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ABSTRACT

One year of collocated, rain-free nadir Ku-band backscatter cross-section measurements from the Tropi-
cal Rainfall Mapping Mission (TRMM) precipitation radar (PR) and both Jason-1 and Envisat RA-2
altimeter measurements have been compiled to compare these three sources of Ku-band radar cross section.
With the exception of a +1.46 dB relative offset between Jason-1 and PR measurements and a —1.40 dB
offset between Envisat and PR ones, all three Ku-band measurements compare very well in terms of
dependencies upon model wind speed estimates and significant wave height measurements. The altimeter
radars and the rain radar thus provide consistent measurements, and observed biases can be rationalized as
differences in the radar calibration. The precipitation radar, which also covers off-nadir measurements, has
been absolutely calibrated using an active radar calibrator. Consequently, the observed relative offsets can
be used to indirectly calibrate both Jason-1 and Envisat altimeter Ku-band radar cross sections in an

absolute sense.

1. Introduction

Seven satellite altimeters have been deployed since
1985, providing the first long-term global observations
of sea level, wind speed, and wave height. The two
latest spacecraft altimeters are Jason-1 and Envisat,
launched in December 2001 and March 2002, respec-
tively. Calibration and validation of altimeter data, dur-
ing dedicated verification phase operations, helped to
point out notable differences observed when intercom-
paring different spaceborne power measurements. The
altimeter’s normalized radar cross section (so-called o)
used to estimate the sea surface wind exhibits platform-
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to-platform biases that range from tenths to several
decibels (Queffeulou 2003). Postlaunch absolute radar
cross-section calibration has indeed never been per-
formed on past altimeter missions until recently with
the launch of the Envisat RA-2 altimeter. Such an ab-
solute calibration is not essential for the retrieval of
altimeter geophysical products. For the oy-derived wind
speed product, relative calibration between the dif-
ferent altimeters is sufficient and provides an easy way
to make use of previously developed wind speed re-
trieval algorithms such as the modified Chelton-Wentz
(MCW) model (Witter and Chelton 1991) that is based
on Geosat measurements.

However, the lack of absolute o, calibration for these
altimeters does limit the full exploitation of the altim-
eter measurement information. For example, such cali-
bration would aid efforts related to retrieval of the al-
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timetric surface wave period and/or also to extracting
quantitative information about short-scale wind wave
roughness using both Ku- and C- or S-band data. Ab-
solute calibration is certainly needed to advance theo-
retical developments on the rough surface scattering, as
well as to better combine altimeter measurements with
scatterometer and radiometer measurements. Finally,
theoretical developments concerning our understand-
ing of the sea state bias would greatly benefit from
improved determination of the absolute value of the
altimeter radar cross section.

A dedicated field campaign is in progress for the En-
visat RA-2 altimeter using a ground transponder devel-
oped at the European Space Research and Technology
Center (ESTEC). The basic absolute calibration re-
quirement for the radar cross-section accuracy is +0.2
dB. The results of this campaign are not yet fully avail-
able at this time but transponders have been used with
success to calibrate other sensors such as the European
Remote-Sensing Satellite (ERS) scatterometer
(Crapolicchio and Lecomte 1997), designed to measure
the near-surface wind field over the oceans. And they
are also planned for the future advanced scatterometer
(ASCAT) on the meteorological operational (MetOp)
platform (Figa-Saldana et al. 2002) in late 2005. Besides
such an active calibration, another on-going calibration
method for Envisat RA-2 uses a passive technique. It is
based on the measurement of the receiver noise during
a particular mode of operation over well-known natural
targets to characterize the receiver in terms of gain and
offset (Greco et al. 2001; Pierdicca et al. 2002). In this
mode, the altimeter acts like a radiometer. It processes
background passive microwave radiation from the
earth’s surface, corresponding to the receiver thermal
noise when no transmitted signal is present; the amount
of radiation is then dependent on the nature of the
surface viewed at nadir.

Following Freilich and Vanhoff (2003, hereafter FV),
our present results use cross comparisons between Ja-
son-1 and Envisat RA-2 with Tropical Rainfall Measur-
ing Mission (TRMM) precipitation radar (PR) mea-
surements. Though designed specifically for the mea-
surements of precipitation profiles in the atmosphere
over both land and ocean, the PR system also acquires
sea surface backscattering measurements under rain-
free conditions. The advantages of using PR data are
numerous: 1) it operates at a frequency close to the
Ku-band altimeters (13.8 GHz); 2) it provides a high
horizontal resolution measurement; 3) the measure-
ments are available in both nadir and near-nadir views;
4) the PR instrument was intensively calibrated and
validated through comparisons with an active radar
calibrator (ARC) located at a site in Japan, with an

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 22

expected absolute accuracy better than 1 dB; and 5)
its high vertical resolution helps to filter out rain-
contaminated ocean backscatter cross sections.

