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ABSTRACT

The European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) currently
operates three geostationary satellites: Meteosat-5, Meteosat-7, and Meteosat-8. Observations by Meteosat-5
can be combined with observations from either Meteosat-7 or Meteosat-8 to allow geostationary stereo
height retrievals within the overlap area over the Indian Ocean and east Africa. This paper aims to
demonstrate the capabilities of the geostationary stereophotogrammetric cloud-top height retrieval—in
particular, with the new high-resolution visible channel (HRV) of Meteosat-8. Conceived as a proof-of-
concept study, the retrieval was limited to four distinct cloud areas in northeast Africa. The effects of the
geolocation, spatial resolution, satellite position, and acquisition time on the cloud-top height accuracy were
studied. It is demonstrated that the matching accuracy is sensitive to the acquisition-time difference and
spatial resolution. As a result, there is only a marginal benefit from the good spatial resolution offered by
the Meteosat-8 HRV channel because of the low spatial resolution of Meteosat-5 and the poor time syn-
chronization between the observations of the two satellites. On the contrary, the good time synchronization
between Meteosat-5 and Meteosat-7 observations offsets the errors in the height assignment resulting from
the relatively coarse spatial resolution, if the geolocation accuracy is locally enhanced with additional
landmarks from higher-resolution images. With the geolocation correction and the newly implemented time
information in the Meteosat-5 and -7 header information, the stereo cloud-top height assignment for the
Meteosat-5/-7 and Meteosat-5/-8 HRV combination resulted in about the same accuracy of approximately
+1 km. For the Meteosat-5/-8 HRV combination, the time differences of up to 7.5 min preclude higher
accuracy. To validate the cloud-top heights, observations by the Multiangle Imaging Spectroradiometer

(MISR) and Moderate Resolution Imaging Spectroradiometer (MODIS) were used.

1. Introduction

Satellite-based stereoscopy of clouds has a long tra-
dition in meteorology, from both geostationary and po-
lar-orbiting sensors. In this paper, we focus on the use
of geostationary satellites for the stereophotogrammet-
ric determination of cloud-top height (CTH), as previ-
ously described in, for example, Hasler (1981), Fujita
(1982), Wylie et al. (1998), and Campbell and Holm-
lund (2000, 2004). Stereo measurements have the ad-
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vantage that they depend only on basic geometric rela-
tionships of observations of cloud features from at least
two different viewing angles. Other CTH estimation
methods are dependent on the knowledge of additional
cloud/atmosphere parameters like cloud emissivity, am-
bient temperature, or lapse rate. Even though these
methods are dependent on auxiliary data, the accuracy
of these methods has been established by various au-
thors and has been estimated to be between 80 and 100
hPa, depending on the cloud type (Nieman et al. 1993;
Naud et al. 2005a; Preusker et al. 2005).

The European Organisation for the Exploitation of
Meteorological Satellites (EUMETSAT) currently op-
erates instruments on three geostationary satellites:
Meteosat-5, -7, and -8, located at 63°E, 0°, and 3.3°W,
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respectively.! Observations by Meteosat-5 can be com-
bined with observations from either Meteosat-7 or Me-
teosat-8 to allow geostationary stereo height retrievals
within the overlap area over the Indian Ocean and east
Africa.

The infrared (IR) channels of the Meteosat-5/-7 com-
bination have been analyzed by Campbell and Holm-
lund (2000, 2004). They were able to derive CTH of
cloud systems with an estimated accuracy of approxi-
mately 2 km, which would be comparable to the accu-
racy of the traditional methods. However, their error
estimation only took into account the matching error
and no further errors from geolocation, observation
time, and so on. No comparison with independent data
was included in their study to confirm the theoretical
error estimates.

The observations by the new Spinning Enhanced Vis-
ible and Infrared Radiometer Instrument (SEVIRI) on
board Meteosat-8 can be used in combination with the
Meteosat-5 observations to determine CTH using ste-
reophotogrammetric methods. Of particular interest is
the use of the so-called high-resolution visible (HRV)
channel, which has a spatial resolution at the subsatel-
lite point (SSP) of about 1.0 km. This higher resolution
should translate into more accurate stereo cloud-top
heights. The accuracy of the derived CTH depends not
only on the spatial resolution of the adopted observa-
tions, but also critically on the accurate matching of the
observed cloud features. The matching accuracy is re-
duced by time differences between the observations.
The larger the time difference is, the more difficult is
the matching, on average, because of changes in the
cloud structures. There unfortunately is a significant
time difference (of up to =7.5 min) between the Me-
teosat-5 and Meteosat-8 HRV image resulting from the
different scan period (i.e., 30 and 15 min, respectively).
By contrast, the time difference between Meteosat-5
and Meteosat-7 observations is small (on average less
than =10 s, except for regions toward the image bor-
ders). Hence, it is not obvious that by replacing Meteo-
sat-7 with Meteosat-8 HRV observations, the CTH ac-
curacy would increase as expected by Campbell and
Holmlund (2004).

