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TOPEX/POSEIDON microwave radiometer performance
and in-flight calibration

Christopher S. Ruf,! Stephen J. Keihm,2 Bala Subramanya,!-3 and
Michael A. Janssen*

Abstract. Results of the in-flight calibration and performance evaluation campaign for
the TOPEX/POSEIDON microwave radiometer (TMR) are presented.
Intercomparisons are made between TMR and various sources of ground truth,
including ground-based microwave water vapor radiometers, radiosondes, global
climatological models, special sensor microwave imager data over the Amazon rain
forest, and models of clear, calm, subpolar ocean regions. After correcting for preflight
errors in the processing of thermal/vacuum data, relative channel offsets in the open
ocean TMR brightness temperatures were noted at the =1 K level for the three TMR
frequencies. Larger absolute offsets of 6-9 K over the rain forest indicated a =~5% gain
error in the three channel calibrations. This was corrected by adjusting the antenna
pattern correction (APC) algorithm. A 10% scale error in the TMR path delay
estimates, relative to coincident radiosondes, was corrected in part by the APC
adjustment and in part by a 5% modification to the value assumed for the 22.235 GHz
water vapor line strength in the path delay retrieval algorithm. After all in-flight
corrections to the calibration, TMR global retrieval accuracy for the wet tropospheric
range correction is estimated at 1.1 cm RMS with consistent performance under clear,

cloudy, and windy conditions.

1. Introduction

The TOPEX/POSEIDON (T/P) satellite is a joint venture
by NASA and the French space agency Centre National
d’Etudes Spatiales (CNES) which is designed to produce
global maps of ocean surface topography [Stewart et al.,
1986]. It was launched on August 10, 1992, and began
operational data taking on September 23, 1992. The primary
instruments on the satellite are two radar altimeters. The
TOPEX/POSEIDON microwave radiometer (TMR) is in-
cluded to monitor and correct for the electrical range delay
(henceforth referred to as path delay) of the altimeter radar
signal due to water vapor and cloud liquid water in the
troposphere. In-flight calibration of the TMR is based on
intercomparison studies between TMR data acquired during
the first 6 months of operation and various sources of
“‘ground truth” which were measured or modeled during
satellite overpasses of selected ground sites. The results of
those intercomparison studies are presented here.

TMR is a modified version of the scanning multichannel
microwave radiometer (SMMR) which flew on Seasat and
Nimbus-7 [Swanson and Riley, 1980]. TMR was restricted to
operate at 18, 21, and 37 GHz and only in a nadir-viewing
direction, which is coaligned with the radar altimeters, in
order to accommodate the T/P mission requirements. The
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main antenna is a partially offset parabolic reflector with a
projected aperture of 79 cm. This results in a footprint
diameter on the ground of 43.4, 36.4, and 22.9 km at 18, 21,
and 37 GHz, respectively. By comparison, the altimeter
footprint is approximately 3 km in diameter. TMR operating
characteristics are summarized in Table 1. A detailed de-
scription of the instrument is given by Ruf et al. [1994].
The conversion of raw TMR data into path delay correc-
tions can be broken into three distinct steps. The raw data is
first converted into antenna temperatures using data mea-
sured while viewing an ambient load and cold space. An-
tenna temperature calibration corrects for drifts in the radi-
ometer gain and bias [Ruf et al., 1994]. Secondly, the
antenna temperatures are corrected for contributions from
the sidelobes of the antenna radiation pattern by a procedure
referred to as antenna pattern correction [Janssen et al.,
1994]. The percentage of power received by the antenna
from its on-Earth and off-Earth sidelobes is determined from
measurements of the radiation pattern on a far field antenna
range prior to launch. These fractional powers, when com-
bined with estimates of the mean on- and off-Earth bright-
ness temperatures, are subtracted from the antenna temper-
ature, resulting in the brightness temperature referred to the
antenna main beam. This brightness temperature calibration
is effectively a gain and bias correction to the antenna
temperature. Thirdly, brightness temperatures at the three
TMR frequencies are converted to path delay estimates by a
path delay retrieval algorithm [Keihm et al., 1994]. The
retrieval essentially inverts the integral equation of radiative
transfer to extract the water content of the atmosphere from
the measured emissive effects of the water. The water
content is then related to the path delay by its refractive
properties. Uncertainties in the strength of the water vapor
absorption line centered at 22.235 GHz, on which the
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Table 1. TOPEX/POSEIDON Microwave Radiometer
Engineering Specifications

Frequency, GHz

18 21A 21B* 37
HPBW, deg 1.86 1.56 1.59 0.98
Footprint, km 43.4 36.4 37.1 22.9
Beam efficiency, % 91.1 89.3 87.4 90.5

Integration time, s 1.0 1.0 1.0 1.0

Radiometer noise, AT, K 0.26 0.27 0.27 0.27
TA accuracy,t K 0.57 0.57 0.54 0.54
Preflight Ty accuracy,i K 0.77 0.74 0.79 0.71
In-flight Ty accuracy, K 1.5 1.5 1.5 1.5

*Channel 21B is a backup channel. It was not used during the
verification phase of the mission.

tAntenna temperature calibration accuracy does not include the
antenna pattern corrections [Ruf et al., 1994].

tPreflight brightness temperature accuracy refers to the predicted
TMR performance, assuming representative antenna pattern mea-
surements [Janssen et al., 1994]. The addition of thermal blanketing
around the antenna feed prior to launch necessitated in-flight adjust-
ments to the far sidelobe levels, which introduced additional uncer-
tainties into the brightness temperature calibration algorithm.

emissive behavior of the water depends, introduces an
uncertainty into the ‘‘gain’’ of the path delay retrieval
algorithm.

Because all three of the data processing steps described
above are essentially linear operations, gain errors in the
antenna and brightness temperature calibration will affect
the final path delay estimates in the same way as the line
strength uncertainty. Similarly, biases in the calibrated
brightness temperatures may be due to errors in either the
antenna or the brightness temperature calibration proce-
dures. The in-flight calibration described below estimates the
gain and bias errors through intercomparisons with various
sources of ground truth. An attempt is also made to identify
the sources of these errors, so that the proper step in the
calibration procedure can be adjusted accordingly. The
intent of this approach is to produce both accurate path
delay corrections, for use by the radar altimeters, and
accurate brightness temperatures, for use in related research
areas. Possible uses for well-calibrated nadir viewing bright-
ness temperatures include studies of two- versus three-
frequency path delay retrieval algorithms, refinements to the
model for sea surface excess emissivity as a function of wind
speed, and corrections to the water vapor line strength.

