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Improved Geolocation and Earth Incidence Angle

Information for a Fundamental Climate
Data Record of the SSM/I Sensors

Wesley Berg, Mathew R. P. Sapiano, Jennifer Horsman, and Christian Kummerow

Abstract—The long-term data record of microwave imager data
from the series of six Special Sensor Microwave/Imagers (SSM/Is)
on board the Defense Meteorological Satellite Program (DMSP)
spacecraft has been used to produce global multidecadal time
series of a number of geophysical parameters, including precip-
itation, total precipitable water, ocean surface wind speed, and
sea ice extent. As part of an effort to produce an intercalibrated
fundamental climate data record (CDR) of the brightness temper-
ature (Tb) data from the SSM/I, an examination of geolocation
errors and the subsequent impact on the view angle [or the
Earth incidence angle (EIA)] is performed. Using a combination of
techniques, estimates of changes in the sensor/spacecraft attitude,
including deviations in roll, pitch, and yaw, have been computed
for the life of each of the SSM/I sensors. Applying these corrections
results in an improved pixel geolocation, but more importantly,
it provides accurate estimates of the EIA across the scan and
throughout each orbit. An analysis of uncertainties in the calcu-
lation of EIA shows mean errors within 0.1°, which translates
to errors in the calibration of less than 0.2 K for all channels.
The availability of these precise estimates of EIA is extremely
important for producing CDRs since the mean EIA decreases over
time due to the decay in the DMSP orbits, which will lead to
an artificial climate trend if not properly accounted for by the
geophysical retrieval algorithms.

Index Terms—Calibration, geolocation, microwave radiometry,
satellites.

I. INTRODUCTION

ASSIVE microwave imager data from satellites have pro-

vided over two decades of nearly continuous global ob-
servations of geophysical parameters that are used to monitor
the climate system. This includes such fields as precipitation
over both land and ocean, total precipitable water (TPW), cloud
liquid water, surface wind speed over oceans, soil moisture and
snow cover over land, and ice extent and sea ice concentra-
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tion over polar regions. Since June 1987, six Special Sensor
Microwave/Imager (SSM/I) window-channel radiometers have
been launched on board the Defense Meteorological Satellite
Program’s (DMSP) series, including the FO8, F10, F11, F13,
F14, and F15 spacecraft [1], [2]. As a result, this data record
provides the best available source of long-term global observa-
tions for many of the geophysical parameters listed earlier.
Creating a consistent long-term climate data record (CDR)
of geophysical retrieval or a thematic CDR (TCDR) requires
that the input data, in this case the brightness temperature (Tb),
be physically consistent over the life of each sensor as well
as between sensors. An intercalibrated Tb data set such as this
is referred to as a fundamental CDR (FCDR), which has been
defined by the National Research Council as “sensor data (e.g.,
calibrated radiance, Tb, and radar backscatter) that have been
improved and quality controlled over time, together with the
ancillary data used to calibrate them” [3]. Although the DMSP
sensors provide a long-term record, they were developed for op-
erational applications such as numerical weather prediction. For
most climate applications using these data, long-term stability
and consistency within 0.5 K or better are required. As such,
issues such as view-angle changes associated with spacecraft
altitude variations and orbit decay, the impact of sensor heating
due to changes in Earth shadowing, and other factors affecting
the overall calibration and/or changes in calibration must be
addressed in order to produce a consistent data set suitable for
use in climate applications. While a number of techniques have
been developed to intercalibrate the SSM/I sensors [4]—[8], for
the most part, these approaches have assumed that the SSM/I
sensors are identical or, at least, similar enough to effectively
ignore the impact of sensor differences. As a result, most
intercalibration work has focused directly on intercomparing
the observed Tb from sensors with overlapping data records.
The six SSM/I sensors were built as identical copies of each
other with the same channel complement and scan geometry,
and each of the instruments was mounted to the spacecraft bus
at a nominal angle of 45°. Slight differences in the mount angle
due to tolerances, small deviations in the attitude of the space-
craft, and errors in the calculated position of the spacecraft,
however, result in errors in the pixel geolocation [2], [9]. With
FO8, Poe and Conway [9] found geolocation errors on the order
of 20-30 km, which were subsequently reduced to 10-12 km
using an improved spacecraft ephemeris. To further reduce the
geolocation errors below ~5 km, they calculated and applied
a fixed set of spacecraft attitude corrections. Since all of the
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Image of the full-resolution 85-GHz horizontally polarized Tb pixel data using (a) original TDR pixel geolocation and (b) final FCDR geolocation, which

has the spacecraft attitude offsets applied. The image shown corresponds to the ascending orbit pass from F13 taken on May 2, 1996, over the Gulf of California.