This paper extends the multiview cloud-top height

! Note that, with the installation of Meteosat-6 as a rapid-
scanning geostationary satellite for the Mesoscale Alpine Pro-
gram in autumn of 1999 and operationally since September of
2001, a potential additional Meteosat stereo configuration is avail-
able with a large overlap area over Europe. This stereo configu-
ration of 10° longitudinal separation (i.e., Meteosat-6 at 10°E)
unfortunately cannot be used for quantitative stereo analysis, be-
cause for acceptable stereo CTH accuracies of =1 km or better a
longitude separation of at least 50° is required.
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and motion retrievals described in Seiz and Baltsavias
(2000) and Seiz et al. (2001, 2003) to geostationary ste-
reo height and motion retrieval, with special focus on
the new Meteosat-8 HRV/Meteosat-5 combination.
Thereby, the main objective is to document—as a
proof-of-concept study—the accuracy and limitations
of the stereo height assignment using the Meteosat-8
HRYV and the visible channels on either Meteosat-5 or
-7. For the analysis, four different clouds in the vicinity
of coastlines were selected. These coastlines were used
as landmarks for an accurate absolute geolocation of
the Meteosat images. Coincident observations by the
Multiangle Imaging Spectroradiometer (MISR) were
used to provide independent estimation of the cloud-
top height. The high spatial resolution as well as the
good geolocation of the MISR views enabled an accu-
rate estimation of the CTH for these clouds. Further
independent estimates were obtained from the Moder-
ate-Resolution Imaging Spectroradiometer (MODIS)
operational product. The operational MISR and MODIS
CTH products have been extensively compared and
validated by Naud et al. (2005b). Because this study was
conceived as a proof-of-concept study for the different
important elements of geostationary stereo CTH re-
trieval, no attempt was made to evaluate the method
systematically with a large number of scenes, stratified
by cloud type, acquisition time, and so on. This further
step should be done as soon as a stereo configuration of
two synchronized (or quasi synchronized within a few
seconds) geostationary satellites with a spatial resolu-
tion and geolocation accuracy similar to that of Meteo-
sat-8 HRV and with a longitudinal separation of at least
50° become available.

After a description of the data, methods, and error
sources, the cloud-top height and motion results for the
four target areas of different cloud types from June
2004 are discussed.

2. Data

a. Meteosat First Generation

Meteosat First Generation (MFG) is a series of spin-
stabilized satellites that rotate at 100 revolutions per
minute (i.e., 0.6 seconds per line). The main payload of
MFG is the Meteosat Visible and Infrared Imager
(MVIRI), which is a three-channel radiometer with
channels in the visible (VIS; 0.4-1.1 um), water vapor
(WV; 5.7-7.1 pm), and IR (10.5-12.5 pwm) part of the
spectrum. The VIS image consists of 5000 X 5000 pixels
with 2.25-km resolution at the SSP, and a WV/IR image
contains 2500 X 2500 pixels with 4.5-km resolution at
the SSP. MVIRI scans the Earth disk from south to
north in 25 min. Each scan is followed by a retrace of
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the scan mirror and a short period to stabilize the in-
strument, such that a full disk image is available every
30 min. The operational geolocation for each pixel is
accurate to about 1-2 VIS pixels, that is, 2.25-4.5 km at
the SSP.

In this study, observations by MVIRI on Meteosat-5
and -7 were used, with a nominal SSP of 63°E and 0°
longitude, respectively. The rectified images obtained
from the EUMETSAT archive included the necessary
information about the actual satellite position (at image
start and image end). For the stereo CTH retrieval,
accurate knowledge of the observation geometry and
acquisition time of each cloud point to be used in the
CTH calculations is required. The observation geom-
etry is thereby given by the satellite position at the
acquisition time and the apparent cloud location in
each image (i.e., on the reference ellipsoid). For the
current study, an updated method to calculate the ac-
quisition for each Meteosat-5 and -7 pixel was used. In
previous work, only the acquisition time for the nomi-
nal start and end of the image collection was provided,
and a simple linear interpolation method was then used
to calculate the acquisition time for each pixel. Detailed
information of the acquisition time for each observed
image line is now available with this latest implemen-
tation of the operational MFG software. The accuracy
of the calculated acquisitions for each pixel using the
new information is about =10 s (C. Hanson 2006, per-
sonal communication), which is an acceptable accuracy
given the slowly changing satellite position. For Meteo-
sat-5, differences of up to 30 s were found between the
old and new methods to calculate the acquisition time
and were mainly due to the satellite’s large inclination
and the deviations of the SSP from its nominal position.
The actual SSP is only provided at image start and end.
The satellite position for a specific pixel was approxi-
mated by linear interpolation between the satellite po-
sitions at image start and image end, using the retrieved
approximate acquisition time.

