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Long-Term Stability of ERS-2 and TOPEX
Microwave Radiometer In-Flight Calibration

Laurence Eymard, Estelle Obligis, Ngan Tran, Fatima Karbou, and Michel Dedieu

Abstract—The microwave radiometers on altimeter missions
are specified to provide the “wet” troposphere path delay with
an uncertainty of 1 cm or lower, at the location of the altimeter
footprint. The constraints on the calibration and stability of
these instruments are therefore particularly stringent. The paper
addresses the questions of long-term stability and absolute cal-
ibration of the National Aeronautics and Space Administration
Topography Experiment (TOPEX) and European Space Agency
European Remote Sensing 2 (ERS-2) radiometers over the entire
range of brightness temperatures. Selecting the coldest mea-
surements over ocean from the two radiometers, the drift of the
TOPEX radiometer 18-GHz channel is confirmed to be about
0.2 K/year over the seven first years of the mission, and the one
of the ERS-2 radiometer 23.8-GHz channel to be 0 2 K/year.
The good stability of the other channels is confirmed (drift less
than 0.04 K/year). The use of continental targets for analyzing
the long-term drift is evaluated: the natural interannual vari-
ability prevents one from directly monitoring the drift of each
channel, but the relative variation between two channels of the
same instrument is found reliable. Over cold areas (Antarctic and
Greenland plateau), results are consistent with the “cold ocean”
analysis. Intercomparison of radiometer absolute calibrations is
performed over the same continental area, leading to an anoma-
lously high difference between channels 36.5 and 37 GHz of the
ERS-2 and TOPEX radiometers, respectively, over “hot” targets
(Sahara desert and Amazon forest). To quantify and analyze this
difference, other radiometer measurements are analyzed over
the Amazon forest, from the Special Sensor Microwave Imager
(SSM/I) and the Advanced Microwave Sounding Unit (AMSU).
Biases are confirmed for both TOPEX and ERS-2 radiometers by
comparing brightness temperatures and derived surface emissivi-
ties: the TOPEX radiometer channels exhibit a negative bias with
respect to SSM/I and AMSU-A, whereas the ERS-2 radiometer
36.5-GHz channel is positively biased, by several kelvin in bright-
ness temperature in both cases. The method presented here could
be used for controlling the in-flight calibration of any radiometer,
and correct for remaining calibration errors after launch.

Index Terms—Calibration, microwave radiometry, receiver sta-
bility, satellite.
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I. INTRODUCTION

THE MICROWAVE radiometers onboard altimeter satel-
lites are specified to provide the “wet” troposphere path

delay with an uncertainty of 1 cm or lower, at the location of
the altimeter footprint. So any bias in the wet tropospheric cor-
rection directly impacts the sea level determination. They con-
tinuously measure the natural radiation from the atmosphere
and surface at the vertical below the satellite. These instruments
have two or three channels, including one in the water vapor
absorption line centered at 22.235 GHz in order to properly re-
trieve the path delay [1], [2]. The quality of the retrieval relies
on an accurate in-flight calibration, both in terms of absolute
values and of time stability. To achieve this calibration, regular
measurements of two known loads are performed, by switching
the receiver either on an internal hot load (at ambient tempera-
ture) or on a sky horn, pointing to cold sky (cosmic background
of 2.7 K and galactic noise). However, the microwave circuit
is different for antenna measurement and for calibration, since
switches are used to connect the receiver to the calibration tar-
gets (contrary to scanning radiometers, for which the calibration
targets are seen during the antenna rotation). The on-ground cal-
ibration procedure, based on measurements in a thermal vacuum
chamber, is not sufficient to ensure a good calibration, because:
1) the reflector is not generally included in the chamber, due to
its diameter and 2) the temperature range does not correspond
to space conditions, since the lower temperature is the one of
liquid nitrogen (77 K).

Another source of calibration uncertainty is the antenna
thermal environment: it is very difficult to properly estimate the
radiation emitted by the various sources in space (including the
satellite and the earth), even though a good characterization of
the antenna pattern has been performed before launch. Finally
the reflector quality is subject to degradation in space due to
impacts with debris or other small particles.

For all these reasons, it is not possible to be fully confident in
the prelaunch calibration adjustment, and careful analysis and
correction is required after launch. Such analysis must more-
over be repeated with time to ensure that no unknown effect has
modified the instrument overall calibration.

In this paper, we compare the calibration of the microwave
radiometers onboard the European Space Agency (ESA)
European Remote Sensing Satellite (ERS-2) and the Na-
tional Aeronautics and Space Administration Topography
Experiment (TOPEX) for ocean circulation. The radiometer
characterization and performance analysis of these radiome-
ters was achieved through prelaunch ground calibration and
in-flight calibration/validation [2]–[4].
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TABLE I
MAIN CHARACTERISTICS OF THE ERS/ENVISAT AND TOPEX/JASON ALTIMETER MISSIONS, SSM/I AND AMSU-A MICROWAVE RADIOMETERS

After TOPEX launched in 1992, the TOPEX Microwave Ra-
diometer (TMR) has continuously been operated without any
major failure, and the retrieved wet tropospheric correction is
still within the initial specifications. One year after launch, the
ERS-2 Microwave Radiometer (EMWR) experienced an inci-
dent on one receiver, requiring a specific correction. Since this
date, the radiometer performances have been slightly degraded
(noise increase), but the wet tropospheric correction is still re-
liable and within the specifications. Comparisons of the two in-
struments were performed at cross-over points of the satellite or-
bits [5], showing small differences between their respective cal-
ibration in the current brightness temperature range over ocean,
as well as in the retrieved wet tropospheric corrections. In 2000,
several careful analyses of the TMR time series led to establish
a weak drift of the radiometer along its life [6], [7].

The purpose of the present study is thus to examine the
calibration of both radiometers and their variation along their
life, using measurements over natural targets in the largest
possible range of brightness temperatures. First, we apply a
similar method to both instruments to determine the long-term
drift in the coldest ocean brightness temperatures, then we
investigate the usefulness of continental targets to evaluate the
drifts at low and high temperatures. Finally, we propose a new
method to compare the two radiometers at moderate and high
brightness temperatures, based on surface emissivity retrieval,
following [8] and [9].

Section II presents both radiometers and their known prob-
lems. In Section III, the “cold ocean” analysis is used to point
out long-term trends on both instruments. In Section IV, the
use of stable continental targets is evaluated in complement,
to extend the brightness temperature range for drift analysis.
Section V focuses on the comparison of absolute calibrations

of both radiometers, and explores in more details the use of the
Amazon forest as a “hot” target to intercalibrate microwave
radiometers, by comparing brightness temperatures and derived
surface emissivities. Finally, conclusions are summarized in
Section VI.

