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ABSTRACT: A pre-operational
algorithm and associated IDL processing
chain for fully automated retrieval of
cloud-top height and amount from dual
view ATSR(2) has been developed. This
processing chain includes ingest of
SADIST formatted data especially all
orbital position and camera viewing
angles, automated stereo matching and
transformation into ground co-ordinates
above the WGS84 ellipsoid. Five
different stereo matchers are currently
included for testing: M2 (mean of the
normalised differences within a patch),
M3 (median of the normalised
differences within a patch), 2D Nested
Maximum ( a peak-valley correlation
algorithm) PGotcha (a Pyramidal
version of an in-house Adaptive Least
Squares Correlation routine using sheet-
growing) and CDWT (a Complex
Discrete Wavelet Transform). An
assessment of these different stereo
matchers is presented which indicates
that M2 satisfies the requirement for
high throughput (<1 minute/ATSR
scene) and pixel-level accuracy with an
acceptable blunder-rate (c.1-5%).
Examples will be shown of the
application of this processing scheme to
a wide variety of different ATSR(2)
images. The scheme has been applied to
the retrieval of cloud amount through the
use of a ground Digital Elevation Model
and initial results indicate better cloud

masking than existing schemes based on
radiometry. A companion paper (Muller,
Dundas, Vogt, Clothiaux, 1999)
describes the quality assessment
procedure in more detail. This work is
supported by the EU under the Fourth
Framework Programme CLOUDMAP
Project (Contract No. ENV4 CT97-
0399) and by ESA under data grant
AO3-422.

Introduction

One of the greatest current uncertainties
in Global Climate Models is the role of
clouds, particularly Cirrus and Marine
StCu, in the Earth’s radiation balance to
determine whether clouds will enhance
or decrease the effects of global
warming. This study mainly focuses on
natural Cirrus clouds and artificial Cirrus
clouds (condensation trails of air planes)
given the fact that these kind of clouds
play a crucial role in a (local) increase of
the so-called ‘greenhouse’ according to
the current state of knowledge.

Existing cloud climatologies, such as
ISCCP[Rossow and Schiffel991] or
the HIRS/TOVS CO split window
[Wylie and Menzell991] do not provide
the necessary accuracy either
- to test the effects of clouds,
particularly broken clouds, on
GCM forecasts or



- to assess the consequences of
“global warming” on changing
Ci & MrStCu cloud amounts

Previous HIRS/TOVS data suggest that
upper-level cloud amounts have
increased since 1982. It has been
hypothesized that contrails may
contribute towards this increase as
shown below in Figure 1 for a time
series from 1983-199fMenzel et al.
1996]
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Figure 1. 13 years of cloud amount

observations from ISCCP and HIRS/TOVS
which indicates that upper-level cloud

amounts are increasing. After[Menzelet
al., 1996]

Inspection of Figure 1, however, shows a
sharp discontinuity between the ISCCP
observations and the ones from
HIRS/TOVS which is partly due to the
different definitions of cloud amount
(loc. cit.) and partly due to the different
IfoV of the AVHRR/geostationary (for
ISCCP) and HIRS/TOVS instruments.

(A)ATSR(2) (referred to hereafter as
ATSR) will provide an unprecedented
time series of 15 years of continuous
cloud observations from the same
instrument, albeit that it will be limited
to the same local time and to
observations at sparser time sampling
than either ISCCP or HIRS/TOVS.

[Hasler, 1981;Minzer et al, 1978]first
presented results on the use of stereo
photogrammetry to retrieve cloud-top
heights albeit from sidewards overlaps
on two geostationary satellites. ATSR
owing to its unique conical scanning
geometry Prata et al, 1990] can be
employed to retrieve stereoscopic
heights as first proposed by.drenz
1985] More recently, [Prata and
Turner, 1997]showed the application of
automated digital stereo
photogrammetry to ATSR1 images. A
fully automated processing chain has
been developed by the authors for
retrieving cloud-top heights from ATSR
images from GBT SADIST2 formatted
data using digital stereo
photogrammetry. This includes an
assessment of different stereo matching
algorithms on ATSR. The processing
chain is a macro within IDL with the
stereo matcher being compiled from the
original C code.

Processing Chain

The processing chain consists of an IDL
routine called ATSR2 to CTH. This
routine takes as input arguments a
SADIST2 file and a parameter file which
includes the values for the appropriate
stereomatcher and outputs a height file
in WGS84 ellipsoid co-ordinates
together with the appropriatmatcher
metric. The parameter file specifies
which spectral bands are to be matched
as well as the patch size (all the stereo
matchers are area-based) and search
radius to restrict the search in the
forward view to the range of expected
cloud-top heights.