Scanning by Meteosat-5 and -7 is nearly synchro-
nized, such that, in the overlap region, the time differ-
ence between the observations of the two instruments is
small. Figure 1 shows the acquisition-time differences
between the Meteosat-5 and -7 observations (calculated
with the nominal satellite parameters). The acquisition-
time differences are smaller than 10 s for large parts of
the overlap region and only increase to 50 s toward the
edges of the overlap region. The actual differences can
be different from the values shown in Fig. 1, depending
on the actual start time of the two images and on the
current SSP positions and inclinations of the two satel-
lites.
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b. Meteosat Second Generation

Meteosat Second Generation (MSG) succeeded the
MFG in 2002. MSG is also spin stabilized and rotates at
100 revolutions per minute. Meteosat-8, the first one of
this series, is currently located at 3.3°W longitude.
SEVIRI is the main payload (Schmetz et al. 2002). Its
images are rectified to 0° longitude. SEVIRI has 11
spectral channels with a sampling distance of 3.0 km
and one channel (HRV) with a sampling distance of 1.0
km at the SSP. The current absolute Meteosat-8 HRV
geolocation is accurate to about 1.0-2.0 HRV pixels,
that is, 1.0-2.0 km at the SSP, which is within the mis-
sion requirements of =3.0-km absolute geometric ac-
curacy for all 12 channels.

The SEVIRI HRV channel covers only part of the
hemisphere to reduce the data size that results from the
3-times-better spatial resolution of this channel versus
the other channels; the image consists of an upper and
lower segment, which can be shifted to the region of
interest(s). For instance, Fig. 2 shows the upper seg-
ment centered over Europe and the lower segment
shifted to the eastern edge. This configuration is opti-
mal for our stereo CTH retrieval purpose, because it
presents a nearly maximal overlap with Meteosat-5 (ex-
cept for the upper-right corner in the upper segment).

The raw Meteosat-8 image contains the mean acqui-
sition time for each image line. With the current small
inclination of Meteosat-8 of nearly zero, the acquisition
time for each pixel within the rectified image can be set
to the mean acquisition time of the raw line. This ap-
proximation is currently accurate to better than 1 s but
might get worse if the Meteosat-8 inclination would sig-
nificantly increase in the future. The satellite position
for a specific pixel was calculated from the given orbit
model, using the pixel acquisition time.

Like MVIRI, SEVIRI scans in the south-north di-
rection; however, it uses a different repeat cycle of 15
min (12.5 min for image acquisition and 2.5 min for
retrace and stabilization). In Fig. 3, the nominal time
difference between Meteosat-8 and Meteosat-5 observa-
tions is presented. It shows that, because of the differ-
ent repeat cycles, the largest differences of 450 s are
found in the center of the overlap region and they de-
crease toward the South and North Poles. The values
are much larger than those between Meteosat-5 and
Meteosat-7 (shown in Fig. 1).

c¢. MISR

The MISR was launched on the Terra spacecraft in
December of 1999 (Diner et al. 1998). The orbit is sun
synchronous at a mean height of 705 km, with an incli-
nation of 98.5° and an equatorial crossing time at about
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F1G. 1. Acquisition-time difference of Meteosat-7 and Meteosat-5 images, ranging from —50 to 50 s.

1030 LT. The repeat cycle is 16 days. The MISR instru-
ment consists of nine push-broom cameras at different
viewing angles: —70.5° (named Da), —60.0° (Ca),
—45.6° (Ba), —26.1° (Aa), 0.0° (An), 26.1° (Af), 45.6°
(Bf), 60.0° (Cf), and 70.5° (Df). The time delay between
adjacent camera views is 45-60 s, which results in a total
delay between the Da and Df images of about 7 min.
The four MISR spectral bands are centered at 446
(blue), 558 (green), 672 (red), and 866 nm [near IR
(NIR)]. The data of the red band from all nine cameras
and of the blue, green, and NIR bands of the An cam-
era are saved in high resolution, with a pixel size of 275
m X 275 m; the data of the blue, green, and NIR bands
of the remaining eight cameras are stored in low reso-

lution, with a pixel size of 1.1 km X 1.1 km. For MISR,
the geometric accuracy is high, with an absolute geolo-
cation of all views of 0.5-1.0 pixels, that is, 140-275 m
(Jovanovic et al. 2002). In addition, detailed informa-
tion about the satellite position and the exact acquisi-
tion time of each pixel is available.

The operational data products from the National
Aeronautics and Space Administration (NASA) are
described in the data-products specification documents
(MISR 2006); the two products used for our investiga-
tions are the “L1B2” ellipsoid data (geolocated prod-
uct) and the “L2TC” data (top-of-the-atmosphere/
cloud product) (Diner et al. 1999; Horvath and Davies
2001; Horvath et al. 2002; Moroney et al. 2002).
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F1G. 2. Upper and lower Meteosat-8§ HRV segments, overlaid on the low-resolution visible
channel. The thick dashed line indicates the overlapping area with Meteosat-5.

3. Cloud-top height from stereo observations

In the following, the method to derive CTH from
stereo observations is briefly described; a complete de-
scription of the methods can be found in Seiz (2003).
The processing starts with projection of the observa-
tions onto a common grid, followed by the selection of
the targets for the matching process and a quality-
control step.

a. Remapping to common grid

For the matching, all of the images (Meteosat or
MISR) should be remapped to a common projection to
avoid matching errors that result from distortions. In
principle, any target grid and projection can be chosen.
Once a common grid is chosen, the remapping is ob-
tained by back projection; that is, each target pixel is
back projected into the original image. The value for
the target pixel can be calculated using standard inter-
polation techniques (e.g., cubic, bilinear or nearest
neighbor).