II. IN-FLIGHT CALIBRATION OF THE ERS-2 AND

TOPEX RADIOMETERS

A. Radiometer Specifications

To achieve a tropospheric correction uncertainty of one
centimeter, the TMR as well as the JMR (Jason radiometer)
both have three channels, one below the water vapor line at
18–19 GHz (low sensitivity to clouds), one in the absorption
line (21–23.8 GHz) and one in the 30–40-GHz band (as sensi-
tive to the surface as the low-frequency one, but more sensitive
to cloud liquid water). The ESA ERS-1/2 and ENVISAT ra-
diometers do not include the low-frequency channel. Due to
this limitation, the wet tropospheric path delay retrieval is per-
formed by using either the altimeter derived surface wind, or the
backscattering coefficient in Ku-band as a “third” channel (see
[10] and [11]). Table I summarizes the sensors and channels of
the ERS-2/ENVISAT and TOPEX/JASON missions. Note that
the ERS-1, ERS-2, and ENVISAT radiometers have the same
specifications, and were calibrated in the same manner.

The major specificity of these radiometers is the Dicke
switch: the gain stability is ensured by switching at a high
rate (1 or 2 kHz) between the main antenna and a reference
load, and the actual measurement is the difference between the
Dicke reference load temperature and the antenna temperature.
In consequence, the sensitivity to major calibration errors is
reduced at high brightness temperature (close to the instrument
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internal physical temperature) and maximal at low brightness
temperature.

From on-ground calibration, the radiometer transfer functions
(relation between the detected signal (voltage or digital count)
and the brightness temperature) were established, and are used in
the level 1 data processing (calibrated brightness temperatures)
(see [1], [2], [4], and [12] for details concerning, respectively,
ERS-1, ERS-2, and TOPEX radiometers). Measurements in a
thermal vacuum chamber within a large range of temperature
were used to establish a preliminary set of calibration coeffi-
cients for all microwave elements. The nonlinear response of
the receivers with temperature was analyzed and corrected for
[3]. Antenna pattern measurements were made in addition to
complete the on-ground calibration. The absolute uncertainty
was estimated from on-ground calibration, by evaluating all
error sources within the radiometer (receiver, errors in loss co-
efficients, antenna characterization), and side lobe contribution
errors, assuming they are not correlated (quadratic error of in-
dividual estimated errors in the case of ERS-1/2). For the three
instruments, itwasestimatedtobetterorequal to 3K.Theradio-
metric sensitivity, derived from the time integration, bandwidth
and noise temperature, was found to be lower or equal to 0.5 K
(see [13] and [14] for more details about radiometer sensitivity).

After launch, the radiometer calibration of both instruments
had to be tuned, leading to significant modification of some
calibration coefficients, as any error in the characterization
of microwave elements (loss factor, mainly) directly impacts
the brightness temperature calculation. The resulting error
increases with the temperature gradients within the radiometer
and with the difference between the radiometer internal tem-
perature and the input antenna temperature. For this reason, any
drift in the calibration, due to degradation of a microwave com-
ponent (as for example a switch loss) should have the largest
effect at the lowest observed temperatures. Additional errors
may come from inaccurate side lobe contribution estimates,
which depend on the actual field of view of the antenna in orbit.

B. In-Flight Calibration: Methods and Results

For evaluating the in-flight calibration, the major difficulty is
to find proper references. The methods currently used rely on
the following comparison methods involving the instrument of
interest:

—comparison with measurements from similar instruments;
—comparison with measurements from ground-based ra-

diometers;
—comparison with simulations over sea using atmospheric

profiles, sea surface temperature and wind, and a radiative
transfer model;

—combination of the previous methods, by comparing sim-
ulations on the same meteorological fields with measure-
ments from various other instruments (scanning radiome-
ters as the Special Sensor Microwave/Imager SSM/I on-
board the DMSP platforms or the TRMM Microwave Im-
ager TMI. Main characteristics of these two instruments
are given in Table I).

An additional indirect way to control the in-flight calibration is
to validate the retrieved products, the path delay in this case.

This can be achieved by comparing it to the path delay de-
rived from operational radiosonde profile measurements over
ocean (from ships, small islands), after selection of satellite
data falling in a time space window centered on the radiosonde
launch. Only noise is induced by collocation error, so any mean
difference between path delays may be due to the calibration of
the radiometer, to the radiosonde, or to the retrieval algorithm.
An empirical adjustment may be performed afterward to fit the
path delay with the required accuracy. Indeed, the radiosonde
calibration uncertainty is a limitation for accurately determining
the actual radiometer retrieval performance.

None of the above methods can ensure that brightness tem-
peratures are calibrated with respect to an absolute reference,
since the only observable reference is the “cold sky.” The rou-
tine “cold sky” measurements are actually possibly biased by
the errors on the thermal environment of the sky horn (or sky re-
flector). The use of such observations through the main antenna,
by rotating the satellite, has occasionally been used for some ra-
diometers. However this method ensures a good accuracy only
for the lowest temperature, not for the whole range. Turning the
satellite to look at the “cold sky” through the main antenna does
not suppress any error, since the side lobe contributions come
from the natural sources (sun, earth, etc.), which depend on the
antenna view direction. Consequently, the calibration of a new
radiometer has generally to be tuned to previous sensors consid-
ered as a reference (ENVISAT radiometer on ERS-2 one, itself
calibrated on ERS-1 radiometer [4], [15], JMR on TMR as well,
as done in [16]. Nevertheless the continuity between missions,
even crucial for altimeter missions in the context of a sea level
rise survey at the millimeter level, does not justify to neglect
technological and algorithmic improvements and may lead to
artificial calibration errors on new instruments.

Recent algorithmic improvements have been related to the de-
velopment of powerful nonlinear statistical methods as neural
network techniques [17]–[19], and the use of reliable radiative
transfer models. Errors due to direct simulations are now very
small for the atmosphere radiative transfer (in nonrainy condi-
tions), allowing to properly simulate operational atmospheric
sounders, like those onboard operational meteorological plat-
forms [20]–[22]. Sea surface emissivity models are more ques-
tionable, since wave spectrum modeling is still an open issue,
and only approximated electromagnetic scattering models are
used (geometric optics, two-scale models). Although the accu-
racy of radiative transfer and emissivity models is subject to
debate, the global error of brightness temperature simulations
is probably lower than 5 K, from model comparison studies
[22]–[24].

In the case of TMR, Ruf et al. [2] used a combination of
various methods:

1) modeling the thermal behavior of the instrument as a func-
tion of internal temperature, as the solar heating had been
found to impact the brightness temperatures by up to 10 K;

2) comparing measurements with those of ground-based ra-
diometers and other water vapor measurements, as well
as with SSM/I brightness temperatures over the Amazon
forest; from these comparisons, biases on the three chan-
nels were evidenced;
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3) reanalyzing and updating the on-ground calibration coef-
ficient dataset, and adjusting the antenna pattern charac-
terization (account for side lobe contributions) to reduce
the observed biases.

The resulting final calibration uncertainty was estimated to
range within 1.5 K. In addition, the retrieval algorithm was
improved, to fine tuning the path delay retrieval. An increase
of 8% of the strength of the water vapor absorption line in the
model led to better fit radiosonde measurements [2].