This paper is divided into six sections. In section 2 the
sensitivity of the antenna temperature calibration to varying
thermal environments is evaluated. This issue had a signifi-
cant negative impact on the SMMR performance, and the
effectiveness of several modifications to TMR, which were
made based on lessons learned from SMMR, is assessed.
Section 3 reviews the various sources of ground truth data
used in this study. Included are ground-based microwave
water vapor radiometer (WVR) and radiosonde measure-
ments, climatological model data, Defense Meteorological
Satellite Program special sensor microwave/imager (SSM/I)
data over the Amazon rain forest, and a reference brightness
temperature model for clear, calm, subpolar ocean regions.
Section 4 describes the changes which were made in the
antenna and brightness temperature calibration procedures
to correct for bias and gain errors due to instrument effects.
Section 5 describes the changes which were made in the path

RUF ET AL.: TOPEX/POSEIDON MICROWAVE RADIOMETER PERFORMANCE

delay retrieval algorithm to correct for scale errors due to
water vapor line strength uncertainties. Section 6 concludes
with an overall assessment of the accuracy of the brightness
temperature and path delay estimates produced by TMR.

2. Instrument Thermal Performance

SMMR calibration was adversely affected by large tem-
perature variations in the cold sky waveguide and antenna
and in the main antenna feed [Francis, 1987; Milman and
Wilheit, 1985]. A number of modifications to SMMR were
made to reduce the sensitivity of the antenna temperature
calibration to the on-orbit thermal environment. Polystyrene
radomes were placed in front of both the main antenna feed
and the cold sky horns. Yaw maneuvers of the spacecraft
were incorporated into the operational orbit to keep TMR on
the shade side of the satellite. The cold sky horns were also
positioned on the instrument so as to minimize exposure to
direct sunlight. In addition, preflight calibration of the mod-
els used to correct for the emissive and absorptive effects of
the radiometer hardware was more extensive in the case of
TMR. A detailed description of the TMR hardware modifi-
cations and of the changes in the preflight calibration are
given by Ruf et al. [1994].

A time series of the physical temperature of TMR during
the first 6 months of flight is shown in Figure 1. This
temperature sensor is located in the heart of the microwave
electronics subsystem for the primary 21-GHz channel, and
represents a good estimate of the overall temperature of the
critical electronics. A periodicity is evident in the time series
which repeats approximately every 60-70 days. This is
caused by the periodic variation of the solar ‘‘B-angle’’, the
angle between the orbit plane and a line from the Earth to the
Sun. B angles outside of +20° correspond to the lower range
of instrument temperatures (for example, from =~65-110
days in Figure 1). Over this range of 8 the yaw orientation of
the spacecraft is continually adjusted during each orbit to
maintain good exposure of the solar panel to sunlight and to
keep TMR in the shade of the spacecraft. The minimum
temperatures occur at B8 = 90°. For B angles within +20°,
yaw maneuvers are disabled because the maneuver rate
would be too fast. This results in the higher temperature
peaks in Figure 1 (for example, from =~45-60 days). Exten-
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Figure 1. Time series of TMR instrument temperature
during the first 6 months of the mission. The periodic minima
and maxima are caused by variations in the orbit geometry
and solar shading, as discussed in the text.
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sive preflight performance evaluations of TMR were con-
ducted over the range 5°—45°C. A second-order nonlinear
instrument response was noted at that time which varied
with the physical temperature of the instrument. This effect
was modeled in the antenna temperature calibration proce-
dure, which makes the quality of the calibration slightly
dependent on the operating temperature of the instrument
[Ruf et al., 1994]. The in-flight temperatures are seen to lie
comfortably within the preflight test range.

Francis [1987] showed that the most significant tempera-
ture-induced degradation in SMMR performance occurred
during the shade-to-sun transition of each orbit. Figure 2a
shows a =0.015 K/s variation in the temperature of the
SMMR antenna feed during this time. In contrast, Figure 2b
shows a =0.001 K/s temperature variation for TMR during
the same transition period. This large reduction in the
coupling between incident solar radiation and instrument
temperature is due primarily to the incorporation of radomes
over the antennas [Linn, 1992].

3. Ground Truth Database
Water Vapor Radiometers

Ground-based microwave water vapor radiometers
(WVRs) were deployed on the islands of Lampedusa, Italy
(35.57N, 12.57E), Chichi Jima, Japan (27.08N, 142.18E), and
Norfolk, Australia (29.03S, 167.93E) and on the Texaco oil
platform Harvest (34.47N, 239.32E), 11 km from the Cali-
fornia coastline. These sites all lie near the satellite ground
track. The WVRs deployed at Lampedusa and Harvest
operate at 20.7, 22.2, and 31.4 GHz. The single WVR
deployed first at Chichi Jima and then at Norfolk operates at
20.7 and 31.4 GHz. All three WVRs achieve an absolute
calibration accuracy in their brightness temperature mea-
surements of approximately 0.5 K [Keihm, 1991]. This
corresponds to an accuracy in the retrieval of path delay of
approximately 0.25 cm due to instrument effects alone.

Lampedusa and Harvest are the primary altimeter valida-
tion sites for CNES and NASA, respectively. WVRs were
deployed there in part to calibrate TMR and in part to assist
with the atmospheric corrections during the altimeter inter-
comparisons. Norfolk and Chichi Jima were selected as
additional temporary WVR sites exclusively for comparison
with the TMR. Norfolk lies 29 km from an ascending node
ground track and Chichi Jima lies 33 km from an ascending
and 50 km from a descending node. A single WVR was
deployed first at Chichi Jima during September of 1992, then
relocated to Norfolk for comparisons through November 15,
1992. During this time, intercomparison data were obtained
for 12 overpasses. Of this data, 11 overpasses occurred
under cloud free and light wind (<7 m/s) conditions.