For the current analysis, remapping of the observa-
tions to either the Meteosat-5 or Meteosat-8 HRV pro-
jection (i.e., normalized geostationary projection) is not
optimal, because these projections are highly distorted
toward the image borders. To allow an optimal com-
parison with the MISR reference data, the Meteosat
data were remapped to the MISR space oblique Mer-
cator (SOM) grid of a specific MISR path. For the
whole analysis, all images were remapped with cubic
interpolation. For the remapping of the Meteosat ob-
servations it would have been beneficial to use the
original, unrectified observations to avoid loss of pre-
cision resulting from multiple resampling. However, the
Meteosat data obtained for this study were already rec-
tified to the nominal satellite positions, that is, 0° for
Meteosat-7 and -8 and 63°E for Meteosat-5. Because
nearest-neighbor resampling had been applied in the
operational EUMETSAT rectification for Meteosat-5
and -7, it resulted in reduced-quality images after the
second resampling—in particular, in areas toward the
image borders—that negatively influenced the subse-
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F1G. 3. Acquisition-time difference of Meteosat-8 and Meteosat-5 images, ranging between —450 and 450 s. It
considers the Meteosat-8 images at both time ¢ and time ¢+1.

quent matching. For future case studies, the optimal
operational resampling settings (e.g., cubic convolu-
tion) have to be ensured.

b. Matching

The main task of stereo CTH retrieval is the auto-
matic identification of the same cloud features in the
multiple views, the so-called matching. Matching of
near-simultaneous views from a multiview polar-
orbiting instrument (e.g., MISR) and matching/tracking
of geostationary images (=15-min time interval) can be
treated with a similar processing chain. A simple flow-
chart of this matching process is shown in Fig. 4 and
consists of a preprocessing step [image enhancement
using a Wallis filter (Baltsavias 1991)] followed by the

actual matching and quality control. The multiphoto
geometrically constrained (MPGC) matching algorithm
developed by Baltsavias (1991), based on least squares
matching (LSM) developed by Griin (1985) was
adopted, as described in Seiz (2003).

For the MPGC algorithm, three pyramid levels were
applied, because no a priori values of the cloud heights
were given to the matching algorithm. Pyramid levels
represent reduced-resolution images of the original im-
age. Pyramid level O indicates the original image, and
pyramid levels 1, 2, and 3 are subsequently reduced by
a factor of 2 (i.e., 25% of the original image area).
Points with good texture were then selected with the
Forstner interest operator (Forstner and Giilch 1987).
After the MPGC matching, the matching solutions
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FIG. 4. Overview of the processing steps for multiview
CTH/CTW retrieval.

Satellite 1

)

were quality controlled with absolute and relative tests
on the matching statistics. The preliminary cloud-top
heights were then calculated by intersection of the two
viewing rays (see Fig. 5). For the Meteosat-5/Meteosat-7
combination, it is a near-simultaneous two-view match-
ing so that cloud displacements between the observa-
tions are negligible and there is no need to correct the
preliminary height for cloud displacements. This is not
true for the Meteosat-5/Meteosat-§ HRV pair and for
the CTH derived from MISR observations. Because of
the large time differences between the views, changes
in the cloud structure can be observed (see Fig. 6). In
both cases, the preliminary heights were corrected for
the advection error introduced by the cloud motion be-
tween the observations as described in Seiz (2003). The
applied cloud-motion values were extracted from a se-
quence of Meteosat-8§ HRV observations using the same
matching algorithm. It is important to note that within

Satellite 2

) .‘;f‘?;;,-!‘

CloudC

CTH

Fi1G. 5. Illustration of the stereo retrieval geometry, with the cloud target at position C, the two satellite positions,
and the observation vectors that define the projection of the cloud target on the earth’s surface at C, and C,,
respectively. Because of the uncertainties in the satellite position and rectification, the two observation vectors do
not intersect at a single point, but cross each other at a certain distance. The minimum distance of the two skew
observation vectors defines the CTH for the target C.
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patch_2
m5_0630_misr_pl156,tif

F1G. 6. MPGC triplet matching between (left) Meteosat-8 HRV at time ¢, (middle) Meteosat-8 HRV at time ¢ + 15 min, and (right)
Meteosat-5. The template and patch windows are shown as gray squares. It can be seen that there are larger differences in the cloud
structures between Meteosat-8 HRV at time (left) ¢ and at (middle) ¢ + 15 min, resulting from changes within the 15-min time interval.

the Meteosat stereo retrieval (similar to the MISR re-
trieval), the CTH and cloud-top winds (CTW) within
the 15-min interval were assumed to be constant, with
no vertical cloud motion component.