For EMWR (the ERS-1 and ENVISAT microwave radiome-
ters having the same specifications, in-flight calibration of all
three was performed similarly), the in-flight calibration con-
sisted of the following:

1) comparing brightness temperatures from ERS-2 with
those of ERS-1 (which was on the same orbit, with an
half an hour time lag during the first months of ERS-2
mission);

2) comparing measured brightness temperatures with
simulated ones, using collocated profiles from the Eu-
ropean Centre for Medium Range Weather Forecasting
(ECMWF) model analyses. A space–time threshold of
respectively 0.5 and 30 min was taken, to statis-
tically ensure that the same air mass is considered in
both cases, and cloudy points were removed using cloud
liquid water content predicted by the model and retrieved
from EMWR using a retrieval algorithm [10], [15]. Any
difference greater than 3 K (estimated calibration uncer-
tainty) was then removed by tuning internal parameters
controlling the in-flight calibration calculation (mainly
the sky horn and the main antenna feed transmission
coefficients) [1], [4], [15]. The relevance of this approach
was evaluated by performing similar comparisons on
several radiometers, with the same ECMWF analyses
[23].

The estimated absolute calibration uncertainty was estimated to
be equal or less than 3 K for EMWR.

The final validation of path delays was achieved using
shipborne radiosonde profiles, and the uncertainties for TMR
and EMWR were found to be less than 1 cm and about 1 cm,
respectively.

C. Reported Calibration Anomalies

1) TMR: The TMR did not experienced any noticeable
anomaly. However, the TMR developement was based on
the Scanning Multichannel Microwave radiometer (SMMR)
experience, which was flown onboard SEASAT and NIMBUS7
satellites. The SMMR calibration was found to anomalously
vary, due to temperature changes in the antenna. To overcome
this problem with the TMR, a radome was put to protect
the main antenna and the sky horn, and a specific correction
was applied [2]. Nevertheless, small brightness temperatures
biases were found between measurements during two satellite
yaw modes (fixed or sinusoidal). An empirical correction was
proposed by Callahan [25].

Keihm et al. [26] pointed out a drift of the TMR wet tropo-
spheric corrections with respect to SSM/I water vapor products
and radiosonde measurements, and they concluded it was due

to a K/year drift in the 18-GHz TMR brightness temper-
atures. In Ruf, 2002, it was attributed to an increase of signal
leakage from the warm calibration load to the radiometer an-
tenna. More recent estimations of this drift show that it did not
stop in 1996 as first suggested by Ruf et al. [16], but continued
until 1998 [25].

2) EMWR: On June 16, 1996, a strong anomaly occurred on
the 23.8-GHz channel. This anomaly was identified as a huge
drop of the gain, which stabilized afterward at approximately
one tenth of its original value, leading to a decrease of about
10 K in brightness temperature. This incident was identified as
a possible failure of an amplifier in the receiver, and an empirical
correction was proposed by [4] after fitting brightness tempera-
tures over polar regions (characterized by large range of temper-
atures, and a weak day to day atmosphere variability) to those
measured before the anomaly (just before and one year before).

[27] pointed out a possible drift of the brightness tempera-
tures measured by the EMWR at 23.8 GHz by analyzing the
difference between ERS-2 and TOPEX wet tropospheric cor-
rections and brightness temperatures at cross-over points. The
drift was confirmed and quantified later on [15], [28], [29]. The
mean value for this drift was estimated to be K/year cor-
responding to a wet tropospheric correction about 5 mm lower
seven years after launch.

On both radiometers, the small trend detected could be due
to aging effect on switches, as suggested by Ruf et al. [16] for
TMR. Empirical functions depending on brightness temperature
and time were proposed in [6] and [30] to correct for the respec-
tive drifts of each radiometer.

III. LONG-TERM CALIBRATION ANALYSIS OF THE TWO

RADIOMETERS OVER “COLD OCEAN”

A. Coldest Brightness Temperatures Over Ocean

Several independent analyses established that the TOPEX ra-
diometer (TMR) had drifted with time (implying a trend on the
retrieved path delay). In 2000, [6] developed a method to evi-
dence and monitor the drift of any of the three channels. Mod-
eling considerations gave the order of magnitude of the min-
imum value, which could be measured over the ocean (cold
water, specular reflection due to no wind and dry atmosphere
conditions). A threshold was then derived from these values
(minimum K) to select data within each TOPEX cycle.
The resulting brightness temperatures cumulative distribution
histograms were then plotted and fitted with a third order poly-
nomial function, that allowed extrapolation of the cold subset
to the 0% occurrence brightness temperature value. Time se-
ries of these minimal temperatures for the three channels exhib-
ited a significant difference between the 18-GHz channel and
the others, confirming the drift on the 18-GHz channel. The ob-
tained 18-GHz channel drift is 0.27 K per year over the first four
years (end 1992 to end 1996), and a slightly lower rate since
then. No significant drift was found on the other channels.

In Ruf’s method [6], the three channels are processed inde-
pendently, so the selected data from each channel used to derive
the minimal temperature do not coincide in space and time. To
check the possible importance of analyzing the same datasets
for the three channels, we developed a method derived from
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Ruf’s one. Similarly, coldest measurements were first selected
by keeping data below Ruf’s lowest threshold K, but for
all channels together. Then the mean and standard deviation of
the remaining data of each cycle were computed, and finally,
only data falling below the mean minus 1.5 times the standard
deviation, were considered. Thus an actual “coldest” dataset is
kept within each cycle, instead of considering the extrapolated
coldest possible value. The same method was applied to TMR
and EMWR.

Fig. 1(a) and (b) show the results obtained for TMR and
EMWR respectively. For TMR, Ruf’s results are confirmed with
a slightly lower trend: the 18-GHz trend is here of 0.20 K/year
over the first seven years 1992–1999, and seems to decrease
within the last two years (0.17 K/year when calculated over nine
years). The trend change is observed in 1999, thus later than the
date found by Ruf (beginning 1997). The 21-GHz channel is
stable with time (0.02 K/year over seven or nine years) whereas
a small trend is possibly significant on the 37-GHz channel
(0.05 K/year over seven or nine years).

As for the TMR 18-GHz channel, the suspected EMWR
23.8-GHz channel drift is confirmed, the total decrease being

K/year over six years, whereas the 36.5 GHz has re-
mained rather stable (0.04 K/year) over the same period. Note
that the first year of ERS-2 radiometer data were not included
in this analysis, because of the failure mentioned previously:
any small error in the empirical correction of the gain drop was
shown to induce artificial drift with respect to the first year. We
analyzed the dataset linearly corrected for the reported gain
anomaly.

B. Cross-Over Comparisons

The above method provided an accurate estimation of the
drift for each channel, and the two radiometers were inde-
pendently analyzed. An additional analysis was performed to
compare TMR and EMWR drifts and their consequence on
retrieved path delays on similar datasets, by using cross-over
points between TOPEX and ERS-2 orbits. The TMR 21-GHz
channel, identified as the most stable in the previous section,
was taken as a reference to select the coldest points. A threshold
of 134 K was applied to the 21-GHz brightness temperatures to
select the lowest temperature data but providing reliable trends.
Only those data, which were collocated with these selected
21-GHz brightness temperatures (1% of the total collocated
data), were plotted. The collocation processing selects the
EMWR and TMR closest measurement within a 1 h common
window around each orbit cross-over point. Fig. 2(a) and (b)
shows the resulting plots for TMR and EMWR brightness
temperatures at each frequency, respectively, and the trends are
given in Table II. The trends are of the same order of magnitude
but slightly different from those obtained with the previous
method. This is mainly due to the dataset spatial distribution,
since cross-over points between ERS-2 and TOPEX are mainly
located at about 60 in latitude. The number of cross-over loca-
tions (a few hundreds) as well as their geographic distribution
being limited, the uncertainty on the trend is higher than the
one of coldest ocean data.

