataset (see Fig. 5.3). As before, 

cloud tops were moving at the same speed in the NE direction. The expectation was that 

one of the two most populated bins would refer to the surface features (zero wind), while 

the other would correspond to the advecting clouds. 

The results for three different cloud fraction values are shown in Figs. 5.12-5.17, for 

both NM and M2. The cloud base height was set to 1.8 km, which guaranteed that all the 

clouds were above the highest terrain feature. In these figures, the x-axis is the true cloud 

velocity. The solid lines represent the truth, with the horizontal line at 0 m/s referring to 

the surface (zero wind) and the diagonal line referring to the true cloud velocities. The 

plus signs ( V x, Low, V y, low) and the circles ( V x, high, V y, high) respectively correspond to 

the Low Cloud bin and the High Cloud bin. 

Figs. 5.12 and 5.13 plot the retrieved speeds for a cloud fraction of 0.2. Cloud tops var

ied between 1.8 km and 6.1 km.With NM as stereo matcher (see Fig. 5.12), up to a true 

wind speed of approximately 30 m/s, the Low Cloud bin corresponds to the surface in 

most cases, while the High Cloud bin refers to the clouds. At speeds close to 0 m/s the 

peaks corresponding to the ground and clouds are basically merged together, only at 

speeds > 6 mls does the peak referring to the clouds separate from the steady peak refer

ring to surface features. At speeds > 30 m/s, even the Low Cloud bin corresponds to the 

clouds in most cases, usually with large errors. The explanation for this stems from the 

fact that at larger speeds the clouds move considerably from one image to another, so they 

sweep out a large area in the images, hence the surface area seen by all three cameras 
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becomes very small. This yields that surface point triplets are increasingly difficult to be 

identified as the wind velocity increases. As before, the error in the cross-track component 

is substantially smaller than that in the along-track component. 

Applying M2 as stereo matcher results in sharper histogram peaks than using NM 

does. This probably is due to the larger number of measured wind vectors (matching point 

triplets), which makes the separation of the modes easier (see Fig. 5.13). There is much 

less fluctuation in the retrieved wind speeds and the steps in the along-track component are 

clearer. Apparently, in vast majority of the cases the Low Cloud bin corresponds to the 

ground, while the High Cloud bin refers to the clouds. The error in the along-track and 

cross-track components is, as before, 3-4 m/s and 1-2 m/s, respectively. 

For a cloud cover of 40%, the retrievals are shown in Figs. 5.14-5.15. Cloud tops var

ied between 1.8 km and 3.8 km. The results are similar to those of the previ<?,US case, with 

the High Cloud bin mainly corresponding to the cloud field and the Low Cloud bin corre

sponding to the surface. The spread of the retrieved winds, however, is somewhat larger in 

this case than with a 20o/o cloud cover. M2, again, yields more accurate, less noisy retriev

als than NM (see Fig. 5.15). With the larger, 40% cloud fraction, however, even M2 has 

difficulties identifying ground features at larger cloud wind speeds. Above 40 m/s, basi

cally both peaks correspond to the cloud field. 

Finally, when the cloud fraction is sufficiently large, no parts of the surface are seen by 

all three cameras. This is depicted in Figs. 5.16-5.17, where the cloud cover was 60o/o and 

cloud tops varied between 1.8 km and 5.5 km. Both peaks correspond to the clouds, with 

the High Cloud bin usually overestimating and the Low Cloud bin underestimating the 
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true velocities. The signal corresponding to the surface was not found. 

In this section it was demonstrated that it is possible to determine the two largest peaks 

in the wind vector histogram that can refer to features at different altitudes moving at dif

ferent velocities. The successful separation of the peaks requires them to be sufficiently 

apart from each other. M2 always provided better results than NM, underlying the impor

tance of having as many matching point triplets to work with as possible. In the case of an 

extensive high cloud field, the lower altitude features, such as the ground terrain or a low 

cloud layer, might be obscured and thus only the high altitude features are likely to be 

identified. 
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Table 5.1: Wind retrieval results for NM as stereo matcher. 

Cut n 1 
1 1 

vex Vcy 
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Table 5.2: Wind retrieval results for M2 as stereo matcher. 