WVR intercomparisons with the TMR were made primar-
ily between brightness temperatures, since this is the direct
measurement made by the WVRs and the comparisons are
unaffected by assumptions made regarding the vapor absorp-
tion line strength. Clear, calm conditions were preferred in
the intercomparison analysis since cloud effects are highly
variable spatially, and windy conditions introduce an added
uncertainty into the estimate of the ocean surface contribu-
tion to the TMR brightness temperatures. Zenith brightness
temperatures measured by the WVR 20.7-GHz channel
ranged over 12-52 K for the clear, calm data, corresponding
to a variation in path delay of 4-24 cm. From the WVR data
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Figure 2. Time series of front-end microwave components
critical to the antenna temperature calibration during one
orbit. (a) Main reflector feed horn on the Nimbus-7 scanning
multichannel microwave radiometer (SMMR) for two typical
orbits over the course of the mission [after Francis, 1987].
(b) Feed horn, cold sky (cal) horn, and cal horn waveguide
on TOPEX/POSEIDON microwave radiometer (TMR) for
one typical orbit on day 246 (September 2, 1992). The largest
temperature changes occur during the shade-to-sun transi-
tion in the orbit, at 0°—45° ecliptic angle for SMMR and at
160-165 min for TMR. Temperature changes on TMR have
been greatly reduced by the inclusion of polystyrene ra-
domes over the feed horn and cold sky horn.

an estimate can be made of the coincident brightness tem-
perature as seen by TMR. This estimate utilizes a well-
constrained model for the water vapor line shape and takes
into account the temperature and emissivity of the ocean
surface. The TMR brightness temperature can be expressed
as

TBTMR = STse-T + TBUP + (TBDN + Tce _7)(1 - 8)6 T
(1)

where ¢ is the calm water emissivity, Tg is the sea surface
temperature in kelvins, 7 is the atmospheric opacity, TByp
and TBpy are the upwelling and downwelling components of
the atmospheric emission, and T is the cosmic background
brightness temperature. The WVR measurements can be
used to predict 7, TByp, and TBpy at the TMR frequencies.
On the basis of regression fits to computations from a 4-year
Bermuda radiosonde data set, we use

T8 = 0.0113 + 000076TBWVR2] - 0‘00008TBWVR22

+ 0.00132TByygrs; — 0.00005T,  (2a)
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Table 2. Radiosonde Intercomparison Database

Average
Path Closest
Lati- Longi- Delay, Approach,

Station Name tude, °N tude, °E cm km
Port Blair 11.67 92.72  24.5 10/132/158
Hachijojima 33.10 139.78 10.4  40/108/130/201
Naze-On-Amami 28.38 129.50 13.4 14/240/266
Naha 26.12 127.40 16.6  26/41/221/242
Minamidaito Jima 25.83 131.23 11.4  48/139
Chichi Jima 27.08 142.18 15.7  32/49/208/228
Minamitorishima 24.30 153.97 18.4  30/68/196/237
Gough Island —40.35 —9.88 12.5  42/48/253/284
Marion Island —46.88 37.87 13.3 26/74/158/248
St. Paul Island 57.15 —170.22 6.3 36/72/148/196
Sable Island 4393  —60.02 7.3 9/77/118/187
Bermuda NAS 32.37 —64.68 15.0  44/200/288
Juliana Airport 18.05 —63.12 18.1 250
Grantley Adams 13.07 —59.48 24.0 15/23/265
Andersen Air Force 13.33 144.50 19.2  26/27/261

Base, Guam

Closest approach values are typical distances from satellite
ground track to radiosonde launch site. Multiple values correspond
to different ascending and descending orbit passes within 300 km of
the launch site which coincided with an actual radiosonde launch.
Closest approach values for individual overpasses vary slightly from
the values given owing to orbit and sampling variations.

T = 0.0688 + 000283TBWVR21 + 000142TBWVR22

— 0.00060TByygs; — 0.00029T,  (2b)
737 = 0.0546 — 0.00034TByyga; + 0.00018TBwyra
+ 000420TBWVR31 - 000017TA (20)

TBUPIS _2.836 + 0'1832TBWVR21 - 0‘0338TBWVR22

+ 0.4418TByygs; + 0.00297,  (3a)

TBypy = —1.840 + 1.0492TByyra; + 0.0907TByvra

— 0.1265TByyga; — 0.0014T,  (3b)
TBUP37 = 2.866 — 0'1362TBWVR21 + 0'0351TBWVR22
+ 1'2143TBWVR31 - 0.0096TA (30)

where T, is the surface air temperature in kelvins and
TBwvRran is the WVR measurement at frequency nn (nn = 21
for 20.7 GHz, nn = 22 for 22.2 GHz, and nn = 31 for 31.4
GHz). The residual RMS errors in (2) are 0.0004, 0.0023, and
0.0011 for the predicted TMR opacities at 18, 21, and 37
GHz. The errors in (3) are 0.041, 0.056, and 0.070 K for the
predicted TMR TByp values. The Bermuda database used to
generate the regressions was chosen because its path delay
range (5-35 cm) brackets the conditions encountered at the
four WVR sites. Regressions based on radiosonde data from
high- (Chichi Jima) and low- (Norfolk) humidity sites pro-
duce TMR brightness temperature predictions which differ
by less than 0.3 K from the results of the Bermuda-based
regression equations.

By equating TBpy and TByp (accurate to 0.1-0.2 K) and
using site measurements for Tg and T,, WVR-predicted
TMR brightness temperatures were computed for each
ground site overpass using equations (1)-(3). The accuracy
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of the predictions depends primarily on the WVR measure-
ment errors and uncertainties in the calm sea emissivity
model. The predictions are not sensitive to uncertainties in
vapor absorption model line strength or the oxygen absorp-
tion component. Absolute calibration accuracies of 0.5 K
have been demonstrated in previous field experiments for
the WVRs deployed at the TOPEX ground verification sites
[Keihm, 1991]. This accuracy level contributes uncertainties
of =0.5, 0.8, and 0.8 K to the TMR brightness temperature
predictions at 18, 21, and 37 GHz. The dominant uncertainty
in the prediction is due to the uncertainty in the calm sea
emissivity, . This issue is discussed in the following sec-
tions.

Radiosondes

Fifteen radiosonde launch sites were identified which lie
near the T/P ground track and from which weather balloons
are generally launched twice daily at 1100 and 2300 UTC.
They are listed in Table 2 along with the mean path delay at
each site during the first 6 months of the T/P mission.
Individual path delays during each overpass varied over the
range 3—40 cm, providing a wide range of conditions for the
intercomparison. (An overpass occurs whenever the point of
closest approach of the satellite ground track to the launch
site is less than 300 km.) Since path delay estimates derived
from the raw radiosonde measurements have the least sen-
sitivity to modeling errors (as opposed to brightness temper-
ature estimates computed using the equation of radiative
transfer), they will be compared directly to the path delay
retrieved by TMR. Also included in Table 2 is the distance
from the launch site to the satellite ground track at the point
of closest approach for both ascending and descending nodes
of the orbit. Since T/P operates in a non-Sun synchronous
orbit the time difference between balloon launch and over-
pass is fairly uniformly distributed over 0-6 hours. Over-
passes for which a launch did not occur within 6 hours were
not included in this database.