c. Error analysis

The accuracy of the retrieved CTH and CTW with
stereo photogrammetric methods is limited by the given
geometric configuration (base-to-height® ratio B/H,
time difference Ar) and by the matching accuracy. Fur-
thermore, the retrieval accuracy can be largely dis-
torted by errors in the geolocation, the satellite posi-
tion, or the time information. The MPGC LSM match-
ing algorithm generally has high accuracy and
reliability—for example, for well-defined points, accu-
racies of 0.1-0.2 pixels were achieved in laboratory con-
ditions (Baltsavias 1991). However, in the case of
clouds, the average accuracy of the matching is only
about *0.5 pixels (Seiz 2003). Table 1 summarizes the
estimated accuracies of stereo cloud-top height and mo-
tion from Meteosat-5/-7, Meteosat-5/-8 HRV, and MISR
for the area of the case study (i.e., 17.5°N, 37.5°E). The
preliminary CTH accuracy assumes that the two views
have been acquired simultaneously, that is, there was
no cloud motion, and is therefore only dependent on
the geometric configuration and on the matching accu-
racy:

Amatching (1)
(B/H) ~

OCTH_prelim —

2The base B is defined as the distance of the two satellite
positions, projected on the earth’s surface; the height H is the
altitude of the satellite.

with the matching accuracy A, ching (M) and the base-
to-height ratio B/H. For the MPGC LSM matching, we
have assumed a matching accuracy of +0.5 pixels, as
described above. A pixel size of 275 m was taken for
MISR and an average pixel size was assumed from the
x dimension (i.e., east-west dimension) of the two Me-
teosat images, that is, 3.05 km for Meteosat-5/-7 and 2.1
km for Meteosat-5/-8 HRV. It is important to note that
these theoretical accuracies only include the geometric
configuration and the matching accuracy. Systematic
errors that could occur (e.g., geolocation errors, satel-
lite-position errors, and/or time errors) are not included
in the calculations. The characteristics of the geoloca-
tion, satellite-position, and acquisition-time errors have
been described in the data description of each sensor in
section 2.

Because the same cloud point is not observed simul-
taneously by the different views or satellites, an addi-
tional correction for the cloud advection during the
time delay has to be included. The accuracy of this
height correction oy is calculated as

o, At

Octw = (B/H)’ ()

with the along-track cloud motion accuracy o, and the
time difference Ar. The final CTH accuracy is then cal-
culated from the preliminary CTH accuracy ocry_pretim
and the accuracy of the cloud-advection correction

OcTtw as

_ 2 2 12
OCTH. final = (O CTH_prelim + oorw) (3)

Another error source, which has also to be considered
in this analysis, is the validity of the assumptions. As
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TABLE 1. Theoretical accuracies of the stereo CTH as derived from Meteosat-5/-7 and Meteosat-5/Meteosat-8 HRV stereo pairs, of the
operational MISR L2TC product, and as derived from MISR L1B2 An-Aa observations using the Meteosat-8-derived cloud displace-
ments. In addition, the potential future Meteosat-8/-9 HRV combination is listed. For MISR L1B2 An-Aa and Meteosat, the values are
calculated assuming a measurement accuracy of *=0.5 pixels, with an average pixel size of 3.05 km for the Meteosat-5/-7 (M5 and M7)
combination and 2.1 km for the Meteosat-5/-8 HRV (M5 and M8) combination, respectively. For the Meteosat-8/-9 HRV combination,
the location of the two MSG satellites is assumed to be at 3.3°W and 63°E. For MISR L2TC, the accuracy estimates given by Horvath
and Davies (2001) and Moroney et al. (2002) are used. The Meteosat theoretical accuracies are calculated for the region of interest (i.e.,

17.5°N, 37.5°E) only, whereas the MISR estimates are valid for the whole path.

Preliminary
CTH accuracy Cloud-motion Final CTH
Sensor Pixel size (km) B/H At (s) (0crn) (m) accuracy (o) (ms™') accuracy (m)

Meteosat-5/-7 2.7 X 2.4 (M5) 1.5 — 1020 — 1020

3.4 % 2.4 (M7) (<10)
Meteosat-5/-8 HRV 27 X24M5) 1.7 390 620 2.0 1000

1.5 % 1.1 (M8) (from M8)
Meteosat-8/-9 HRV 1.5 x 1.1 1.7 — 440 — 440
Operational MISR L2TC product 0.275 0.49 46 560 3.0 (from MISR triplet) 630
MISR L1B2 An-Aa 0.275 0.49 46 280 2.0 (from MS) 340

described above, it is assumed that the CTH and CTW
within the 15-min interval are constant, with no vertical
cloud-motion component. So, stereo CTH errors can
likely occur in regions with strong vertical cloud mo-
tion. Furthermore, the area-based MPGC LSM as-
sumes a locally smooth surface, which is of course not
always fulfilled within clouds, especially at cloud layer
discontinuities or at cloud borders.

4. Results

Stereo height retrieval from geostationary satellite
observations was tested within four target areas (13°-
22°N, 36°-39°E) at about 0815 UTC 5 June 2004. Four
different cloud fields were selected for the analysis
based on a number of criteria. The main two criteria
were the proximity to coastlines, because these were
needed to check the georectification of the Meteosat
images, and the availability of coincident MISR obser-
vations. Furthermore, the clouds were selected to rep-
resent different cloud surface properties and geometri-
cal shape. No attempt was made to select a wide variety
of suitable targets because the objective was not to per-
form a comprehensive study. Instead, the objective was
to perform a pilot study to document the applicability
of stereo methods for CTH determination from the Eu-
ropean geostationary satellites. The four cloud targets
are shown in Fig. 7; the detailed acquisition times are
listed in Table 2.