SSM/I channels are window channels, any geolocation errors
are apparent between the coastal outline evident in the observed
Tb, as shown in Fig. 1(a). Although this shift is small relative to
the spatial resolution of the sensor, a close examination shows
an eastward shift in the Tb relative to the coastline overlay. This
shift is subsequently removed in the final FCDR geolocation
shown in Fig. 1(b) after the application of roll, pitch, and yaw
offsets.

While the direct consequence of geolocation errors on the
order of 10-12 km is minimal for most applications, pixel
geolocation errors can be caused by offsets in the spacecraft
attitude, which in turn impact the view angle or the Earth inci-
dence angle (EIA) [9]. Small differences in the EIA can have a
significant impact on the observed Tb, which, if not accounted
for, can impact the intercalibration as well as subsequent geo-
physical retrieval. Using information on the spacecraft altitude
from the calculated ephemeris along with attitude offsets, which
were computed from the subsequent geolocation analysis, EIA
estimates have been computed for each pixel. Fig. 2 shows the
changes in the EIA across the scan and over the orbit, which are
due to variations in the altitude and attitude of the spacecraft. In
this case, the EIA varies by more than 0.5° across the orbit,
which is typical. If two SSM/I sensors view the same scene
with a slightly different view angle, the sensor with the larger
or more acute angle will view more atmosphere along the slant
path. In addition, over water, the surface emissivity is a function
of the view angle and polarization, which tends to mostly cancel
the atmospheric effect for horizontally polarized channels but
enhances the difference in observed Tb for vertically polarized
channels.

Fig. 3 shows the difference between simulated Tb over
tropical and subtropical oceans from F13 using a fixed nominal
EIA of 52.94, as determined by Colton and Poe [2], versus
using a calculated EIA, which accounts for variations in altitude
across the orbit but not for attitude offsets. It should be noted
that the nominal EIA includes the impact of an elevation offset
in the sensor alignment of 0.05° and a fixed on-orbit pitch
offset of —0.3°. The simulated Tb are computed using an
optimal estimation (OE) approach developed in [10] to retrieve

Calculated EIA for SSM/I F13
(1 January 2009, orbit 71105)
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Fig. 2. Plot of the calculated EIA for a single orbit of SSM/I F13. The color
scale shows deviations from the nominal value of 52.94 calculated in [2].

atmospheric and ocean surface parameters from the observed
Tb. The retrieved parameters are then used as input into a
radiative transfer model to compute simulated Tb using the two
different EIA assumptions. The use of model analyses from
the European Centre for Medium-Range Weather Forecasts to
obtain the atmospheric and ocean surface parameters instead of
the OE gives very similar results. The procedure for calculating
the EIA, as well as the pixel geolocation, is discussed in the
following section. As shown in Fig. 3, for the horizontally
polarized channels, the difference in Tb is relatively small with
values between 0.2 and —0.2 K, although it is not insignificant.
For the vertically polarized channels, the impact is signifi-
cantly larger with differences varying from —0.2 to —0.7 K.
In addition, the Tb difference is a function of the scene tem-
perature for all of the channels. The implication of this is that
expected differences in the observed Tb due to differences in
the EIA between two sensors must be properly accounted for,
or as shown in Fig. 3, significant errors could result in the
intercalibration of the sensors depending on both the channel
and scene temperature.
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Change in Calibration Using Calculated EIA with zero roll/pitch/yaw vs. Nominal
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Simulated differences in F13 Tb during 2008 based on the nominal EIA versus the altitude varying EIA. The nominal EIA of 52.94 was obtained in [2],

whereas the calculated EIA values are based on the spacecraft position calculated using TLE data and assuming no mount angle errors as well as zero roll, pitch,

and yaw offsets.
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Fig. 4. Comparison of the F13 85-GHz horizontally polarized ascending minus descending Tb gridded at 1/20th of a degree for the 3-month period from
April-June 1996. Results are shown for (a) original TDR pixel geolocation versus (b) FCDR calculated geolocation after applying the estimated roll, pitch, and

yaw offsets.