French Meteorological Office

The European Centre for Medium Range Weather Fore-
casting provides global estimates of atmospheric water va-
por and air temperature fields at discrete vertical levels.
These estimates are generated every 6 hours and are con-
strained by operational satellite data and by the global
network of radiosonde profiles measured twice daily
[Lorenc, 1981, 1986]. Global path delay fields are generated
from these data on a 0.5° X 0.5° latitude/longitude grid at
6-hour intervals by the French Meteorological Office (FMO).
This field is then spatially interpolated by the Centre de
Traitement DORIS POSEIDON to coincide with the
TOPEX/POSEIDON ground track [Stum, 1994]. These esti-
mates of the path delay are available in parallel with all TMR
data on the TOPEX/POSEIDON Geophysical Data Record.
Interpolation is not performed in time, but rather the nearest
6-hour value is used.

DMSP SSM/1

The special sensor microwave/imager instrument on the
Defense Meteorological Satellite Program Block 5D-2 space-
craft provides brightness temperature images at 19.3, 37.0,
and 85.5 GHz with vertical and horizontal polarization and at
22.2 GHz with vertical polarization only, all at a constant
incidence angle of 53.1°. SSM/I is a mechanically scanning
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Table 3. SSM/I Blackbody Brightness Temperatures in Amazon Rain Forest
TB, Mean *+ Standard Deviation, K Number
Day of Local of
Year, 1992 Time 19.3 GHz 22.2 GHz 37 GHz Points
281 2206 285.1 2.2 283.4 £ 2.3 281.1 = 2.5 1506
282 1012 286.2 + 1.9 284.4 + 1.8 282.8 + 1.8 1722
285 1018 286.7 = 2.3 284.7 £ 2.2 283.1 +2.3 1883
287 2219 285.3 + 1.8 284.1 = 1.8 281.6 = 2.0 1571
Average ce 285.8 284.2 282.2 co

Blackbody condition defined as |[TB, — TBy,| = 1.0 K for both 19.3 and 37.0 GHz. See text for description of latitude and longitude ranges

for each of the four passes.

imager with a cross-track swath width of 1394 km and spatial
resolution of 54, 49, 32, and 14 km at 19.3, 22.2, 37, and 85.5
GHz, respectively. SSM/I antenna temperature calibration
relies on views by the antenna feed horn of a matched load
and cold space every 1.9 s. Because of the mechanically
scanning geometry, this allows the entire radiometer elec-
tronics to be calibrated and greatly reduces the dependence
of the calibration accuracy on instrument modeling. Bright-
ness temperature corrections for the antenna sidelobes were
verified by aircraft underflights with an SSM/I simulator.
Absolute calibration of the SSM/I brightness temperatures is
conservatively estimated by Hollinger et al. [1990] to be
better than =3 K for all channels used in this study.

SSM/I measurements were used to identify regions of the
Amazon rain forest which could be. assumed to be approxi-
mate black body targets. This was done by requiring that
there be a sufficiently small difference between the vertically
and horizontally polarized brightness temperatures. Average
SSM/I brightness temperatures over these regions were then
compared to the average TMR brightness temperatures.
SSM/I estimates of integrated water vapor over the open
ocean were not intercompared with TMR path delays owing
to the unacceptably large temporal decorrelation of the path
delay fields between the two data sets.

Intercomparisons of SSM/I with TMR concentrated on
days 278-290 of 1992. A number of SSM/I passes in the
region of the Amazon rain forest were examined. It was
found that a significant percentage of the data lying within
0°-10° south latitude and 60°-70° west longitude had little
polarization signature. Specifically, ascending passes were
examined on day 281 at 0103-0109 UTC (corresponding to
0-10S, 61.3-63.6W) and day 287 at 0116-0122 UTC (0-10S,
64.4-66.7W). Descending passes were examined on day 282
at 1309-1315 UTC (0-10S, 64.4-66.6W) and day 285 at
1315-1322 UTC (0-10S, 66.0-68.0W). All points were ex-
tracted for which the vertical and horizontal brightness
temperatures at 19.3 and 37.0 GHz differed by less than 1.0
K. The results are summarized in Table 3.

A small increase in the mean brightness temperature is
evident from night to day, but not enough to be explained
simply by the typical day and night air temperatures in the
region. For example, the mean daily high (daytime) and low
(nighttime) surface air temperatures in Manaus, Brazil (=38,
60W) for August-December are 306 and 297 K, respectively
[National Geographic, 1990]. The effective radiating temper-
ature of the rain forest is apparently lower, relative to the
surface air temperature, during the day than it is at night.
This can be explained by the increase in altitude during the

day (and hence the decrease in temperature) of a significant
fraction of the atmospheric absorption.

Reference Models

Two models were developed to estimate the hottest and
coldest brightness temperatures which TMR was expected
to encounter in flight. The hot model is the Amazon rain
forest discussed above. Regions of the rain forest with
essentially unity emissivity were identified using SSM/I data.
The TMR brightness temperatures in these regions can be
expected to be slightly lower than the SSM/I values since the
atmosphere is more transparent along TMR’s nadir path and
the land emission is less completely attenuated. Ordinarily, a
nadir view over land would result in a higher brightness
temperature because the emissivity of land is typically near
unity. In this case, however, because of the selective extrac-
tion of data over regions with unity atmospheric emissivity
along the SSM/I slant path (as evidenced by the complete
depolarization of the brightness temperature), the net emis-
sivity along the TMR path is actually reduced slightly.

The coldest brightness temperatures which TMR is ex-
pected to encounter occur over open ocean in the subpolar
regions under clear, calm conditions. Subpolar locales typi-
cally provide the lowest atmospheric water vapor content.
Clear conditions remove any emissive contributions from
clouds, and calm conditions minimize the excess emissivity
generated by ocean surface roughness and foaming. Fortu-
itously, the coldest brightness temperatures are also the
easiest to model accurately. TMR brightness temperatures
were simulated for typical subpolar conditions using a num-
ber of guidelines. The atmospheric dependence was esti-
mated using a 4-year archive of radiosonde profiles from St.
Paul Island (57.2N, 170.2W). The surface emissivity of the
ocean was modeled using the Fresnel reflection coefficient
and included sea surface salinity and temperature effects on
the complex dielectric constant of the water [Klein and
Swift, 1977]. Sea surface temperature as a function of
latitude was derived from regression fits to global advanced
very high resolution radiometer (AVHRR/2) maps of the
ocean during September and October 1987 [Halpern et al.,
1992]. These months were chosen to coincide with the time
of TMR intercomparison. Results of the regression fit follow.