In Table 3, the matching statistics of the four cloud
areas are listed. More cloud points in the Meteosat-5/-8
HRV triplet matching failed (e.g., because of disap-
pearance of cloud structures or appearance of new fea-
tures within the 15-min time interval) or were rejected

in the quality control than for the Meteosat-5/-7 combi-
nation. The time difference of nearly 7.5 min between
the Meteosat-8§ HRV and Meteosat-5 images seems to
have a considerable influence on the matching success
rate and accuracy in comparison with the near-simulta-
neous Meteosat-5/-7 matching.

The stereo CTH derived from Meteosat for these
cloud areas are summarized in Table 4. The table shows
the mean CTH for all successfully matched targets
within the cloud field and its standard deviation. From
these results, it can be seen that the CTHs derived from
the Meteosat-5/-7 pair are consistently larger by about
2.5 km than the results from the Meteosat-5/-8 HRV
pair. From the low standard deviations, we can con-
clude that the matching results from the successfully
matched targets are consistent. The Meteosat-5/-8§ HRV
standard deviations are larger than those for Meteosat-
5/-7, which can probably be attributed to the increased
matching difficulties arising from the large time differ-
ence.

A measure for the geometric consistency of the CTH
solution is the value of the minimum intersection dis-
tance between the two rays. The geolocation accuracy
has an enormous effect on the minimum intersection
distance. For the minimum distance, parallax errors in
dx and dy are both equally important; for CTH, mainly
parallax errors in dx are critical. The values of the mini-
mum intersection distance shown in Table 4 are rela-
tively large in comparison with the expected CTH ac-
curacy. Values up to 3 km for Meteosat-5/-7 and up to
2.5 km for Meteosat-5/-8 HRV are calculated, which
could translate into a CTH error of up to a few kilo-
meters. These results indicate that the accuracy of the
Meteosat geolocation is not optimal.
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(@)

FI1G. 7. Cloud target areas in the region of 13°-22°N, 36°-39°E: (a) overview of cloud areas and (b) zoom of the
cloud areas in the Meteosat-8 HRV image of 0800 UTC [in (b), shown are (top left) cloud 1, (top right) cloud 2,
(bottom left) cloud 3, and (bottom right) cloud 4].
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TABLE 2. Acquisition times (UTC) of Meteosat-5, Meteosat-7, and Meteosat-8 HRV, MISR, and MODIS on 5 Jun 2004.

Meteosat-5 Meteosat-7 Meteosat-8 Meteosat-8 MISR
Scene (m5_0800) (m7_0800) (m8_0800) (m8_0815) (and MODIS)
5 Jun 2004, 17.5°N, 37.5°E (MISR path 170, block 76) 0816:38 0816:33 0808:08 0823:07 AN: 0807:32

To demonstrate this assumption, the relative geolo-
cation accuracy of each remapped Meteosat image was
determined versus the MISR nadir image (i.e., An)
with about 50 points along the coastlines of the Red
Sea. The coastline points were matched automatically
with MPGC LSM matching, using the second pyramid
level of the MISR An image. The measured relative
geolocation shifts are listed in Table 5, showing that the
current geolocation accuracy of Meteosat-8 HRV is
only of the same order as the MFG geolocation accu-
racy. Therefore, it appears as if there are still systematic
errors in the operational Meteosat-8 HRV geolocation
that should be eliminated if possible. On the contrary,
the measurement accuracy of the coastline points is un-
expectedly high—in particular, for the Meteosat-8 HRV
images, with standard deviations of less than 0.2 MISR
SOM pixels, that is, less than 220 m, in both dx and dy.
Thus, the operational geolocation of Meteosat images
can be fine-corrected locally with well-defined coast-
lines with an accuracy of about 200-300 m for MFG
images and less than 200 m for Meteosat-8§ HRV images.

Table 6 show the stereo CTH from the geostationary
satellite observations after the geolocation correction.
The results show that the corrections are larger for the
Meteosat-5/-7 combination; the corrected Meteosat-5/-7
CTH results are now lower than the uncorrected ones.
The reverse is true for the Meteosat-5/-§ HRV CTH
results. Because the relative geolocation correction be-
tween Meteosat-5 and Meteosat-8 HRV is mainly in dy,
the influence of the geolocation correction on the ab-
solute CTH is less for the Meteosat-5/-8 HRV than for
the Meteosat-5/-7 combination. A consequence of the

TABLE 3. Matching statistics of the two Meteosat stereo com-
binations. The total number of targets within each cloud field, the
number of targets for which the matching was successful, and the
number of targets after the quality control (QC) are listed.

Meteosat-5/-7
No. of targets

Meteosat-5/-8 HRV
No. of targets

geolocation correction is that the CTH results are now
consistent between the two Meteosat stereo combina-
tions. The corrections also resulted in a significant re-
duction of the minimal intersection distance, which in-
creases the confidence in the results.