Five different stereo matchers have been
tested but only two, M2Mandanayake
and Muller, 1995]and M3 Piner et al,
1996} have been implemented to date



within the processing chain. Work
continues on implementing the other
three: 2D Nested Maximum (loc. cit.), P-
Gotcha[Day et al, 1992] and CDWT
[Magarey 1997]

M2 (multi-point matcher) is an area-
based stereo matcher. It works
designating the imagery from one
camera as the reference image and the
other as the comparison image. A
region, the patch size, is chosen in the
reference image and a set of comparison
patches within a search window is
established in the comparison image.
The matching metric is then computed
by taking all the values in each patch
and subtracting the mean values within
the patch from each pixel to yield a
normalised brightness. Then the absolute
difference in the reference normalised
patch minus the normalised values in the
comparison patch averaged over the
number of points being matched is tested
against a threshold. The M2 metric is

SM2=_1/Npts |[(R(xi,y]) -<R>)-(C(xi,yj) -<C>) |
[(Rmax Rmin]*[Cmax -Cmin]) |
SIGMAmM2

(equation 1)

where
R(xi,yj) is the reference pixel values gj)(

C(xi,yj) is the corresponding value in the
comparison image

Rmax, Rmin are the maximum and minimum
values within the reference image respectively

Cmax, Cmin are the maximum and minimum
values within the comparison patch respectively
Npts is the number of points begin matched

<R> is the average value within the
reference patch

<C> is the average value within the
comparison patch

i,j are the relative indices within the patches
for summation and

SIGMAmM2 = 1/Nptq [R((xi,y])- <R>] |

| [Rmax - Rmin] |
(equation 2)

The quantity SIGMAmM2 is an estimate if
the average uncertainty in the numerator
of equation 1. For a reference patch the
x and y values of disparity are those for
which SM2 is smaller than or equal to
threshold TM2. If SM2 > TM2 the
disparity is discarded. If multiple
matches from M2 satisfies the threshold
criterion, the best match formatch is
defined as the one that minimises SM2.
This is done by setting a secondary
threshold AM2 where AM2=EM2min
where f > 1. If the best match is the only
one for which SM2 < AM2 it is classed
as a successful match.

M3 is similar to M2 except medians
rather than then means are used. SM3
TM3 are regarded as a successful match.
TM3 and TM2 maybe different.

The reader is referred to the references
guoted for details of the other matchers.

For ideal stereoscopic pairs, the two
images should be taken at the same time.
The time difference between the
acquisition of the forward and the nadir

is swaths 120 seconds. Equation 3
[Prata and Turner1997]is used for
calculating the heights, where height, H
is given by

H = YDIS/(tan(ANGLEf)-tan(ANGLER))
(equation 3)

where
YDIS s the disparity
ANGLEf is the forward zenith angle
ANGLER is the nadir zenith angle



It has been assumed that all the
movement in the y direction is due to
height. Also the increase in the size of
the field ofview from the forward view

is not taken into consideration. The
stereo matching schemes will fail if the
areas to be matched are featureless or
devoid of spatial contrasts. The zenith
angles are calculated from information
contained in the GBT header.

The entire operation from ingestion of
raw image to the production of three-
dimensionalCTHs takes around 25
minutes on a Silicon Graphics
workstation of relatively low

specification. Code optimisation has
been performed of the sterewatcher

and it is the only compiled element as
IDL is too slow at looping arrays. The
remainder of the chain is written in IDL.

Comparison of stereo matchers

Tests performed on the five stereo
matchers indicate that M2 produces the
best results with regard to (1) speed
traded against (2) accuracy; (3)
reliability (i.e. blunder rate). P-Gotcha
produces the highest accuracy but at the
expense of the slowest speed. CDWT
produces the worst results. Figure 2
shows a comparison of four of the
matchers using the height-temperature
relationship as a surrogate for a quality
measure. Inspection of Figure 2 shows
that M2, M3 and P-Gotcha had a
reasonable relationship between CTH
and brightness temperature for a scene
containing thin high-level cirrus over
lower level cloud. Although this
relationship is not as “clean” as those
shown by[Watts and Baran1997] it
should be noted that no attempt has been
made to pre-screen the CTHs using an
optical depth threshold as performed by
the aforementioned authors. In a

separate paper presented here (Mwdler
al., 1999), a quantitative validation has
been performed using ground-based
radar+lidar measurements of CTH.