Ts=274+0.6(60 — LAT) (4a)
for southern latitudes and
Tg=1280+ 0.4(60 — LAT) (4b)



24,920

for northern latitudes, where T is the sea surface tempera-
ture in kelvins and LAT is the (positive) latitude in degrees.
Equation (4) is valid over the range 40 = LAT = 60. Clear,
calm brightness temperatures were computed with variable
T for the range of atmospheric conditions determined by
the St. Paul Island archive. These brightness temperatures
(TBAf at frequency ff GHz) were then regressed against the
path delay (PD) associated with each radiosonde profile and
against the assumed sea surface temperature, T's. The re-
sults follow.

TB18 = 122.53 + 0.652PD — 0.176Tg (5a)
TB21 = 126.90 + 2.155PD — 0.245T (5b)
TB37 = 154.53 + 0.755PD — 0.509Tg (5¢)

where PD is in units of centimeters and T'g in units of degrees
Celsius. The RMS residual error between the true brightness
temperatures and those predicted by the regression fits was
=0.5 K at all frequencies over the range of conditions 0 <
PD =7 cm and 0 = Tg = 15°C. The lowest brightness
temperatures, associated with the lowest path delays esti-
mated by TMR (typically 2-3 cm), should correspond with
the values predicted by (5). This check is useful because the
TMR path delay retrieval algorithm tends to produce mean-
ingful (algorithm errors <1 cm) path delay estimates even
when there is a substantial bias in the brightness tempera-
tures, provided the bias is approximately common to all
three frequencies [Keihm et al., 1994]. Thus satisfactory
path delay intercomparisons alone cannot necessarily guar-
antee accurate brightness temperature calibration. It should
also be noted that uncertainties in the water vapor line
strength will have only a minimal effect on the accuracy of
the brightness temperatures predicted by (5). Errors in the
line strength amount to relative errors in the component of
the brightness temperature due to the water vapor. Thus, for
a condition of PD = 7 cm, uncertainty in the line strength at
the 5% level will result in TB model errors of only =0.2, 0.8,
and 0.3 K at 18, 21, and 37 GHz.

4. Corrections to Instrument Calibration
Bias Correction ‘

Initial intercomparisons between TMR and the various
sources of ground truth immediately after launch indicated
very large biases (6-12 K over the three frequencies) in the
brightness temperatures. The biases were generally consis-
tent using each of the sources of ground truth. For example,
the lowest brightness temperatures measured by TMR (in
the subpolar regions) were 6-12 K lower than the lowest
physically possible values, as determined from (5). Like-
wise, WVR-predicted TMR brightness temperatures at
somewhat higher levels were also 6-12 K above those
measured by TMR. The source of a significant portion of the
bias was identified as processing errors in the preflight
thermal/vacuum (T/V) data analysis. Two problems with the
original reduction of the T/V data were corrected. The
thermistor calibration coefficients used to measure the tem-
perature of the cold sky calibration horn target were incor-
rect. Using the correct coefficients raised the cold sky target
temperature by several degrees but did not account for the
large biases in the in-flight brightness temperatures. How-
ever, this correction has been made in the revised processing
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reported here. Part of the T/V data, which was used to
calibrate the instrument’s sensitivity to the cold sky bright-
ness temperature, was found to be unusable owing to large
temperature gradients present in the cold sky target. This
problem was determined to account for almost all of the bias
seen in the flight data at the lower end of the range of
brightness temperatures. It was corrected by identifying
other T/V data taken when the cold sky target was at a stable
temperature.

T/V data processing requires that a number of free param-
eters, associated with the losses and reflections in the
on-board TMR calibration hardware, be estimated using a
multilinear regression fit to T/V data taken under a wide
range of operating temperatures and temperature gradients
[Ruf et al., 1994]. A useful figure of merit for the regression
fit is the RMS residual error between the antenna tempera-
ture measured by TMR and the physical temperature of a
target absorber placed over the feed horn of the radiometer.
With the revised T/V processing, the RMS error is 0.24,
0.24, and 0.19 K at 18, 21, and 37 GHz. This represents the
accuracy of the antenna temperature calibration algorithm
for tracking variations in temperature of the absorber target.
It doesn’t necessarily measure the overall accuracy of the
antenna temperature calibration in-flight. Small errors can be
expected to result from such effects as backlobe contribu-
tions to the antenna feed, nonunity emissivity of the ab-
sorber target, and differences between the arithmetic aver-
age of the temperature sensors installed in the absorber and
the beam-averaged effective radiating temperature of the
absorber. It is these errors that the in-flight comparisons are
intended to correct.

After revision of the T/V processing, biases in the TMR
brightness temperatures, as inferred from the WVR data,
were reduced to +0.6 K (TMR low), —0.7 K (TMR high),
and —0.1 K (TMR high) at 18, 21, and 37 GHz. These values
are derived from the average of 17 overpasses of WVR sites
for which the skies were clear, the winds were <7 m/s, and
horizontal variations in the TMR TB measurements were
minimal. A scatterplot of the intercomparison data between
the WVR-predicted TMR brightness temperature and the
TMR data itself (prior to the final gain correction) is shown
in Figure 3. These biases have been incorporated into the
antenna temperature calibration algorithm as constant off-
sets. Their significance pertains to the relative channel-to-
channel corrections which most directly impact the path
delay retrieval algorithm. The derived individual channel
absolute offsets are uncertain to a level of a few Kelvin
owing to uncertainty in the effective emissivity of the calm
sea. The derived relative offsets, however, are much less
affected by the emissivity modeling uncertainty. Application
of the final instrument gain corrections (described in the
following section) yields TMR brightness temperatures
which are elevated 2-3 K above the calm sea model predic-
tions. The authors conjecture that this may be due not to
errors in TMR calibration but rather to a deficiency in the
model used for the ocean surface emissivity. The ocean
surface is modeled as a perfect dielectric half space, with
emissivity determined solely by the Fresnel reflection char-
acteristics at the interface. There is some evidence that the
true ocean surface emissivity never drops down all the way
to the ideal Fresnel condition, even under calm wind
“‘glassy’’ conditions [Stogryn, 1967; Bespalova et al., 1981;
Gaydanskiy et al., 1988]. In addition, inconsistencies have
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been noted between various models for the dependence of
the dielectric constant of ocean water on temperature and
salinity [Wentz, 1992]. These issues all point to an uncer-
tainty in the calm water emissivity of the ocean which could
account for the 2-3 K discrepancy observed here. Con-
straints on the calm sea emissivity, based on TMR/WVR
comparisons, will be explained further using a full year of
ground truth data [Keihm and Ruf, 1994].