The remarks above describe the matching and geolo-
cation effects, but it is important to compare the final
Meteosat stereo cloud-top heights with other available
CTH products. In Table 7, the corresponding CTH val-
ues from the operational MISR L2TC and the MODIS
“MODO06” products are listed. Table 8 summarizes the
CTW results for the four cloud target areas. The MODIS
cloud-top pressure (CTP) values were converted into
CTH with a nearby sounding (OEJN Jeddah, 41024,
21.7°N, 39.18°E). Details about the operational MISR
L2TC stereo CTH product can be found in Diner et al.
(1999), Horvith and Davies (2001), Moroney et al.
(2002), and Muller et al. (2002), and the MODIS
MODO06 algorithms are described in Menzel et al.
(2002). In addition to these operational products, our
stereo CTH retrieval method from the geostationary
satellite observations was applied to the MISR obser-
vations using the An and Aa cameras. For the correc-
tion of the MISR An-Aa preliminary CTHs, the cloud-
top wind values extracted from Meteosat-8§ HRV were
used. Figure 8 summarizes the findings in a scatterplot,
where the operational MISR CTHs have been taken as
reference.

The results of this limited study indicate that, except
for the value for cloud 1, all stereo CTHs, after applying
the geolocation correction, are within the theoretical
Meteosat error estimates of 1000 m (see Table 1) from
the MISR results. There is a suggestion that there might
be two cloud layers, to which the MISR and Meteosat

TABLE 4. Mean stereo CTHs and standard deviations for the
four cloud targets derived from the two Meteosat stereo combi-
nations, before the geolocation correction. Also shown in the table
are the mean minimal distances (dist) of the forward intersections.

Meteosat-5/-7 Meteosat-5/-8 HRV

After After
Total Matched QC  Total Matched QC CTH (m) Dist (m) CTH (m) Dist (m)
Cloud 1 72 71 62 72 62 43 Cloud 1 9301 = 274 2882 7104 = 249 2235
Cloud 2 41 41 32 41 41 37 Cloud 2 8846 = 177 2286 6243 * 245 2380
Cloud 3 68 67 61 68 67 42 Cloud 3 8128 + 214 2852 5596 = 312 1958
Cloud 4 49 49 47 49 46 39 Cloud 4 4501 = 274 2916 1908 = 456 2084
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TABLE 5. Geolocation correction for Meteosat-5, -7, and -8
HRYV vs MISR An (in MISR SOM pixels; i.e., 1 pixel = 1100 m)
in east-west (dx) and north-south (dy) direction, 5 Jun 2004,
MISR path 170, blocks 71-81.
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TABLE 7. CTH results of comparison satellite data, MISR L1B2
An-Aa (with Meteosat-8 wind correction), MISR L2TC
“BestWinds” stereo height product, and MODIS MODO06 cloud-
top pressure product (converted into CTH with nearby sounding).

Sensor dx dy
Meteosat-5, 0800 UTC -2.10 = 0.13 —3.54 +0.20
Meteosat-7, 0800 UTC 0.39 = 0.18 -0.94 = 0.28
Meteosat-8, 0800 UTC —2.74 = 0.09 -1.38 = 0.18
Meteosat-8, 0815 UTC =315 *=0.11 -1.19 = 0.10

observations are not equally sensitive. For example,
both Meteosat combinations indicate a CTH of about
7300-7800 m for cloud 1 and a CTH of about 6800-7000
m for cloud 2, respectively. For both clouds, the MISR
results indicate a much smaller value of approximately
6000 m. The very high MODIS CTHs for these two
clouds are a further indication for a possible multilayer
cloud situation. Results from Meteosat for clouds 3 and
4 agree very well with the operational MISR CTHs.

We have applied the same method as used for the
geostationary stereo retrieval to the MISR L1B2 An—
Aa observations, including the correction for cloud dis-
placement between the two MISR observations using
cloud winds derived from Meteosat-§ HRV. The results
from this (“MISR LSM”) confirmed the operational
MISR L2TC results. In Table 7, we see that both the
operational (i.e., L2TC) and the MISR LSM results
agree very well but clearly show the effect of the dif-
ferent CTW values used in the correction (Table 8).
The accuracy for these four cloud areas is about 200—
300 m for MISR LSM and 200-400 m for MISR L2TC,
and so they are well suited for validation of other height
products.

Last, the derived CTHs are compared with the MODIS
values. These were calculated from the operational
MODIS MODO06 CTP product using the sounding sta-
tion located near the Red Sea (OEJN Jeddah, 41024,
21.7°N, 39.18°E; 1200 UTC sounding). Figure 8 and
Table 7 indicate that for cloud 1, the MODIS CTHs
appear to be close to the Meteosat results. For clouds 2

TABLE 6. Mean stereo CTHs and standard deviations for the
four cloud targets derived from the two Meteosat stereo combi-
nations, after the geolocation correction. Also shown in the table
are the mean minimal distances (dist) of the forward intersections.