Fig. 3 shows the impact of the drifts on the ERS-2 and
TOPEX wet tropospheric corrections at cross-over points. They

Fig. 1. Long-term monitoring of the coldest brightness temperatures (TB’s)
over the ocean for TMR and EMWR. Dates (in Julian days) are referenced to
January 1, 1991. TB’s are in Kelvin. Channels are labeled by their frequency
(18, 21, and 37 GHz for TMR, 23.8 and 36.5 for EMWR). (a) TMR. The linear
fit over the first seven years is superimposed. (b) EMWR. The linear fit over the
last six years is superimposed.

both are less than 1 mm per year, showing that the two instru-
ments are very stable over their life, despite their respective
drifts.

C. Discussion

In Table II are also reported the drifts obtained by Ruf for the
TMR 18-GHz channel, and by Scharroo et al. [29] using an-
other method close to Ruf’s one. In Scharroo et al.’s method,
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Fig. 2. (a) TMR and (b) EMWR brightness temperatures as a function of the
julian day referenced to January 1, 1991. Selected pixels are cross-over points
with ERS-2 for which TMR brightness temperatures at 21 GHz are lower than
134 K.

the coldest value of each cycle is derived from a linear extrap-
olation of the cold data histogram, taking the lowest 0.5 to 1%
number of points.

For the TMR 18-GHz channel, the estimates of [6] and [29]
and those from the two methods presented above are consistent
and close to each other: the trend is 0.1 to 0.21 K/year over seven
years, and it is 0.27 K/year over the four first years, from [6].

Fig. 3. Drift of the ERS-2 and TOPEX wet tropospheric correction, using
cross-over points between the two missions and selecting the coldest TMR
21-GHz brightness temperatures over ocean.

TABLE II
TRENDS VALUES FOR THE TMR AND EMWR RADIOMETERS

For the two other channels, there is no drift estimate in Ruf’s
study, and the results obtained in the present study are consis-
tent with [29]. They both conclude to very weak drifts on the
21- and 37-GHz channels. In view of the estimated error on the
calculated trends, the 21- and 37-GHz channels may be consid-
ered as stable.

Concerning EWMR, consistent results on the 23.8-GHz
channel are observed between our study and Scharroo’s one
(negative drift of about 0.1 to 0.22 K/year), whereas the
36.5-GHz channel trend is very weak. As for TMR, the latter
channel may be considered as stable, in view of the estimated
trend error.

As mentioned in Section II, the drifts evaluated at low tem-
perature are the largest, so the average drift values at brightness
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TABLE III
LOCATION OF TARGET AREAS FOR LONG-TERM SURVEY OF THE ERS-2

AND TOPEX RADIOMETERS. *ANTARCTIC PLATEAU IS NOT

OVER-PASSED BY TOPEX

temperatures usually measured over ocean are smaller. Conse-
quently, the correction functions proposed by [30], [31], and
[29] depend not only on time, but also on the brightness tem-
perature magnitude.

IV. STABILITY ANALYSIS ON STABLE CONTINENTAL AREAS

In the previous section, the radiometer drifts were analyzed
in the cold range of brightness temperatures, because no stable
value can be found over ocean at higher temperature. To check
the radiometer stability in a wider temperature range, we eval-
uate in this section the relevance of “hot” and “cold” conti-
nental targets. Continental areas are generally not used to check
radiometer calibration, because of the high and very variable
emissivity of the land surface. However, there are a few loca-
tions over the globe, where the atmosphere conditions and/or
surface emissivity stability are sufficient to envisage such use.
In this section, we test this approach to check the long-term sta-
bility of every channel at various temperatures.

A. Selection of Continental Targets

Criteria to select continental areas were the maximal hori-
zontal homogeneity and a small time variability of the surface
characteristics. The first year of ERS-2 radiometer measure-
ments was explored, and various areas were investigated. Two
“cold” and two “hot” areas were thus selected (see Table III).
The first “cold” area is located over the Antarctic plateau, far
from the coasts, close to the limit of the field of view of the
EMWR due to the orbit inclination (82 in latitude), at an el-
evation of about 2000 m. It was chosen as the area with the
coldest horizontally homogeneous brightness temperatures over
the year. Weak snow falls occur each winter, and the wind is low.
The second “cold” area is located on the Greenland plateau, as
North as possible but within the TOPEX orbit overpass. The
average brightness temperature is close to the mean value over
ocean. One of the “hot” area is in the Sahara Desert (East Mau-
ritania). The surface is very dry (no rain) and sandy. The last
area is located in the Amazon forest, far from coasts and from
mountains. Here the surface is covered with a dense vegetation,
crossed by rivers.

These areas are small enough to assume horizontal homo-
geneity, except for specific elements which were removed
(mainly a river in the northwest corner of the Amazon forest
area), and they contain at least one orbital «« node »» of both
missions.

All these areas, but the Amazon forest one, are characterized
by a dry to very dry atmosphere throughout the year, so the

brightness temperature time variations mainly come from sur-
face temperature and surface emissivity variations. The Amazon
forest was added because dense forest was shown to be the nat-
ural target which is the closest to a natural blackbody [2], [34].
In addition, the high mean temperature leads to a maximal emis-
sion in the microwaves, so the highest brightness temperatures
over the globe. Over the four areas, we analyzed the long-term
drifts of both radiometers.

B. Analysis Method

During each cycle, all EMWR and TMR data falling
within the selected areas were taken. The EMWR time series
(23.8-GHz channel) is plotted over each area on Fig. 4. Note
that the EMWR first year was removed in the further data anal-
ysis, because of the bias induced by the imperfect correction of
the anomaly (Section II). Before analyzing time series for each
channel and each area, specific aspects, linked to the natural
variations of the surface, had to be examined.

1) Diurnal Cycle: The diurnal cycle has an important effect
over Sahara and Amazon forest. To take into account the vari-
ations of the surface temperature due to the diurnal cycle, the
over-passing local solar time is considered. The Fig. 5 shows
the average diurnal cycle of TMR brightness temperatures, over
one year in the Amazon forest area. Contrary to the TOPEX mis-
sion, the ERS-2 one is in sun-synchronous orbit, crossing the
equator at 10:30 A.M. and 10:30 P.M. (local solar time). TMR
data were thus selected at the same overpass time as EMWR
for each area, within 1 h. The difference between night and
day temperatures made necessary to separate the corresponding
overpasses over Sahara and Amazon forest.