145
Bias = 0.6 K (TMR low) e
RMS Diff. = 1.7 K -

1401

i

1301 I

TMR TB18 (K)

1251

120+ ; , , .
120 125 130 135 140 145
WVR predicted TB18 (K)

180

1751 Bias =-0.7 K (TMR high)
RMS Diff. =23 K s

TMRTB21 (K)
o >
g 3
+
. #

.
a
i

R

\

-
1451 s
1401

1357 e
r’/ b
130 T T T T T T T T T
130 135 140 145 150 155 160 165 170 175 180
WVR predicted TB21 (K)

170 =
Bias = 0.1 K (TMR high) e
RMS Diff. = 1.9 K .
1651 . -
X - o
< 1601 ;
& A
Jas] - 7w
I &7
iy o
£ 1551 .
/" ‘.'.
- g 4
1507
//’.
7 c
145 . . - .
14 150 155 160 165 170

WVR predicted TB37 (K)

Figure 3. Scatterplot of water vapor radiometer (WVR)-
predicted versus actual TMR brightness temperature data
before the bias and gain corrections are made to the TMR
calibration but after the thermal/vacuum (T/V) processing
errors were corrected for (a) TB g, (b) TB,;, and (¢) TBs;.
The WVR measurements of downwelling atmospheric
brightness temperature and total atmospheric opacity are
used to infer the TMR data by including a model for the
ocean surface emissivity. This is done under cloudless,
low-wind (=7 m/s) conditions to minimize model dependent
errors.
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Figure 4. Scatterplot of independent sources of path delay
measurements against TMR-derived path delay, with TMR
calibration in a state similar to that for Figure 3. (a) Radio-
sonde path delay for 268 overpasses within 300 km and 6
hours of balloon launch. Data includes all clear, calm,
cloudy, and windy conditions. (b) French Meteorological
Office (FMO) path delay interpolated in space to coincide
with TMR data. Data includes samples of open ocean
measurements taken every 100 s during days 290-301 of 1992
(T/P cycle 003).

Gain Correction

A significant gain error was indicated by all pertinent
sources of ground truth. These sources can be divided into
two classes, path delay and brightness temperature measure-
ments. Comparisons between TMR and the radiosonde data
revealed relative errors in path delay of ~10%. Comparisons
with the FMO data revealed relative errors of ~20%. These
errors increased with increasing path delay, with TMR
estimates of path delay becoming increasingly low. Scatter-
plots of TMR path delay against radiosonde and FMO path
delay with this relative error are shown in Figure 4. As noted
above, possible causes of path delay relative errors include
both water vapor line strength errors and instrument calibra-
tion gain errors.

The instrument gain error component was determined by
evaluation of the highest TMR brightness temperatures, at
which gain errors have the largest effect. Comparisons
between the Amazon rain forest black body SSM/I bright-
ness temperatures and the TMR measured brightness tem-
peratures were made by averaging TMR data into eight bins.
The TMR data over days 278-290 of 1992 were separated
into four latitude and longitude regions: (1) 0-5S, 65-70W;
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Table 4. TOPEX/POSEIDON Microwave Radiometer TBs in Amazon Rain Forest Before Gain Correction

TB, Mean + Standard Deviation, K Number
Latitude/Longitude, of
Range Day/Night 18 GHz 21 GHz 37 GHz Points
O—SS, 65-70W day 2729 £ 4.2 273.3 = 3.1 273.5 £ 43 90
0-5S, 65-70W night 273.2 £ 2.6 2733+ 1.9 273.7 = 3.0 58
5-10S, 65-70W day 273.7 £ 0.8 273.6 = 0.8 274.1 0.9 92
5-10S, 65-70W night 276.7 £ 1.2 275.7 = 1.0 276.1 = 1.5 94
0-5S, 60-65W day 265.2 7.4 267.1 = 5.8 267.7 7.0 78
0-5S, 60-65W night 272.1 £ 5.0 273.9 = 3.4 2739 + 4.4 47
5-10S, 60-65W day 273.3 £ 2.7 272.7 £ 2.1 273.7 £ 2.9 93
5-10S, 60-65W night 2753 2.6 276.0 = 2.2 276.6 = 3.2 47

Data are extracted from days 278-290 of 1992. Day range is 0600-1800 LT; night range is 1800-0600 LT. TMR brightness temperatures
calibrated assuming mean on-Earth far sidelobe brightness temperature of 280 K [Janssen et al., 1994].

(2) 5-10S, 65-70W; (3) 0-5S, 60-65W; and (4) 5-10S, 60—
65W. Data over each region was additionally separated into
day (0600-1800 LT) and night (1800-0600 LT) overpasses.
The brightness temperature measurements over each bin are
summarized in Table 4. The differential polarization tech-
nique used to identify black body regions of the rain forest
with the SSM/I data cannot be used here since TMR oper-
ates with a single polarization and in the nadir direction, at
which the land emission is unpolarized. However, the stan-
dard deviation of the TMR brightness temperatures over
each bin gives some indication of land contamination, since
most variability in the brightness temperature can be as-
sumed to come from the surface. For this reason the (5-10S,
65-70W) region in Table 4 is judged to be the most uniformly
black body in behavior. Furthermore, the standard devia-
tions at night tend to be approximately equal to or less than
those in the day for all four regions. This can be explained as
a corollary to the day/night discussion given above regarding
the SSM/I rain forest data, for which the effective radiating
temperature of the atmosphere is more closely coupled to
the surface air temperature during the night. In the case of
TMR measurements the nighttime air can be regarded as less
variable over the ranges of latitude and longitude consid-
ered. For these reasons the (5-10S, 65-70W) nighttime data
will be used as the TMR point of comparison with the SSM/I
data.

Comparisons between the specified averaged TMR and
SSM/I rain forest data reveal offsets of 9.1, 8.5, and 6.1 K
(TMR low) at 18, 21, and 37 GHz. (Here we have assumed
that the 18/19.3 and 21/22.2 brightness temperatures are
equal, since the near-unity emissivity of the rain forest
allows the water vapor absorption spectrum to have only a
weak effect on the brightness temperature.) Using the sub-
polar model intercomparison as a tie point for the TMR gain
calibration, this indicates an instrument gain error of 5.6,
5.3, and 4.6% at 18, 21, and 37 GHz. Several points of
qualification should be noted regarding this analysis. The
subpolar model tie point is based on an ideal Fresnel
condition at the ocean surface and so may be in error by 1-3
K, as noted above. The assumed equivalence of SSM/I and
TMR rain forest measurements may not be exact since the
SSM/I antenna beam travels through significantly more
atmosphere in its off-nadir orientation. Also, the absolute

calibration of SSM/I brightness temperatures has uncertain-
ties of =3 K, as noted above. All of these factors combine to
make the hot (rain forest) and cold (subpolar) calibration
points uncertain at the 3-5 K level. However, since these
points are 132-164 K apart at the three frequencies, the
estimates given here for instrumental gain error can be
conservatively regarded as accurate within approximately
+2.5%.