14 32758 21061 3.2 3.5 -2.2 2.2 2907 2336 2621 2505 
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Figure 5.3. 3 blocks of An camera, red band radiances with the 30 mesoscale 

regions (black squares) used in the wind retrieval test. Note that the image is rotated clock

wise by 90 degrees. 
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Figure 5.4. 
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1-D histogram of wind components for the forward (An-Bf-Df) camera 
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Figure 5.6. 2-D wind histogram for CUT#8. 
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Figure 5.8. Measured median height vs. true median height for NM. 
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Figure 5.9. Measured median height vs. true median height for M2. 
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Figure 5.11. Same as Fig. 5.10 but for M2. 
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Figure 5.12. Retrieval results for surface+ 20% cloud with NM as stereo matcher. 
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Figure 5.14. Retrieval results for surface + 40% cloud with NM as stereo matcher. 
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Figure 5.15. Same as Fig. 5.14 but for M2. 
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Figure 5.16. Retrieval results for surface+ 60o/o cloud with NM as stereo matcher. 
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Figure 5.17. Same as Fig. 5.16 but for M2. 
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Chapter 6: Concluding remarks 

A study was presented on the feasibility of retrieving cloud-tracked winds with the 

Multi-angle Imaging Spectroradiometer. MISR will measure the reflected sunlight with 

cameras pointed in nine different directions. One of the primary objectives of the instru

ment is to determine cloud top heights as part of the RLRA dataset. The RLRA is derived 

by stereophotogrammetric methods. The relatively large time intervals between MISR 

images make it impossible to neglect the advection of cloud features. The accurate conver

sion of measured disparities to heights necessitates the removal of the cloud motion effect, 

which would otherwise cause a systematic bias in the height field. 

It was shown that cloud motion and height are separable only on an orbital scale with a 

curved orbit and surface, but are inseparable on a small scale, where the flight line is 

straight and the surface is a plane. The simultaneous retrieval of cloud motion and height 

requires at least three images. Not all the possible camera triplets, however, are equally 

suitable for retrieval. Certain combinations are less sensitive to the inevitable errors in the 

measured disparities than others. Taking into account the performance of stereo matching 

as well, the Df-Bf-An and Da-Ba-An camera triplets appear to be best suited to cloud 

motion retrieval. 

A general 3-D ray intersection algorithm was introduced to calculate cloud motion and 

height simultaneously. Over a mesoscale domain of 70.4 km the algorithm determines the 

average velocities of low and high altitude features and assigns them to characteristic 

heights. The main limitations of the method stem from neglecting vertical cloud motion 

and assuming a constant horizontal cloud advection over the domain. Under certain atmo-
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spheric conditions, these assumptions fail and the resultant winds are unreliable. 

Error analysis reveals that the uncertainty in the retrieved velocity due to pixel quanti

zation is much larger in the along-track direction, where retrieved cloud motion and height 

are highly correlated, than in the cross-track direction. For a single cloud, the errors in the 

calculated along-track and cross-track speeds are on the order of 10 m/s, and 3 m/s, 

respectively. This translates into a height error of 7-800 m. For a mesoscale cloud field, the 

fluctuations in cloud height and speed reduce the errors in the average along-track and 

cross-track velocities to 3-4 m/s, and 1-2 m/s, respectively. 

The wind retrieval algorithm was tested on simulated clear-sky and cloudy datasets. 

For stereo matching purposes, two different algorithms were assessed: (i) an extremely 

fast one with sparse coverage (NM), and (ii) a more time-consuming one with relatively 

dense coverage (M2). For the clear-sky dataset provided by JPL, the wind algorithm 

retrieved the zero wind within the expected rms error of 3-4 m/s. Cloudy scenes were gen

erated with a ray-tracing algorithm assuming Lambertian reflection. A wide range of cloud 

velocities was successfully retrieved with the expected errors; the rms error was 2-3 m/s. 