2) Annual Cycle: The annual cycle strongly dominates the
signal over Sahara and Antarctic areas. To evaluate the trend,
an entire number of solar cycles was considered. As the solar
cycle could mask other possible variability modes, a low-pass
filter was also applied. Over the Antarctic plateau, an interan-
nual variability was observed (period of about two years), which
could influence the drift estimate.

3) Ice Melting: Over the Greenland area, the difficulty
mainly comes from the huge variation of the brightness tem-
peratures due to summer melting. The contaminated data were
roughly eliminated by computing, for every annual cycle,
the mean and standard deviation of brightness temperatures,
then by removing those which are higher than the mean plus
0.5 times the standard deviation [see Fig. 4(b)]. This method
is derived from the one developed by Torinesi et al. [32] to
identify the melting signal on SSM/I data over the Antarctic
coastal boundary.

C. TMR and EMWR Trends Over Continental Areas

Table IV summarizes the results of the EMWR survey over
six years (after June 1996). Mean and RMS errors on the cal-
culated trends are given. The first result is that the trends are
different from an area to another, and that the RMS error is
minimal over the Amazon forest, due to the weak annual cycle.
Over the Antarctic plateau and Greenland, positive trends are
found for both channels. Over Sahara and Amazon forest, the
23.8-GHz channel shows positive and negative trends, whereas
the 36.5-GHz one presents a negative trend in every case. The
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Fig. 4. Time series of EMWR 23.8-GHz channel over the four selected continental areas. (a) Coldest antarctic plateau. (b) Greenland. In this case, the original
time series is in gray, and the selected data after removing the melting ice data are superimposed in black. (c) Sahara desert (ascending orbits). (d) Amazon forest
(ascending orbits).

Fig. 5. Mean diurnal cycle of TOPEX brightness temperatures over the
Amazon forest.

RMS error on the 36.5-GHz channel is small enough to assess
the reliability of the trend, although it is slightly different for
each time series. The natural interannual variation of each area
is most likely the main cause of this discrepancy. However, the
RMS error is reduced over Sahara and Antarctic areas by calcu-
lating the relative trend between the 36.5- and 23.8-GHz chan-
nels. Thus, by removing most of the natural variation of areas,
reliable drift estimates are obtained: the trend is positive over
the coldest target (Antarctic plateau), close to zero over Green-
land, and it is negative over warm areas (Sahara and Amazon
forest). The positive relative trend for the Antarctic area is con-
sistent with the analysis over ocean (0.18 K/year, in agreement
with the negative trend on the 23.8-GHz channel of K/year

TABLE IV
LONG-TERM TRENDS OF THE EMWR TBS OVER STABLE

CONTINENTAL AREAS FOR A SIX-YEAR PERIOD

over “cold” ocean). The result over “hot” targets (relative trend
of about 0.16 K/year) suggests a possible drift of the 36.5-GHz
channel (the 23.8-GHz channel does not present any noticeable
variation, contrary to the 36.5-GHz one).

A similar analysis was performed on TMR data over nine
years (Table V). Again, the RMS error on the trend is smaller for
the Amazon forest than for the other areas, and it is significantly
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TABLE V
LONG-TERM TRENDS OF THE TMR TBS OVER STABLE

CONTINENTAL AREAS OVER NINE YEARS

reduced when looking at the relative trends. Over Greenland, a
slightly negative trend is observed for the relative trend between
the 21- and 18-GHz channels K/year . It is qualitatively
consistent with the 18-GHz drift observed over the “cold ocean,”
but weaker, as expected due to the higher temperature. The rela-
tive trends between the 21- and 18-GHz channels over the other
areas are very weak, and of the order of magnitude of the RMS
error. The relative trend between 37 and 21 GHz over “hot” tar-
gets is slightly positive. The magnitude of this trend is weaker
than for EMWR channels, but probably significant, as the RMS
error is small (0.06 K/year in average). A small drift of either
the 21- or the 37-GHz channels could thus be possible.

Such drifts at high temperature were unexpected, because of
the weaker sensitivity of the radiometer to calibration errors in
this range. It might come from other parts of the instrument,
as an amplifier. Although such drift has nearly no effect on the
retrieved wet tropospheric correction, an accurate determina-
tion will be useful to characterize the instrument behavior in
flight. However, to get more accurate estimates of these trends,
it would be necessary to enlarge the “hot” areas to take into
account a larger number of data within each cycle. The hori-
zontal homogeneity of such larger area will have to be assessed,
to ensure a low RMS error on the resulting trends. The best area
would be the Amazon forest, because this forest is close to a
blackbody, it is very stable with time, and the annual cycle is
nearly negligible.

V. COMPARISON OF TMR AND EMWR
ABSOLUTE CALIBRATIONS

A. EMWR-TMR Comparison of Mean Brightness Temperatures
Over Continental Targets

The interest of selecting the same areas for TMR and EMWR
is that a direct comparison of the measured brightness tempera-
tures is possible, assuming that the surface emissivity does not
significantly vary at frequencies close to each other. Estimates
of the land surface emissivity using SSM/I [33] and AMSU-A

TABLE VI
INTERCOMPARISON BETWEEN TMR AND EMWR MEAN BRIGHTNESS

TEMPERATURES FOR EMWR OVERPASS TIMES

[9] in the range 18–89 GHz validate this assumption. Conse-
quently, in case the atmospheric absorption does not contribute
for a large fraction in the measured brightness temperature, mea-
surements at frequencies as close as 18, 21, and 23.8 GHz can
be quantitatively compared, as well as measurements at 36.5 and
37 GHz. Table VI shows comparison results on the 3 selected
areas, Greenland, Sahara and Amazon forest. Data are averaged
over seven years for EMWR and nine years for TMR. In the
following, we neglect the error due to the respective instrument
drifts, considering the overall absolute calibration uncertainty
(2–3 K).

The comparison between TMR and EMWR reveals a good
agreement over Greenland (less than 2 K between the 21/23.8-
and the 36.5/37-GHz channels), despite the slightly different
frequencies. Over Sahara and Amazon forest, the difference be-
tween the 21- and 23.8-GHz channels is 6–7 K, and it is 12–13 K
for 36.5/37-GHz channels. In view of the weak frequency dif-
ference, these differences are unexpected.

Over Greenland, brightness temperatures are in the range of
those obtained over ocean. Most of the in-flight calibration and
validation effort were made to optimize the data accuracy in this
range. At high temperature, Ruf et al. [2] included comparisons
with SSM/I, but on a limited dataset, and no calibration com-
parison was performed in this range for EMWR.

Contrary to low temperatures, for which modeling and path
delay validation may be used to check the instrument absolute
calibration, no method has been established yet to assess the
calibration in the upper temperature range. The question that
arose is which reference could we use to analyze the calibration
of both sensors at high temperatures?