Regarding the cause of the instrument errors, the very low
RMS residuals remaining in the T/V test of the antenna
temperature calibration suggest that the brightness temper-
ature calibration is a more likely source of the =5% gain
error. The preflight antenna pattern correction coefficients,
as determined from antenna range measurements of the
TMR sidelobe levels, directly affect the gain of the instru-
ment calibration. The gain is most sensitive to the fraction of
the integrated sidelobes which lies off the Earth (outside of
55° off nadir). An underestimate of this beam fraction would
result in an overestimate of the instrument sensitivity to
changes in brightness temperature in the nadir direction,
since a larger fraction of the beam would then be directed
toward nadir. The preflight off-Earth beam fractions were
estimated at 0.49, 0.29, and 0.37% at 18, 21, and 37 GHz
[Janssen et al., 1994]. These values have been revised to
produce the =5% gain corrections derived above and to
account for approximately half of the 10% gain error in path
delay retrievals. The corrected off-Earth beam fractions are
2.03, 2.04, and 1.77%. The most likely cause of this rise in
the integrated power pattern beyond the Earth is a last-
minute modification to the antenna, made prior to launch but
after the antenna range measurements were completed. A
full satellite thermal balance test in the T/V chamber indi-
cated that the thermal blanketing of TMR was inadequate.
Thermal blankets were added around the collar containing
the main reflector’s multifrequency feed. These blankets
altered the aperture field distribution because the main
reflector is only partially offset. The blankets also probably
increased the scattering of energy into the far sidelobes of
the antenna pattern. While every reasonable effort was made
to conform the blankets as closely as possible to the existing
feed collar, the increase in power scattered into the far
sidelobes is not unexpected.
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5. Corrections to Path Delay Algorithm
Line Strength Model

The remaining 5% relative path delay error between TMR
and the radiosonde and FMO ground truth was corrected by
adjusting the strength of the water vapor absorption line.
The prelaunch absorption model was based on a modifica-
tion of Liebe and Layton’s [1987] model which utilizes the
Van Vleck-Weiskopf line shape. The modification was an 8%
increase in the model line strength to match comparison data
between radiosondes and WVRs [Keihm, 1992] and to match
the only available laboratory data which measured the
22.235 GHz absorption feature [Becker and Autler, 1946).
The accuracy of radiosonde calibration of the water vapor
absorption feature has long been questioned owing to uncer-
tainties in the radiosonde relative humidity measurements,
especially at the high and low ends of humidity conditions
[Elliot and Gaffen, 1991; Schwartz and Doswell, 1991].
Resultant estimates of the vapor absorption model accuracy
based on radiosonde/WVR comparisons have been in the
5-10% range. There is also evidence of nonlinearities in the
absorption versus vapor density relationship [Hogg and
Guiraud, 1979]. It is therefore quite plausible that our
prelaunch model for vapor absorption may be 5% high,
producing TMR path delay results which are 5% low. We
have therefore revised our absorption model, lowering the
line strength by 5%, to eliminate the remaining scale error
indicated by the TMR/radiosonde and TMR/FMO compari-
sons. The resulting model is equivalent to that of Liebe and
Layton [1987] with a 3% increase in line strength.

It should be pointed out that the entire 10% scale error
apparent in the TMR versus ground truth path delay com-
parisons could have been corrected by a 10% decrease in the
assumed absorption model. However, to produce the best
possible TMR calibrations in terms of both brightness tem-
peratures and path delay, the correction was split equally
between the brightness temperature calibration and the path
delay algorithm. As discussed previously, the =5% instru-
ment gain corrections produce consistency between the
TMR and SSM/I brightness temperature measurements of
the Amazon rain forest.

6. Conclusions: Assessment of Brightness
Temperature and Path Delay
Retrieval Accuracies

Brightness Temperature Accuracy

A quantitative measure of the accuracy of the TMR
brightness temperature calibration can be made by compar-
ison with the coincident WVR measurements. Unfortu-
nately, the estimated TMR accuracy can not easily be
separated from the 1-3 K uncertainties in the calm sea
surface emissivity model. Scatterplots of WVR-inferred
TMR brightness temperatures against those measured by
TMR, after all the calibration corrections have been made,
are shown in Figures Sa-5c for the three TMR frequencies.
The bias between the two data sets is 2.3, 2.9, and 2.2 K,
with the TMR high at 18, 21, and 37 GHz. Similar biases (2.8,
3.1, and 3.1 K) are observed when comparing the final TMR
calibration to the subpolar reference models. The success of
the revised T/V calibration, instrument gain corrections, and
modified path delay retrieval algorithm in producing agree-
ment with both the Amazon brightness temperature data and
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Figure 5. Scatterplot of WVR-predicted versus actual
TMR brightness temperatures after all calibration correc-
tions are made for (a) TB 3, (b) TB,;, and (c) TB3;. The 2-3
K offsets can largely be explained by a small increase in the
calm sea emissivity above that of the ideal Fresnel condition.

the ground-based path delay results suggests that the open
ocean offsets seen in the brightness temperature compari-
sons are due to a calm sea component which adds =0.01 to
the Fresnel prediction of the nadir emissivity. As discussed
above, previous theoretical and experimental results have
suggested the existence of a small 1-3 K nonspecular com-
ponent of the calm sea nadir flux. However, to the authors’
knowledge no previous aircraft or satellite radiometer has
demonstrated the absolute calibration accuracy necessary to
definitively measure this effect. The TMR data suggests that
the calm sea enhancement is 2-3 K over the 18-37 GHz
frequency range. This result depends primarily on the accu-
racy of our SSM/I-based model for the Amazon rain forest
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Figure 6. Scatterplot of TMR against radiosonde path de-

lays for the same data set described in Figure 4a, but with all

the corrections to the instrument calibration and water vapor
line strength incorporated into the TMR data processing.

emission. Assuming that the derived gain corrections may be
in error by up to =2.5%, we estimate the TMR open ocean
brightness temperature accuracy to be =1.5 K.