The algorithm's capability of determining the two most common velocities was demon

strated by running the code on scenes containing broken cloud-fields as well as surface 

features. For a modest cloud amount the peaks corresponding to the terrain and the clouds 

could clearly be distinguished. For a larger cloud cover, however, only the high level fea

tures could be tracked, since low altitude features were hidden from view. In general, the 

magnitudes of retrieval errors were as expected. NM and M2 produced results of compara

ble accuracy in most cases, except from the 'multi-layer' test, when M2 yielded less noisy, 
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much more unambiguous retrievals than NM, due to a larger number of tracked features. 

It is emphasized here that the above results should be interpreted with care, since they 

are based on a limited set of tests. All the test experiments assumed perfect image naviga

tion. These assumptions eliminated certain sources of error that will inevitably occur in 

real data. Therefore, the obtained retrieval accuracy should be considered as a theoretical 

upper limit. 

The scientific potential of MISR derived winds was also discussed. Cloud motion 

winds are calculated to correct the stereographic heights anyway; should they prove to be 

accurate enough, non-MISR related applications may also make use of them. Candidate 

areas include NWP, wind climatology, and studies of large-scale circulation patterns or 

even synoptic-scale features, when combined with other sources of wind data. 

Finally, future work should aim at improving the quality of the calculat~d winds. The 

observed quantization of the retrieved winds, especially in the case of the along-track 

component, is mainly an artifact of the wind-binning algorithm. Different binning strate

gies should be tested that may lead to less quantization and hence smaller overall errors. 

Possible modifications include reducing the bin size or calculating the median rather than 

the mean of the winds within the most populated bin, just to mention a few. 
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Appendix A: Coordinate systems 

A.l. Definitions of coordinate systems 

s 

FigureA.l. Definitions of the ECR and LN coordinate systems. 

A.l.l. Earth Centered Rotating Coordinate System 

The Earth Centered Rotating (ECR) coordinate system is based on the WGS84 refer

ence ellipsoid with coordinates expressed in geodetic latitude <p, geodetic longitude A, and 
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height z above the reference Earth ellipsoid (see Fig. A.l ). Geodetic longitude is the angle 

between the local meridian and Greenwich meridian, while geodetic latitude is the angle 

between the ellipsoid normal and the equatorial plane. Latitude, longitude, and height can 

easily be converted to rectangular Cartesian coordinates, X ECR = (xECR, YEcR, zEcR). 

A.1.2. Local North Coordinate System 

The Local North (LN) coordinate system is a Cartesian coordinate system having its 

origin at any point on the reference ellipsoid (see Fig. A.l). Its x andy axes point toward 

north and east, respectively, while its z-axis is normal to the ellipsoid. The ECR coordi-

nates of the origin of the LN system ( 0 ECR) can be calculated from <p and A, and the 

parameters describing the WGS84 ellipsoid. 

A.2. Transformations between the ECR and LN coordinate systems 

A.2.1. ECR to LN 

The ECR system can be transformed into the LN system by a shift and two successive 

rotations. 

2) Positive (i.e. counter-clockwise) rotation around the Z-axis for angle A: 
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[

COSA sinA Ol 
Rz = -sinA cosA 0 

0 0 1 

3) Positive rotation around the rotated Y-axis for angle 270°-<p: 

[

-sin <p 0 cos <p] 
Ry = 0 1 0 

-cos<p 0 -sin<p 

The final transformation is: 

XLN = TXEcR 

= T(XECR-OEcR) 

where 

[

-sin <p cos A -sin <p sin A cos <p] 
T = RyRz = -sinA cosA 0 

-cos<pcosA -cos<psinA -sin~ 
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A.2.2. LN to ECR 

The LN to ECR transformation is established by reversing the order and sign of the 

transformations in the previous section. 

1) Negative (i.e. clockwise) rotation around Y-axis for angle 270°- <p : 

Ry-I = [-s~<p ~ -c~s<pl 
cos<p 0 -sin<pJ 

2) Negative rotation around the rotated Z-axis for angle A: 

3) XEcR = OEcR+XEcR 

The final transformation is: 

XEcR = OEcR+XEcR 
-1 

=DEeR+ T XLN 



where 

-1 -1 = Rz Ry 
[

-sinq>cosA. -sinA -cosq>cosA.j 
= -sinA.sinq> cosA. -cosq>sinA. 

cos q> 0 -sin q> 

97 
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