B. AMSU-A Brightness Temperatures as a Common Reference
Over the Amazon Forest

To address this question, we chose to focus on the Amazon
forest, as this deep forest is the closest to a natural blackbody for
the microwave range, and presents a weak annual cycle, contrary
to Sahara. This area presents small vertically and horizontally
polarized TB difference (mean is approximately less than 1 K)
as measured by the SSM/I radiometer at its two window chan-
nels at 19.35 and 37.0 GHz [34], which characterizes regions
with high atmospheric opacity and an optically thick vegetation
canopy. The measured TB’s are weakly dependent on frequency
(the surface temperature seen by the sensors is only slightly fre-
quency dependent due to the difference in penetration depth into
the medium). Nevertheless, the TOPEX and ERS-2 orbits do not
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cross each other often enough to guarantee the statistical con-
sistency of direct comparisons, except by averaging data over
several years, as we did in the previous section. We could use
SSM/I, as did [33], but this requires an empirical function for
transposing measurements at 53 of incidence to nadir looking.
Another scanning instrument of interest is AMSU-A.

AMSU-A provides a high spatial and temporal sampling of
the earth’s surface for a large range of frequency and has two
channels (at 23.8 and 31.4 GHz) near those used on altimeter
missions (see Table I). Moreover two field-of-view (fov) are
at near nadir local zenith angle ( and ) so the
measurements are directly comparable with those of nadir
viewing radiometers. AMSU-A is dedicated to temperature
profiling through assimilation into weather forecasting models.
AMSU-A onboard calibration is performed by scanning to the
cold space background with the same antenna every 8 s for
each scan line. Regarding these three items (regular complete
internal calibration, two views close to the nadir point, frequen-
cies near those of altimeter missions), the AMSU-A brightness
temperatures can be considered as a reliable relative reference.

Nevertheless, the calibration assessment for each instrument
has to account for contributions in the side lobes of the antenna
before comparison of the brightness temperatures:

—In SSM/I case, the incidence angle is constant but, within
the antenna rotation, radiating elements such as a solar
panel could bias the measurement for some scanning po-
sition. Corrections for the antenna side lobes were veri-
fied by aircraft underflights with an SSM/I simulator [2],
making one confident on the SSM/I calibration over the
Amazon forest.

—For EMWR and TMR, contribution from the earth in the
vicinity of the main lobe is assumed homogeneous and
equal to the one in the main lobe. A 10 circle is taken for
TMR, a 5 one for EMWR. Beyond this limit, for EMWR
a fixed value is taken for the earth contribution, equal to
the mean brightness temperature over the globe, whereas
a value varying with latitude over ocean is taken for TMR
(see [4] and [12]).

—The AMSU-A transverse scanning reflector requires a
careful analysis of the side lobe contributions with in-
cidence angle, because contribution from the earth is
maximal at nadir and decreases as the incidence angle
increases up to the limb view. [35] proposed a calibration
correction function of incidence angle. No information
could be found on any surface type-dependent correction
for AMSU-A.

When looking over the Amazon forest, far from the coasts, the
difference between AMSU-A, SSM/I, TMR, and EMWR due to
the various side lobe correction methods should be lower than
1 K, considering a 3% contribution and a temperature error of
20 K. We will therefore neglect it in the following.

C. Comparison of AMSU-A, TOPEX, and ERS-2 Brightness
Temperatures Over the Amazon Forest

AMSU-A measurements for one full year, 2002, were used
over the Amazon forest area (Table III). The scan pattern and
geometric resolution correspond to a 40-km diameter 3-dB

TABLE VII
AMSU-A BRIGHTNESS TEMPERATURES OVER THE AMAZON FOREST AREA

footprint at nadir. Since the NOAA-16 is in a circular sun-syn-
chronous near-polar orbit, the selected area is over-flown twice
a day at respectively around 02:00 local solar hour (LST) and
14:00 LST.

Measurements were taken during the daytime and nighttime
passes to evaluate the stability of the brightness temperatures.
Channels 23.8 and 31.4 GHz were studied, as they are the closest
in frequency from TMR and EMWR ones. The brightness tem-
peratures from FOVs number 15 and 16, closest to the nadir
view, have average values greater than 280 K and standard de-
viations lower than 2 K, as summarized in Table VII. A small in-
crease in the mean brightness temperature is evident from night-
time to daytime. Both nighttime and daytime values were found
to have quite stable values over the four seasons. The variation
over seasons and the standard deviations at night are slightly
lower than those in the daytime hours. For this reason the night-
time data will serve as a reference over this area to compare the
different sensor measurements.

We compared the brightness temperatures from TMR and
EMWR versus AMSU-A. SSM/I data were also included for
comparison with the previous study of [33]. We used their al-
gorithm to recompute the SSM/I measurements into a vertical
incidence configuration. We limited our comparison for TMR
to time intervals close to AMSU-A overpasses. The SSM/I in-
strument on DMSP F-13 over-flies the area between 05:00 and
07:00 LST, and the ERS-2 one overpasses the area near 11:00
LST (A.M. and P.M.). Due to the different overpass time of the
sun-synchronous satellites, we limited this comparison to night-
times and early hours, to minimize the effect of the diurnal
cycle: the differences could reach up to 4 K between dusk and
dawn. A difference of 1–2 K would therefore be normal to ob-
serve between nighttime measurements of AMSU-A and ERS-2
ones, and a few tenths of kelvin between AMSU-A and SSM/I.

Average brightness temperatures over the nighttime hours are
displayed in Table VIII. TMR exhibits the smallest values at all
its frequencies. All reported 22–23.8-GHz measurements are in
good agreement (AMSU-A, EMWR, and SSM/I extrapolated
at nadir). The EMWR 36.5 GHz provides a too high value of
291.9 K. Except for the latter, we observed an overall slight
decrease of brightness temperatures with increasing frequency.
The standard deviation ranges between 1.0 and 2.8 K, giving a
good confidence in the mean values.
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TABLE VIII
MEAN AND STANDARD DEVIATION OF THE BRIGHTNESS TEMPERATURES

OVER THE FREQUENCY RANGE FROM 18.0– 37.0 GHz AT NADIR

AND FOR NIGHTTIME HOURS

External causes of discrepancy could be:

—the difference in frequency between channels compared
(31–37 GHz, 18–23.8 GHz), but this would mean a sig-
nificant difference in emissivity between these channels,
in contradiction with results obtained in [8] and [9];

—differences in local measurement time, which can lead to
6-K variation, but was minimized by taking night hours
only (less than 2-K variation). Effects of atmosphere varia-
tions (different atmosphere attenuation due to water vapor,
clouds and rain) could also contribute to the discrepancy;

—horizontal heterogeneity of the area: the TMR and EMWR
overpasses occur on specific portions of the area, different
of each other, and possibly different from the global av-
erage, as seen by AMSU-A and SSM/I.

To further analyze this hypothesis, we must reduce the errors
due to external factors. In Section V-D, we propose a new
method, based on the calculation of the surface emissivity in
each channel of each instrument, in order to remove most of
these unknown external effects.

D. Comparison of Surface Emissivities

Prigent et al. [8] and Torinesi et al. [32] estimated the
microwave land emissivity over the globe from SSM/I at the
frequencies 19, 22, 35, and 85 GHz, for vertical and horizontal
polarization, at 53 zenith angle by removing the atmosphere,
clouds, and rain contributions using ancillary satellite data.
The well-known simplified radiative transfer equation for one
channel (stratified isothermal atmosphere) can be written as

TB (1)

where TB is the measured brightness temperature, is the
upwelling radiation (from the atmosphere), the down-
welling radiation, including the galactic background the at-
mosphere transmittance, the surface temperature, and its
emissivity.