MISR L1B2 MISR MODIS
An-Aa CTH, L2TC CTH, MODO06 CTH,
wind_corr (m)  best_winds (m) converted (m)
Cloud 1 5672 = 194 6156 + 146 7883 * 595
Cloud 2 5931 + 184 5954 + 368 8949 + 1851
Cloud 3 5953 + 254 6459 =+ 400 7512 = 753
Cloud 4 2680 = 105 2904 =+ 396 975 = 305

and 3, the MODIS CTHs are considerably higher than
the stereo CTH results. For cloud 4, the MODIS results
are considerably lower than any of the stereo CTH re-
sults. It is known that the method to derive CTP from
the MODIS observations has its lowest accuracy for
low-level clouds (Preusker et al. 2005; Naud et al.
2005b). Also, the conversion from CTP to CTH using
the sounding might introduce errors because the sound-
ing location was not in the proximity of cloud 4. In this
case especially, the lower part of the atmospheric pro-
file might not be representative, which could explain
part of the differences in CTH for cloud 4.

5. Conclusions and outlook

In this paper, the possibilities of stereo cloud-top
height retrievals from the currently operational Meteo-
sat satellites have been analyzed. In particular, the new
Meteosat-5/-8§ HRV combination has been tested. The
geolocation, satellite-position, and acquisition-time
characteristics of each Meteosat satellite have been
studied. To account for the time difference between the
Meteosat-5 and Meteosat-8 HRV acquisition, two sub-
sequent Meteosat-8 HRV images were taken and the
cloud-advection effect was corrected by tracking targets
between the two. From the results, we can see that the
matching accuracy is similar for the Meteosat-5/-7 and
Meteosat-5/-8§ HRV combinations, which is a conse-

TABLE 8. CTW results from Meteosat-8 and MISR L2TC. Posi-
tive CTW values are west to east for u’ and south to north for v’,
respectively.

Cross-track Along-track  Cross-track ~ Along-track

wind u’ wind v’ wind u’ wind v’
Meteosat-5/-7 Meteosat-5/-8 Meteosat-8 ~ Meteosat-8 MISR L2TC MISR L2TC
CTH (m) Dist (m) CTH (m) Dist (m) (ms™ 1) (ms™ 1) (ms™1) (ms™ 1)
Cloud 1 7341 = 274 182 7802 * 249 242 Cloudl -29=*19 74 28 —-29=*13 1.0*+03
Cloud 2 6858 = 177 716 6982 + 245 277 Cloud 2 00x1.0 -12=x1.6 -12*x0.1 -21x22
Cloud 3 6129 = 215 218 6361 = 311 404 Cloud3 —-58=*14 —-06=x15 -84 *1.0 —42*24
Cloud 4 2491 + 274 233 2685 * 457 482 Cloud 4 28 1.7 05+13 09 *1.1 —1.4+42
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FIG. 8. Scatterplots of the CTH derived from the study for the two Meteosat stereo combinations, the MISR LSM retrieval, and the
operational MODIS retrieval. As reference, the operational MISR L2TC CTH results were taken. Red indicates cloud 1, blue is cloud

2, green is cloud 3, and black is cloud 4.

quence of the higher spatial resolution of Meteosat-8
HRYV versus the better time synchronization of the Me-
teosat-5/-7 combination. Furthermore, the results have
shown that the accuracy of the geostationary CTH re-
trieval can be improved substantially for areas near
coastlines by applying a geolocation correction derived
from coastline points, using, for example, the accurately
geolocated MISR An image as reference. The effect of
this geolocation correction was confirmed by a large
decrease of the minimum intersection distance in the
forward intersections for both Meteosat stereo combi-
nations. With the geolocation correction, as well as the
newly implemented time information in the Meteosat-5
and -7 header information, the stereo cloud-top height
assignment for the Meteosat-5/-7 and Meteosat-5/-8
HRYV combinations resulted in about the same accuracy
of approximately =1 km. For the Meteosat-5/-8§ HRV
combination, the large time differences of up to 7.5 min
are preventing an even higher accuracy.

Quantitative comparisons of the Meteosat-5/-7 and
Meteosat-5/-8§ HRV stereo heights have been per-
formed with MISR LSM, MISR L2TC, and MODIS

CTHs for four different cloud areas. In three of the four
cloud cases examined, the Meteosat and MISR CTHs
agree to within their expected errors. In only one case,
the difference exceeds the expected error, with Meteo-
sat indicating a higher cloud. For the mid-/high-level
cloud cases, the corresponding MODIS CTHs were
consistently higher than those of Meteosat and MISR.
The disagreement with MODIS is not yet understood.
It could be that thin layers of high cirrus are affecting
the MODIS results but are not observed well by the
Meteosat and MISR visible channels. Further investi-
gation using the infrared channels of Meteosat-8, espe-
cially the 6.3-um channel, may help to resolve this issue.

In conclusion, further stereo CTH retrieval tests with
Meteosat satellites should include a geolocation correc-
tion strategy and a scanning configuration with smaller
time differences (e.g., two synchronized MSG satellites
with an adequate longitudinal separation). A further
improvement of the geolocation and, eventually, qual-
ity of the images could be achieved by starting with the
raw images and applying the EUMETSAT sensor
model with additional ground-control and tie points or
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even using an own sensor model for local image recti-
fication. The Meteosat stereo heights would then rep-
resent a good independent validation method for the
operational Meteosat height assignment techniques.
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