There is no information available regarding deviations in the
attitude of the DMSP spacecraft from nominal beyond the fixed
values estimated by Colton and Poe’s [2] coastline analysis,
which is a significant issue for accurately calculating the EIA.
Therefore, a full geolocation analysis of all of the SSM/I
sensors is performed and described in the following sections.

II. AUTOMATED METHOD FOR GEOLOCATION ANALYSIS

An approach based on minimizing differences in mean Tb
between ascending and descending swaths is used to examine
differences in spacecraft attitude between the sensors as well
as changes over time [11], [12]. Because land surfaces have
substantially higher surface emissivity values than oceans, as
shown in Fig. 1(a), window-channel radiometers such as SSM/I
will show an apparent shift in the observed coastline, which
is in opposite directions between the ascending and descend-
ing scans. By separately creating high-resolution grids of the
ascending and descending scans over a period of a month or
more and then differencing these, one is left with an image
highlighting the coastline shift, as shown in Fig. 4(a). Note
that a grid resolution higher than the spatial resolution of the
sensor can be used, in this case 1/20th of a degree or ~5 km,
to identify subpixel geolocation errors. In that case, each pixel
value is registered to the nearest grid box to the center of the
pixel position, and sufficient sampling is required to at least
fully populate all grid boxes.

The root-mean-square error (RMSE) of the temperature dif-
ferences in the gridded difference map is used as a metric to
determine the extent of the offset in the coastline. We chose the
Australian coastline for the analysis as it provides large sections
of coast oriented both east—west and north—south with lots of
clear sky scenes, thus limiting the impact of weather events on
the RMSE. Note that differences between the mean ascending
and descending Tb maps due to the motion of large weather
systems does not significantly change as the pixel geolocation
is adjusted, although frequent weather over the coast will tend
to mask the RMSE signal associated with the coastline shift. It
is also important to have a scene with sufficient coast oriented
in different directions to be able to independently distinguish
the impact of offsets in the roll, pitch, and yaw. Fig. 4(b)
shows the difference map based on the final pixel geolocation
computed using the estimated roll, pitch, and yaw offsets. While
the meteorological features remain, the outline of the coasts has
disappeared.

Unfortunately, a significant limitation of this approach is
the difficulty in distinguishing between the effects of changes
in roll and yaw. For polar orbiting satellites aligned in a
north—south direction, changes in roll and yaw have a similar
signature with both affecting the geolocation by shifting the
pixel geolocation in the east—west direction. As a result, an error
in the estimate of the roll can be offset by a yaw error; therefore,
simultaneous derivation of roll and yaw can be inaccurate.
An independent technique was therefore developed to estimate
roll based on the slope in the mean Tb across the scan. This
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Variations in Tb across the scan associated with an offset in the satellite roll. The top panel shows the simulated differences for roll offsets of —0.1 and

0.1 on both the 19v and 19h channels. The lower panel shows the observed mean Tbs across the scan from F13 over the period from January to November 2002
along with a linear fit to the center of the scan, which corresponds to a roll offset of —0.05.

technique exploits the fact that pitch and roll each have a very
distinct effect on the Tb: Changes in pitch result in a symmetric
curvature across the scan, whereas changes in roll result in a
straight-line gradient across the scan. Yaw does not have an
effect on the across-scan Tb for conical scanners. The simulated
impacts of an offset in the roll are shown for the 19v and
19h channels in Fig. 5(a). As indicated in the figure, there is
significantly less sensitivity in the 19h channel to changes in
roll, and the changes in Tb are of the opposite sign to the 19v.
Because of the smaller sensitivity of the horizontally polarized
channels, only data from the vertically polarized channels were
used. Fig. 5(b) shows the observed 19v Tb as a function of
beam position averaged over an 11-month period of data. The
data have been screened to eliminate land, sea ice, and rainfall.
Since there is a well-known fall-off in energy at the right edge
of the scan and, to a lesser extent, on the left side, the slope
across the scan is computed via linear regression using only the
middle 50% of the scan. The final linear fit is also shown in
Fig. 5(b). Simulated results such as those shown in Fig. 5(a) are
then used to translate the slope estimate into an estimate of the
roll offset, which, in this case, gives an estimate of the roll offset
of —0.05°. Roll estimates are independently computed for the
19v and 37v channels and then averaged together. The 85v and
22v channels are checked for consistency but are not used due
to the failure of the 85v on FO8 and the large biases in the 22v
channel due to the operation of the radar calibration beacons on
F15 after August 2006 [13]. Estimates of the roll are then used
as inputs to the second step, which is to estimate pitch and yaw
using the coastline analysis technique.