Providing and atmosphere profiles, it is possible to derive
from TB measurements. Following a similar approach, [9]

estimated the AMSU-A land surface emissivities for 30 obser-
vation incidence angles (from to ) and for the 23.8-,
31.4-, 50.3-, and 89-GHz channels, over January to August
2000. Collocated visible/infrared satellite measurements from
ISCCP (International Satellite Cloud Climatology Project)
were used to screen for clouds and to provide an accurate and
independent estimate of the skin temperature [36]. The nearby
temperature–humidity profiles from ECMWF Re-Analyses

over 40 years (ERA-40) [37] were used as input to an up-
dated radiative transfer model [38] in order to estimate the
atmospheric contribution to the measured radiances. AMSU-A
emissivity variations were analyzed as function of surface type,
observation angle, and frequency. Surface types were identified
using a surface classification [39] available at 30-km resolution.
AMSU-A emissivities were also compared to SSM/I ones
previously calculated by [33].

When sorted by observation zenith angle and by vegetation
type, the AMSU-A emissivities show a significant angular de-
pendence over bare soil areas. The emissivity angular and fre-
quency dependence is found very weak over areas with high
vegetation density. The deep forest emissivity was shown nearly
constant with incidence with possibly a small decrease with fre-
quency by 2% between 23.8 and 89 GHz. Moreover, a weak
seasonal variability was found (less then 1%). For the 23.8- and
31.4-GHz channels, the emissivity calculations are as accurate
as required for atmospheric applications: the day-to-day emis-
sivity variation within a month is less than 2% (English [40]
found that an accuracy of 2% is required for humidity profiles
retrieval over land surfaces).

For AMSU-A, TMR and EMWR instruments, emissivity for
each channel was calculated in a grid of 0.5 0.5 square de-
gree meshes. At the studied frequencies, high thin ice clouds
have a negligible impact on TB’s observations. However, for an
optimal accuracy of the emissivity estimates, only cloud-free
data were selected for TMR and EMWR. The previously se-
lected area in the Amazon forest was found too small to en-
sure a sufficient number of cloud-free observations over a short
period of time (to reduce the seasonal variation impact). Con-
sequently, this area was extended to the entire deep forest in
South America. To select the deep forest area, the vegetation
classification [39] was used. Among the 20 classes (including
bare soil, crops, grass, various forest types, water bodies and
several mixed cases), only the deep forest class (class 6—ever-
green broadleaf trees) was considered.

Data from January 2000 were used for emissivity compar-
isons. For adequate comparisons between instruments, only
AMSU-A data close to nadir (less than 10 incidence) were
taken.

AMSU-A mean emissivity maps over the Amazon forest as
well as EMWR and TMR ones revealed geographical hetero-
geneities due to the rivers inside the forest (emissivity lower
than the forest one). River data were removed from AMSU-A
data using thresholds applied at each grid mesh on both mean
emissivity and associated standard deviation (when a portion of
orbit fails in the grid mesh, the variation due to a river leads to
a higher standard deviation). The chosen minimum mean emis-
sivity is 0.9, and the maximal standard deviation is 0.03. The
remaining grid points were used for comparison with TMR and
EMWR.

Fig. 6 shows the obtained maps after applying this selection.
A residual “contamination” by rivers is likely in some loca-
tions. However, a negligible effect is expected on the average
emissivity values. The AMSU-A standard deviation map looks
slightly more “noisy” than those of EMWR and TMR. In the
case of AMSU-A, cloud clearing was made by keeping clear air
and cirrus clouds in the ISCCP classification. The cirrus class
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Fig. 6. Monthly mean maps (over January 2000), of the (top) AMSU-A 23.8-GHz, (middle) EMWR 23.8-GHz, and (bottom) TMR 21-GHz channels. The color
scale is plotted at right of each map. (Left) Mean emissivity maps. (Right) Emissivity standard deviation. Maps are displayed on a regular grid of mesh 0.56� in
longitude and latitude. Meshes for which the mean emissivity is lower than 0.9 and the standard deviation is greater than 0.03 were removed.

could include low clouds, which can affect the AMSU-A bright-
ness temperatures due to absorption and scattering effects.

Before comparing the mean emissivities, three preliminary
analyses were performed to check the reliability of emissivity
calculations:

—emissivity distributions for the three instruments are sim-
ilar and close to a Gaussian shape, except for a mean bias
(not shown);

—the emissivity time evolution within the month (daily
means computed over the area) is flat, with no standard
deviation variation (not shown);

—the diurnal cycle (Fig. 7) exhibits a remaining variation for
TMR, which is the only instrument for which emissivities
are computed in the middle of the day and afternoon. The
higher values obtained, compared with nighttime emissivi-
ties, suggest a likely bias in the day/night surface skin tem-
perature or a wrong daily cycle of the ECMWF profiles.

Table IX gives the January averaged emissivities over the en-
tire zone, as well as the associated standard deviations. SSM/I
emissivities, as calculated by [8] are given for comparison. Due
to the transverse scanning of AMSU-A reflector, comparison of
AMSU-A and SSM/I data (at 533 incidence), requires combi-
nation of the SSM/I H and V polarization data to get the exact

Fig. 7. Mean diurnal cycle of the retrieved emissivities at 21.0/23.8 GHz, over
the month for the entire forest area. (Diamonds) AMSU-A. (Crosses) TMR.
(Circles) EMWR.

AMSU-A one (there is no emissivity estimate for the 22-GHz
channel, due to the unique V polarization). All standard de-
viations are close to 0.02, and the emissivities range between
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TABLE IX
MEAN AND STANDARD DEVIATION OF THE EMISSIVITY OVER AMAZON

FOREST FOR JANUARY 2000 FOR AMSU-A, TMR, EMWR, AND

SSM/I CHANNELS IN THE 18–37-GHz RANGE

0.85 and 0.97. AMSU-A and SSM/I emissivities are consistent
within the 2% uncertainty, and they show a slight emissivity de-
crease with frequency as noted above (by 0.02 between 18.7 and
37 GHz).

With respect to the AMSU-A and SSM/I mean values, TMR
emissivities are lower (particularly at 18 and 21 GHz), and the
EMWR 36.5-GHz channel one is higher. For these channels
(TMR 18/21 GHz and EMWR 36.5 GHz), the calculated emis-
sivity differ by more than 2% from the mean AMSU-A value and
this discrepancy is thus larger than expected from any external
cause. In conclusion, comparisons over the Amazon forest both
in brightness temperature and derived emissivity confirm the
anomalous discrepancy between radiometers in the 21–37-GHz
range.