Figure 3 shows an early attempt to
validate the performance of different
stereo matchers using a comparison of
non-cloud heights against a global
terrain model. Clouds are first defined
using the supplied RAL cloud mask
[Simpsoret al, 1998]

For heights defined as “ground” by the
RAL cloud mask difference statistics in
elevations were performed. For Gotcha,
the height differences had a mean of
0.09+1.38km wheras for M2 heights the
mean was 0.22+1.81km. An alternative
approach used the heights derived from
M2 to define a cloud-mask when the
heights werex1km above GTOPO30.
When this new cloud mask was used, the
mean difference for M2 reduced to
0.14+1.03km which is much closer to
the theoretical value of +0.75km
originally proposed byLorenz 1985]
These results also suggest that stereo-
derived cloud masks may be much more
reliable than equivalent radiometric
ones. This hypothesis has been tested by
[Cawkwell et al. 1999] over the
Greenland ice-sheet where significantly
better results for cloud masks have been
obtained than using conventional
radiometric cloud masks.

Example application

A very wide range of ATSR2 images
have been processed using the scheme
described above. Owing to the lack of
space, only one further example will be
shown here. Figure 4 shows an area
containing a large number of contrails
over the Channel. Note that the matcher
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Figure 2. Comparison of stereo matcher output for four of the stereo matchers tested. Upper panel —
CTH fields. Middle panel : Height vs 11um brightness temperature. Lowest panel: CTHs over land
and sea separately.
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Figure 3. Comparison of stereo matcher output for two of the matchers tested. Upper left — ground
DEM from GTOPO30. Lower left : Stereo matched heights blended into GTOPO30. Note white
areas are RAL cloudmask . Upper right: Histogram of heights showing the pixel quantisation of M2.
Middle right panel: Gotcha heights for areas masked out by RAL cloud mask. vs GTOPO30 DEM.
Lower right panel: M2 heights for areas masked out by RAL cloud maskvs GTOPO30 DEM.
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Figure 3. Results of M2 stereo matcher over the Channel. Upper right, Forward-Nadir 11um

temperature difference. Lower left: 11um nadir image. Lower right: M2 CTH fields. Middle Right
panel: Height vs temperature plot for all heights including the ground.



picks up the upper level cloud layer well
as well as the semi-transparent haze
layer at the altitude of the contrails.
Automated detection of contrails relies
on the 11-12um temperature difference
[Lee 1989;Meyer and Mannstejr1998]
and can be significantly improved when
altitude is added to the discrimination.
These initial results suggest that stereo-
matched heights can greatly assist with
the detection of contrails. If information
on ice crystal size can be added through,
for instance the approach described by
[Baran et al, 1998]then ageing contrails
may be able to be detected as their ice
crystal size distribution is likely to be
smaller than naturally occurring cirrus
[Sassen1997]

Conclusions and Further work

The IDL processing system is being
tested by other members of the EU-
CLOUDMAP project including for
future operational application in
nowcasting and climate modelling by
KNMI. A new version is currently also
being developed for application to MISR
data[Diner et al, 1998] It is planned
that colleagues at the DLRustitut fur
Physik der Atmosphéare will add the
processing chain to their contrail
statistics system to allow a better
determination of CTHs over a five year
time period. Meyer and Mannstejn
1998]

Acknowledgements
The authors would like to thank A.
Mandanayake for the original

implementation of the M2 algorithm, R.
Davies (University of Arizona) for M3,
C. Moroney (University of Arizona) for
the 2D-NM, T. Day forGotcha, J.
Holdback for PGotcha and G.
Castellano (KCL) and JMagarey
(CSSIP) for CDWT.

References

Baran, A. J., P. D. Watts, and P. N. Francis,
Retrieval of cirrus microphysical and bulk
properties using radiance data from #8long
Track Scanning Radiometer (ATSR-2), &th
AMS Conference on Satellite Meteorology and
Oceanography vol. 1, pp. 218-221, American
Meteorological Society, Paris, France, 25-29
May 1998, 1998.

Cawkwell, F. G. L., JP. A. L. Muller, R. M.
Dundas, and J. BBamber, Cloud detection over
high latitude snow and ice khesholding stereo
photogrammetric measurements of elevations
from ATSR with a topographic ground model.,
Int. J.Rem. Sens., in preparatioh999.