Path Delay Accuracy

The accuracy of TMR retrievals of path delay is derived
primarily from a comparison with the radiosonde database.
A scatterplot of TMR and radiosonde path delays is shown in
Figure 6 after all instrument calibration and water vapor line
strength corrections have been incorporated into the TMR
data processing. This data set includes clear, calm weather
conditions as well as all cloudy and windy cases experienced
during the first 6 months of the mission. Rainy data, as
indicated by a TMR liquid water retrieval of =1000 u, have
been deleted. The RMS scatter between the two data sets is
3.0 cm. This scatter includes three uncorrelated sources in
addition to the TMR error. The RMS error associated with
individual radiosonde soundings is estimated to be 0.7 cm
[Alishouse et al., 1990]. Analysis of radiosonde errors by
other investigators [e.g., Hoehne, 1980] reveal patterns of
errors in the temperature and humidity measurements which
could easily lead to greater than 5% errors in the integrated
vapor calculations (approximately 1 cm in mean path delay
error for our comparison data set). We adopt the 0.7-cm
value for our analysis, a conservative selection in the sense
that higher radiosonde errors will yield lower TMR errors for
the given TMR-radiosonde comparison data.

Additional errors in the comparisons result from the
spatial and temporal decorrelation between the TMR and
radiosonde path delay measurements. The spatial effect can
be estimated directly from the TMR data. Figure 7 shows the
decorrelation as a function of ground track displacement
calculated directly from the TMR data for four cycle 002
passes which are representative of the range of typical data.
The differences are primarily due to the fraction of cloudy
conditions encountered, since variability tends to increase in
these regions. Based on averages of the Figure 7 results and
a mean TMR-radiosonde separation distance of 150 km, we
adopt an error of 2.3 cm for the spatial decorrelation
component.

The temporal decorrelation between the TMR and radio-
sonde measurements is more difficult to evaluate. If we
assume that the temporal decorrelation is due to the wind-
driven horizontal motion of the path delay field, then the
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resulting error can be estimated from the spatial decorrela-
tion data of Figure 7. The estimate requires input of the
average time separation and wind speed component parallel
to the TMR-radiosonde separation vector. For our average
TMR-radiosonde time separation of 2.9 hours and mean
ocean wind speeds of 10 m/s [Halpern et al., 1992], with
average alignment 45° from the separation vector, the time
decorrelation error is equivalent to the spatial effect at 73 km
separation. From Figure 7 this value is 1.4 cm.

Evaluated as an orthogonal sum which produces the 3-cm
residual of the TMR-radiosonde comparison set, the above
results yield 1.1 cm for the TMR path delay error. This value
is subject to considerable uncertainty because the TMR
error is not the dominant error in the radiosonde compari-
sons. If the spatial decorrelation error is actually 2.1 cm,
plausible given the Figure 7 data, then the derived TMR
error increases to 1.5 cm. If, on the other hand, the wind
speed vector is preferentially aligned east-west, then the
time decorrelation error increases to 1.7 cm, yielding a
0.6-cm TMR error.

With no other ground comparisons, the 1.1-cm calculated
TMR performance would be subject to approximately
+0.5-cm uncertainty due to the large decorrelation effects.
However, in our comparisons of TMR and WVR path delays
at the four WVR ground sites, the TMR-minus-WVR resid-
uals are less than 1 cm [Keihm and Ruf, 1994], suggesting
that the 1.1-cm TMR performance level may actually be a
conservative estimate. The large reduction in residuals rel-
ative to the TMR-radiosonde comparisons (3 cm) illustrates
the advantages of ground-based WVR comparisons, which
are time synchronized and at relatively small (=30 km)
separation distances from the satellite ground track.

Path Delay Sensitivity to Clouds and Wind

The mission requirements for TMR included the ability to
accurately retrieve path delay under all cloudy and windy
conditions, excluding rain. This can be readily demon-
strated, since the TMR retrieval algorithm also estimates
ocean surface wind speed and integrated cloud liquid water
content along with each path delay estimate. (These param-
eters are used as second-order corrections to the path delay
retrieval algorithm itself [Keihm et al., 1994].) In Figures 8a
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Figure 7. Statistical decorrelation of the TMR path delay
with respect to the separation between two points along the
satellite ground track. Data from four orbits during cycle 002
of the mission are shown. Differences in the decorrelation
are due primarily to differences in the cloud cover.
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and 8b, the difference between radiosonde and TMR path
delay is plotted against the wind speed and cloud liquid
retrieved by TMR. A summary of the RMS scatter and mean
difference between the radiosonde and TMR values is given
in Table 5 for different subsets of the wind and cloud liquid
retrievals. Figure 7 and Table 5 indicate that the RMS
accuracy of the TMR path delay retrieval is relatively
insensitive to the cloud and wind conditions, thus satisfying
the mission requirements. Table 5 also indicates that TMR
path delay is not significantly biased under consistently
windy or cloudy conditions. This is in marked contrast to the
path delay retrieval performance predicted for several two-
frequency retrieval algorithms [Keihm et al., 1994]. For
example, biases of 2-5 cm are predicted by Keihm et al.
[1994] with a satellite water vapor radiometer operating at 21
and 37 GHz under surface wind speed conditions of 18-28
m/s. The issue of how many (and which) frequencies are
needed to retrieve path delay satisfactorily is timely in light
of the current design studies underway for TOPEX Follow
On, GEOSAT Follow On II, the EOS Altimeter radiometer,
and the ERS-2 radiometer. The presence of large biases in
the two-frequency retrieval algorithms does not significantly
increase the global RMS error in the path delay retrieval,
since high-wind conditions happen relatively infrequently on
a global scale. However, such path delay retrieval algo-
rithms, which are designed to minimize global RMS error,
can introduce artifacts into the ocean surface topology maps
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Figure 8. Scatterplot of TMR path delay retrieval error
(defined as radiosonde path delay-TMR path delay) against
TMR retrievals of (a) ocean surface wind speed and (b)
integrated cloud liquid water content.
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Table 5. TMR Path Delay Sensitivity to Clouds and

Wind
Radiosonde-TMR Path Delay
Wind Speed  Cloud Liquid RMS, Average, Number of
Range, m/s Range, um cm cm Samples
All all 3.00 0.44 268
<8 all 3.34 0.12 74
8-15 all 2.83 0.62 158
>15 all 3.01 0.28 36
All <50 3.21 0.83 152
All 50-300 2.85 -0.02 94
All >300 2.06 -0.32 22

Wind speed and cloud liquid are retrieved from TMR brightness
temperatures by statistical inversion. The absolute accuracy of
these retrievals has not been independently verified, but their
performance is expected to be sufficient to differentiate the general
classes of weather conditions considered here. RMS and average
statistics of the TMR path delay error are based on the data set
shown in Figure 6.

in isolated regions of the globe over which mean surface
winds are anomalously high.
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