An automated minimization technique was developed to
find the optimal pitch and yaw offsets based on minimizing
the RMSE in the gridded ascending minus descending maps.
The pixel geolocation was computed based on the known
geometry of the sensor orientation, including sensor mount
offsets; adjustments for roll, pitch, and yaw offsets to the space-
craft attitude; and spacecraft position and velocity calculated
using two-line element (TLE) data and the North American

Aerospace Defense Command SGDP4 code. It should be noted
that calculating the spacecraft ephemeris based on the TLE files
provides a more accurate estimate of the spacecraft position and
velocity than the predicted ephemeris values that are stored with
the original TDR data [9]. A fast optimization procedure was
developed to estimate the pitch and yaw offsets that minimized
the RMSE of the ascending minus descending grids for the
specified roll value.

There is a tradeoff between temporal and spatial resolution or
the length of time over which the ascending minus descending
grid is aggregated versus the spatial resolution of the grid. To
capture subtle shifts in the coastline between the ascending
and descending passes and thus maximize the accuracy of
the resulting pitch and yaw estimates, a high-resolution grid
is required. Completely filling in the grid at a high spatial
resolution, however, requires a large amount of data. Using the
high-resolution 85-GHz horizontally polarized Tb data, a grid
resolution of 1/20th of a degree was chosen, which roughly
translates to around 5 km or an approximately 0.1° pitch offset.
Although a three-month data window was found to adequately
populate the grid, an 11-month moving window was ultimately
used in order to smooth out the results and to minimize the
effect of both noise due to sampling and weather, as well as
short-term or spurious changes. This does eliminate the possi-
bility of capturing short-term seasonal or subseasonal changes
in the spacecraft attitude; however, the goal of this analysis is to
identify long-term changes in the spacecraft attitude for climate
applications. As a result, the tradeoff in favor of high accuracy
(i.e., high spatial grid resolution) was chosen at the expense of
relatively low temporal resolution.

III. RESULTS

Roll estimates are shown over the life of each of the six
sensors in Fig. 6(a) based on the approach using the slope of the
mean Tb across the scan, as described earlier. Although there
are differences between the sensors, in general, the calculated
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Fig. 6. Comparison of the time series of the original (raw) and smoothed estimates of roll, and the original estimates of the pitch and yaw offsets for F13. All of

the values were computed using an 11-month running mean data window.

roll offset values are very consistent over the lifetime of each
satellite/sensor. There are, however, a couple of exceptions to
this, including a significant decrease in the roll offset for F10
toward the end of its life and an anomalous decrease in the roll
estimates for F11 in late 1995. Although not fully understood,
the change in the roll offset toward the end of the F10 lifetime
appears to be real. The decrease in the F11 roll offset in late
1995, however, was determined to be not due to the effect of
roll since its magnitude is as large in the horizontally polarized
channels as in the vertically polarized channels, despite the
former being less sensitive to changes in the view angle and,
thus, roll [see Fig. 5(a)]. While it is not clear what is causing
this anomalous change in mean Tb across the scan, since it does
not appear related to a spacecraft roll, the values for this period
were removed and interpolated using a smoothing spline. The
dotted line in Fig. 6(a) indicates the period of anomalous roll
estimates for F11 that were removed and interpolated across
for the final roll estimates. A smoothing spline is subsequently
applied to the time series of calculated roll offset values to
create the final roll values shown in Fig. 6(b). These smoothed
estimates of the roll offsets are then used as input into the
coastline analysis procedure used to compute estimates of the
pitch and yaw offsets.