Day, T., A. C. Cook, and J.-P. Muller,
Automated Digital Topographic Mapping
Techniques for Mars, iinternational Archives
of Photogrammetry and Remote Sensingl.
29(B4), edited by L. W. Fritz and J. R. Lucas,
pp. 801-808, American Society of
Photogrammetry & Remote Sensing,
Washington D.C., 1992.

Diner, D. J., J. CBeckert, T. H.Reilly, T. P.
Ackerman, C. JBruegge, J. E. Conel, R. Davies,
S. A. W. Gerstl, H. R. \Gordon, R. A. Kahn, J.
V. Martonchik, J-P. Muller, R. Myneni, B.
Pinty, P. J. Sellers, and M. M. Verstraete, Multi-
angle Imaging SpectroRadiometer (MISR):
instrument description and experiment
overview., IEEE Trans. Geosci. RemSens.,
36(4), 1072-1087, 1998.

Diner, D. J., R. Davies, L. Di Girolamo, C.
Moroney, J-P. Muller, S. R. Paradise, D.
Wenkert, and JZong, MISR Level 2 Cloud
detection and classification Algorithm
Theoretical Basis., pp. 92pp, Jet Propulsion
Laboratory, Pasadena, 1996.

Hasler, A. F., Stereographic observations from
satellites: An important new tool for the
atmospheric scienceBull. Amer. Meteor. Soc.,
62, 194-212, 1981.

Lee, T. F., Jet contraihdentification using the
AVHRR Infrared split window, J. Appl.
Meteor., 28 993-995, 1989.



Lorenz, D., On the feasibility of cloud
stereoscopy and wind determination with the
Along-Track Scanning Radiometdnt. J. Rem.
Sens., (B), 1445-1461, 1985.

Magarey, J. F. A., Motion estimation using
complex wavelets., iEngineering University of
Cambridge, Cambridge, 1997.

Mandanayake, A., and-P. Muller, Automated
stereo cloud-top retrieval using ATSR and
ATSR2: An assessment of wind-field effects., in
Proceedings of the 21st Annual Conference of
the Remote Sensing Society, RSS{g§h 891-
892, Nottingham: Remote Sensing Society, 11-
14 September 1995, Southampton, 1995.

Menzel, W. P., D. P. Wylie, and K. &trabala,
Seven years of Global Cirrus cloud statistics
using HIRS, in Int. Radiation Symposiunpp.
8pp, IAMAP, Fairbanks, AL, 20-24 August
1996, 1996.

Meyer, R., and H. Mannstein, Contrail coverage
over Western Europe derived from 2 years of
NOAA-AVHRR data., in9th AMS Conference
on Satellite Meteorology and Oceanography
vol. 1, pp. 266-269, American Meteorological
Society, Paris, France, 25-29 May 1998, 1998.

Minzer, R. A., W. EShenk, R. D. Teagle, and J.
Steranka, Stereographic cloud heights from
imagery of SMS/GOES satellite§eophys. Res.
Lett, 5(1), 21-24, 1978.

Prata, A. J., and P. J. Turn@loud-top height
determination using ATSR dataRem. Sens.
Env,, 591), 1-13, 1997.

Prata, A. J. F., R. RCechet, I. J. Barton, and D.
T. Llewellyn-Jones, The Along-Track Scanning
Radiometer (ATSR) for ER%-: Scan Geometry
and Data Simulation|EEE Trans. Geosci. &
Rem. Sens., 2B), 3-13, 1990.

Rossow, W. B., and R. A. Schiffer, ISCCP cloud
data products Bull. Amer. MeteorSoc., 72 2-
20, 1991.

Sassen, K., Contrail-Cirrus and their potential for
regional climate changeBull. Am. Met. Soc.,
78(9), 1885-1903, 1997.

Simpson, J. J., A. Schmidt, and A. Harris,
Improved cloud detection in Along Track
Scanning Radiometer (ATSR) data over the

ocean,Remote Sensing of Environment(1§51-
24,1998.

Watts, P. D., and A. J. Baran, A survey of
tropical cirrus particle size and shape using
ATSR-2 visible/Near-IR data., ilERS Data
Users Conferencevol. 1, pp. 6pp, ESA,
Florence, March 1997, 1997.

Wylie, D., and W. P. Menzel, A Cirrus cloud
climatology from NOAA/HIRS,Palaeography,
Palaeoclaimtology, Palaeoecology (Global and
Planetary Change Section), 999-53, 1991.