The causes of this calibration discrepancy should be analyzed
separately for each instrument. A first error source is the differ-
ence in side lobe contribution as mentioned in Section V-A, but
this error cannot be responsible for more than 1-K discrepancy.
In Section II, in-flight calibration methods for TMR and EMWR
were compared. Brightness temperature comparisons and path
delay validations were performed over open ocean, preferably in
clear air. At high values, no efficient in-flight validation could be
performed, because high temperatures over oceans are observed
in deep clouds and over sea ice. Thus the temperature range of
the in-flight calibration adjustment procedure was limited to the
low–medium range of brightness temperatures. The procedure
used by Ruf et al. [2] for adjusting the calibration in the high
values consisted to fit TMR data to SSM/I measurements, after
correcting the latter for incidence angle and frequency, based
on modeling considerations. Concerning EMWR, [4] did not
specifically adjust the high temperatures within the calibration
correction procedure. The method used for tuning the in-flight
calibration was indeed unable to correct for calibration anoma-
lies at high temperature.

During on-ground calibration, the receiver response of each
channel was analyzed, to check its linearity with the antenna
temperature. However, the receiver linearity could not be
checked on-ground between 3 and 77 K (the lowest tempera-
ture used), and there is no direct mean to assess the receiver
linearity after launch. For TMR, on-ground calibration tests
led to a slight parabolic response of the receivers, which was
taken into account in the data processing [3]. Causes of the
nonlinearity were not identified (amplifier gain response with

temperature, leakage problem with a switch were two possible
causes), but the resulting effect after launch is possibly related
to the extrapolation of the gain modeled behavior to low tem-
perature (down to 2.7 K instead of 77 K on-ground). Similarly,
a slight nonlinear gain response with temperature was observed
on EMWR during thermal-vacuum tests, and taken into account
in the data processing. The observed EMWR anomaly suggests
that either the receiver nonlinear response was not well enough
corrected for, or that an unexpected perturbation occurred
after launch (e.g., radio-frequency interference, as found by
[41] on the U.K. Meteorological Office airborne radiometer).
The slight decrease with time of the same channel (Table IV)
could be related to the receiver degradation, supporting an
internal receiver problem after launch. Recent studies of the
Advanced Microwave Scanning Radiometer (AMSR) onboard
the Japanese ADEOS2 platform and the AMSR for EOS
(AMSR-E) onboard the USA AQUA satellite also suggest a
receiver linearity problem to explain the anomalous biases be-
tween some AMSR channels and both SSM/I and the airborne
AMR instrument over continents [42], [43].

As only indirect analyses of the instruments can be performed
after launch, it is most likely that the exact calibration error
cause will remain unknown. However, it will perhaps be pos-
sible to better characterize the calibration error as function of
temperature by analyzing measurements over the widest pos-
sible range of brightness temperature, and looking at the internal
temperature variations at day-night transitions and within the
seasonal cycle.

VI. CONCLUSION AND PERSPECTIVES

In this study, we addressed the problems of the in-flight cal-
ibration of microwave radiometers over a large portion of their
common life time, and over the whole temperature range. We
compared TOPEX and ERS-2 radiometers over their common
life time (seven years).

In a first step, we revisited Ruf’s method for determining
the long-term drift of TMR, by processing the three channels
together, with a slightly simplified method. Consistent results
were found, which confirmed the 18-GHz channel drift and
showed the good stability of the 21-GHz channel. The same
method, applied to EMWR, revealed a drift on the 23.8-GHz
channel, but a good stability of the 36.5-GHz one. Cross-track
comparisons confirmed again these results, and allowed to eval-
uate the drift impact on the wet tropospheric path delay in both
cases. With respect to initial specifications, both radiometers
are still compliant. However, these drifts must be compensated
for to ensure the best accuracy, particularly for estimation of the
long-term sea level variation. In both cases, a linear correction
(function of time and temperature) has been proposed to date
[29]–[31].

To enlarge the intercomparison of TMR and EMWR drifts,
we examined the relevance of stable continental targets. On
“cold” targets, as the Antarctic plateau and South Greenland,
consistent trends were observed, but only in a relative manner
(difference between brightness temperatures of two channels).
They are consistent with the “cold ocean” drift analysis. Over
“hot” targets, Sahara and Amazon forest, small drifts are sus-
pected, but are unexplained.
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In a second part, the absolute calibration of both radiome-
ters were compared over stable continental areas. Over Green-
land, measurements from TMR and EMWR were found consis-
tent, within 2–3 K. However, “hot” targets revealed anomalously
large differences between the two radiometers for both couples
of frequencies (21/23.8 and 36.5/37 GHz). To further check the
cause of this discrepancy, two successive comparisons were per-
formed with AMSU-A and SSM/I corresponding channels. The
advantage of AMSU-A is that its transverse scanning mode pro-
vides direct comparison at the same incidence angle with TMR
and EMWR at nadir, and with SSM/I at 53 .

• AdirectcomparisonofTMR,EMWR,AMSU-AandSSM/I
brightness temperatures over one year for the same area in
the Amazon forest evidenced a “warm” bias on the EMWR
36.5 GHz, and suggested a “cold” bias on TMR channels.
But different orbit characteristics (overpass time) and ex-
ternal effects (diurnal cycle of surface and atmosphere
variations) could be partly cause of these discrepancies;

• A comparison of derived land surface emissivities for the
same channels was performed to remove all external error
sources, using ancillary information from ISCCP for cloud
clearing and surface temperature, and ECMWF reanal-
yses for atmosphere profiles. The “warm” bias on EMWR
36.5 GHz was again evidenced, with respect to SSM/I and
AMSU-A derived emissivities. Looking at the frequency
variation of emissivity (stable or slightly decreasing with
frequency, from AMSU-A and SSM/I data) suggests that
TMR 18 and 21 GHz are biased “cold,” as the corresponding
emissivity is about 3% lower than those of other sensors.

Such error in high brightness temperatures might be due to the
in-flight calibration procedure, which generally relies on ocean
data processing, thus in the low–medium range of brightness
temperatures. It could also be due to a modified radiometer re-
ceiver response with temperature after launch with respect to
on-ground calibration (nonlinearity of the receiver).

The use of stable continental targets is therefore complemen-
tary to “cold ocean,” to validate the instrument in-flight cali-
bration in the whole temperature range. It also allows one to
compare measurements from different sensors, overpassing the
same area, even at different times.

An area over the Greenland plateau was taken to compare
the two radiometers over a “cold” target. The mean brightness
temperatures over this area were found similar to ocean ones, but
the trends were found less accurate than over other targets. Such
an area is therefore of a limited interest for in-flight calibration.

The tropical forest appears as the most reliable target for such
analysis, as it is the closest to a blackbody and has a weak annual
cycle. So both the brightness temperatures and emissivities can
be analyzed. The relative comparison of channels over Sahara
showed results consistent with the Amazon forest. Desert areas
could therefore be used in complement, but they require to over-
come the problems of the strong annual cycle, and of the emis-
sivity variations with incidence angle. It would be interesting
to generalize this use of continental warm targets to systemati-
cally compare microwave radiometers after launch and monitor
their drifts. Larger areas in tropical forests and deserts could
be systematically used for analysis of high brightness temper-
atures and derived emissivities. They will not provide an abso-

lute reference to which fit measurements, but a common rela-
tive reference. In complement to other methods, such method
will ensure a better consistency of measurements from all mi-
crowave radiometers and check their calibration at high bright-
ness temperatures.
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