Time series of the computed pitch and yaw adjustments
over the life of each of the six SSM/I sensors are shown in
Fig. 6(c) and (d). With a few notable exceptions, the attitude
for each spacecraft is relatively consistent over time, although
differences between the satellites are significant. One exception
is the dramatic decrease in the pitch offset for FO8. This is
due to the failure of the 85h channel in February 1991. Due

to the 11-month time window used, the pitch and yaw estimates
start to change in late 1990. To account for the failure in the
85h channel, the coastline analysis was redone using the 37v
channel. The resulting pitch and yaw offsets from FO8 using
the 37h channel are shown by the dashed blue lines in Fig. 6(c)
and (d). While there are slight differences, the pitch and yaw
estimates from the 37h analysis show no abrupt fall-off. As a
result, the values from the 37h analysis prior to mid-1990 are
bias adjusted to the values from the 85h analysis and then used
over the full data record. As with the roll estimates, the monthly
pitch and yaw estimates are subsequently smoothed using a
spline interpolation to further reduce/eliminate high-frequency
variability and/or noise.

The final smoothed values of roll, pitch, and yaw are shown
in Fig. 7. The range of the roll offsets is smaller than the
associated pitch and yaw adjustments with values generally
within +0.1°. This is expected and is consistent with previous
results [2], [9]; however, it does not imply less accuracy in the
pitch and yaw estimates. While the time-dependent changes
are generally small, differences between sensors are signifi-
cant. It should be noted that the changes over time as well
as the differences in the roll, pitch, and yaw offsets between
sensors are likely the result of error sources in addition to
changes in the attitude of the spacecraft. The roll, pitch, and
yaw offsets computed here should therefore be considered
as somewhat generic corrections to adjust for pixel geolo-
cation errors resulting from a combination of potential error
sources. Poe and Conway [9] provide a list of candidate error
sources that include: 1) spacecraft orbital elements; 2) predict
spacecraft ephemeris data; 3) sensor pixel location algorithm;
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Time series of the final roll, pitch, and yaw offsets for each of the SSM/I sensors calculated based on the geolocation analysis. The values are based on

an 11-month running mean and have been further smoothed to remove random variations and high frequency variability.

4) sensor deployment/alignment of spin axis; 5) sensor align-
ment to spacecraft; and 6) spacecraft attitude. They note that
the misalignment of the sensor to the spacecraft is reported to
be not greater than 0.1° and the deployment errors are less than
0.03°. The primary spacecraft attitude control system uses gyro
signals as a short-term reference, star mapper inputs for up-
dates, and a stored ephemeris table to relate the inertial attitude
to the desired Earth-pointing direction. There is also a backup
system to check the Earth pointing to an overall accuracy value
of within 0.12°. Unfortunately, it is not possible to verify or
even to determine the accuracy of most of these component
issues, although the magnitude of the results shown here is
not inconsistent with those from Poe and Conway [9] or with
the magnitude of geolocation errors found with other conically
scanning radiometers such as the Special Sensor Microwave
Imager Sounder, WindSat, and Advanced Microwave Scanning
Radiometer-EOS [11], [14], [15].

The impact of changes in roll, pitch, and yaw on EIA is
somewhat complicated. A change in pitch of 1° results in a
~1.3° change in the EIA at the center of the scan and a ~0.8°
change in EIA at the edge of the scan. A 1° change in the roll
results in a ~1.0° increase in the EIA at the edge of the scan
and no change in EIA at the center of the scan. Changes in yaw
have no impact on EIA, although it does impact the geolocation.
Thus, the differences in pitch between the satellites shown in
Fig. 7 of several tenths of a degree will translate to comparable
differences in EIA, which in turn can lead to Tb differences
of up to 0.5 K. Similarly, the changes in pitch over time can
introduce a small but significant time-dependent bias in the Tb
if not properly accounted for.

Time Series of Equatorial Crossing Spacecraft Altitude for SSM/I Sensors
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Fig. 8. Time series for each of the six SSM/I sensors of (a) altitude
of the spacecraft at the equator for the ascending part of the orbit and
(b) mean EIA.

Fig. 8 shows changes in time in the spacecraft altitude at the
equatorial crossing point for the ascending part of the orbit,
as well as the mean EIA for each of the six sensors. Because
there is no active control system on the DMSP spacecraft to
maintain the orbit, the altitude decreases over time for each
of the satellites. There is also a periodic change as the orbits
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are slightly elliptical and the orbits precess over time. F10
in particular is in a much more elliptical orbit with a lower
mean altitude. The EIA variations shown in Fig. 8(b) indicate a
significant decrease over time for each of the sensors resulting
from the decrease in altitude. This time-dependent change in
EIA due to the altitude decrease is typically much more signifi-
cant than the time-dependent changes in the spacecraft attitude
shown in Fig. 7. Although these changes are small, they are
not insignificant relative to some climate signals. It is important
to note, therefore, that geophysical retrieval algorithms that
do not properly account for these changes in the EIA could
produce artificial climate trends or mask real physical climate
signals.

IV. UNCERTAINTIES IN THE SPACECRAFT
ATTITUDE ESTIMATES

As aforementioned, data from the 85-GHz horizontally po-
larized channel was used to create ascending and descending Tb
grids with a spatial resolution of 1/20th degree and accumulated
over a time window of 11 months. Since the analysis was done
for each month using a moving data window, we chose in this
case to use a data window of +5 months for a total data window
of 11 months. Fig. 9 shows a comparison of the roll, pitch,
and yaw estimates for F13 using 3-month and 11-month time
windows, as well as the final spline smoothed results. As Fig. 9
shows, the resulting roll and yaw estimates appear somewhat
noisier than the pitch estimates. Given that pitch offset impacts
the EIA more than the roll, with the exception of the very

edge of the scan, and the yaw does not affect the EIA at all,
the residual errors in the calculated EIA are primarily due to
errors in the estimated pitch offset. The pitch estimates in Fig. 9
based on a 3-month time window show significant variability
due to either limited sampling or seasonal variations in the
pitch; however, the amplitude of this “noise” is still within
0.05°. Using an 11-month time window significantly decreases
this variability, and it is eliminated by subsequently smoothing
the time series. Of course, this means that potential seasonal
variability in the spacecraft attitude is removed; however, the
amplitude of these variations is typically less than 0.05°,
which is of similar magnitiude to other potential sources of
error.

Fig. 10 shows pitch and yaw differences based on an inde-
pendent analysis of each of the seven SSM/I channels. Since
the spatial resolution of the 19-, 22-, and 37-GHz channels is
half that of the 85-GHz channel, a grid resolution of 1/10th of
a degree was used in order to adequately populate the grids.
The results for all channels are based on an 11-month time
window and have been subsequently smoothed. Results based
on grid resolutions of both 1/10th and 1/20th of a degree are
shown for the 85-GHz H-pol channel to show the impact of
spatial resolution on the results. Although all seven SSM/I
channels share the same feedhorn, it is possible that they can
have slightly different focal points due to the electronics, thus
leading to slight differences in the pointing. This comparison
also provides a consistency check for the technique as the
impact of meteorology and the land/ocean contrast differs
somewhat between channels. While there are differences in the
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Fig. 10. Time series of the calculated pitch and yaw offsets for F13 computed independently for each of the seven channels. In addition, the pitch and yaw

estimates were computed for the 85h channel using both a 1/10th and 1/20th of a degree grid resolution.
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pitch adjustments for the seven channels, the differences are all
within ~0.05°.

A final comparison of the estimated pitch and yaw values
from F13 was done using three different regions, including
Australia, Japan, and Spain. These regions all have significant
coastlines oriented in both east—west and north—south directions
and are also over very different geographical regions both in
latitude and longitude. The results shown in Fig. 11 indicate
some differences, but both the pitch and yaw estimates are once
again within ~0.05°. As noted previously, the primary attitude
control system for the DMSP spacecraft uses a star tracker;
therefore, the reason for these regional differences is not clear,
although they are small enough to be effectively ignored. In
summary, modifications to the grid resolution, time window,
channel selection, and region used all show robust estimates

2002

| |
2003 2004 2005 2006 2007 2008 2009 2010

Comparison of time series of the calculated pitch and yaw offsets for F13 computed from three different regions including Australia, Spain, and Japan.

of roll, pitch, and yaw within 0.1°. Although uncertainties in
the roll and yaw estimates are somewhat larger, particularly in
terms of the higher frequency changes shown in Fig. 9, they
are also within 0.1°. For all six sensors, the long-term changes
are quite stable indicating that the computed EIA is generally
accurate to within 0.1°.

A subsequent analysis of gridded ascending minus descend-
ing images for each month, similar to that shown Fig. 4,
was done over the life of each of the six sensors. While an
animation of these images (not shown) shows some small
changes, the presence of visible coastline offsets is greatly
reduced in all cases, giving a high degree of confidence that the
final computed geolocation and EIA estimates are a significant
improvement from the original geolocation. The conclusion
that the long-term changes in EIA are accurate to within 0.1°
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Fig. 12. Time series of TPW from the GPROF 2010 retrieval algorithm from the series of six SSM/I sensors using (a) nominal EIA values and (b) the variable

EIA values computed based on the geolocation analysis.

also means that, in terms of the view-angle impact, residual
differences in the intercalibration, as shown in Fig. 3, should
be within 0.2 K for the vertically polarized channels and within
0.1 K for the horizontally polarized channels.

V. SUMMARY

An analysis of changes in spacecraft attitude over time
has been performed over the period from July 1987 through
December 2009 for all six of the SSM/I sensors, which operated
on board DMSP F08, F10, F11, F13, F14, and F15. Estimates
of the roll, pitch, and yaw offsets were computed and applied to
the data. The results were generally quite stable over time, with
some variations in the FO8 and F10 records as well as slowly
varying increases in the F13 pitch over time. An analysis of
uncertainties in the estimates was subsequently performed by
varying different aspects of the analysis, including the spatial
resolution of the grid, the temporal resolution or data time
window, the region analyzed, and the channel used. In all cases,
the resulting differences were within ~0.05° for the pitch and
within 0.1° for the roll and yaw. This translates to an error
of less than 0.1° in mean EIA and less than 5 km in the
geolocation. While there is some evidence pointing to higher
frequency variations in spacecraft attitude in some cases, a
visual analysis of the residual geolocation errors over monthly
scales shows a substantial improvement over the original pixel
geolocation and generally very stable results over time.

While the improvement to the pixel geolocation to within
~5 km is useful, for most applications, it will have little
impact. Improvements to the calculated values of the EIA for
each pixel over the nominal published values, however, can

have a significant impact for both the intercalibration of the
sensors as well as for creating CDRs of variables such as TPW,
ocean surface winds, and precipitation. Differences in both the
altitude and attitude of each of the sensors as well as decreases
in the altitude over time lead to time-dependent changes in
EIA and significant differences between the sensors. The mean
differences in EIA between sensors, which are as much as 0.5°,
can lead to differences in the vertically polarized Tb of up to
1 K. Using the computed EIA values based on this analysis,
however, reduces potential biases in the intercalibration to less
than 0.2 K for the vertically polarized channels and below
0.1 K for the horizontally polarized channels. Therefore, this
is a critical first step before performing any intercalibration of
the sensors. It is also important that algorithm developers that
use the intercalibrated FCDR data to create TCDRs use the
computed EIA values to properly account for differences in the
observed Tb that are due to changes in view angle.

Fig. 12 shows an example of changes in a long-term record
of TPW from each of the six SSM/I sensors between using
nominal values of EIA (top panel) versus the computed EIA
values (bottom panel). It should be noted that intercalibration
offsets were applied to the input data for both time series.
The TPW estimates shown here are from the OE approach
developed in [10] and implemented as part of the Goddard Pro-
filing (GPROF) rainfall retrieval algorithm used operationally
to produce rainfall retrieval for the Tropical Rainfall Measuring
Mission and AMSR-E [16], [17]. While this retrieval algorithm
has not been validated using in situ observations and is thus
not suitable for climate analysis, it does account for changes in
EIA and is thus useful for investigating the impact of changes
in EIA on TPW estimates. The impact of EIA is most evident
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in the retrieval from F10, which, as shown in Fig. 8(a), is
in a much more elliptical orbit, but generally, the consistency
between sensors is greatly improved when properly accounting
for EIA differences. Residual differences due to different local
observing times between the sensors and, thus, real diurnal
differences remain as well as other potential issues, but this
example demonstrates that differences in EIA cannot be ignored
by TCDR developers.
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