We compiled 1 yr of collocated data between Jason-1
and PR and 10 months of collocated data between En-
visat and PR sensors. Comparisons of both wind speed
and wave height dependencies, evaluated through sta-
tistical relationships, for the three sources of Ku-band
backscatter measurements have been performed, and
biases can be determined. This paper contains five sec-
tions. Section 2 reviews the need for relative and abso-
lute calibration of altimeter radar backscatter to fulfill
specific scientific needs. The three different datasets
are presented in section 3 together with collocation cri-
teria and processing procedures. Section 4 compares
the wind and wave sensitivities upon the three sources
of Ku-band backscatter data. A summary is given in
section 5.

2. Relative calibration versus absolute calibration
of altimeter radar backscatter

In this section, we review the motivations for both
the relative and the absolute calibrations of altimeter
backscatter measurements.

a. Relative calibration for operational purpose

The altimeter sea surface wind speed is estimated
from backscatter sensitivity to changes in sea surface
roughness. The operational wind speed algorithm that
is still widely used in altimeter missions (TOPEX/
Poseidon, ERS-1/2, Geosat Follow-On, and Envisat) is
an early algorithm, by Witter and Chelton (1991),
which was developed for Geosat data.

This is possible because all altimeters have operated
or operate at Ku band. In principle, a wind speed algo-
rithm derived for one altimeter should be directly ap-
plicable to another one. Radar cross section is indeed a
fundamental property of the sea surface depending on
frequency but not on the instrument used to make the
measurement. Because of the lack of accurate calibra-
tion of the o, against an absolute standard, backscatter
estimates are simply adjusted to each other; Geosat, as
the first mission, is so far the standard reference.

The observed relative Ku-band calibration correction
ranges from tenths to several decibels. Statistical cycle
monitoring of the o, shows mean values of 11.42, 11.38,
and 11.43 dB for TOPEX side A and side B (redundant
altimeter turned on) and for TOPEX side B flying on
its new orbit (from cycle 365 to cycle 425), respectively.
The mean value of Jason-1 o, measurements is equal to
13.78 dB from geophysical data records (GDRs) over a
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period from launch up to cycle 88 (J. Dorandeu 2004,
personal communication). Note that these o, values
represent the current best understanding of the actual
instrument measurement and differ considerably from
the TOPEX values with a mean offset of about +2.40
dB in Ku-band (Quartly 2004). The mean value for
Envisat Ku-band o is lower at 11.08 dB (cycles 14-26).
Note that a bias (—3.24 dB) has been applied on the
measurements before their release in the GDR prod-
ucts; removing this bias put the Envisat measurement
closer to Jason-1I rather than the TOPEX one within a
1-dB interval.

When computing the wind speed using the MCW
model, the TOPEX backscatter oy, is offset by —0.63 dB
[from comparisons of global histograms of o, with
those from Geosat, which display an average value of
10.54 dB (Witter and Chelton 1991)]. This model will
be referred to as TOPEX MCW and will be used in the
following to evaluate offsets.

Developments of new empirical wind model func-
tions still rely on the relative sensitivity of backscatter
measurements to wind speed and significant wave
height (SWH). These models are derived whether by
correlating Ku-band o, with wind speed solely, but
through other formalisms (Freilich and Challenor 1994,
hereafter FC), or by incorporating extra parameters
into the model to take into account the sea state degree
of development (Glazman and Greysukh 1993; Lefevre
et al. 1994; Gourrion et al. 2002). Such developments
only need a consistent relative calibration from one in-
strument to another one. A relative calibration is also
sufficient when further considering the C-band o, (El-
fouhaily et al. 1998; Chen et al. 2002).

The Jason-1 altimeter mission stands out from the
others missions by the choice made for the wind speed
retrieval. This latter is performed using the model de-
veloped by Gourrion et al. (2002) that pointed out evi-
dence that combining Ku-band o, and SWH helps to
produce encouraging results with a 10%-15% reduc-
tion of rms wind speed error when compared with other
existing altimeter wind algorithms. Gommenginger et
al. (2002) confirm that this model has the best overall
performance compared to TOPEX MCW, Glazman
and Greysukh (1993), and FC.

We have not found published results on attempts to
derive or apply a dual-parameter algorithm such as the
Gourrion et al.’s (2002) using Envisat data. To this end,
the estimated bias of 2.7 dB between Jason-1 and En-
visat radar cross sections from GDR products must be
verified to be entirely due to difference in calibration
and do not encompass any physical dependencies on
wind speed and/or wave height. Hereafter, we shall
verify that both Jason-1 and Envisat Ku-band o, mea-
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FiG. 1. (top) Binned averages of Ku-band o, measurements
from both Jason-1 and Envisat altimeters as a function of sea
surface wind. The different curves represent the TOPEX MCW
model and offsets from this model of +2.3 and —0.55 dB, at all
wind speeds over a 0-20 m s~ ! interval. (bottom) Difference be-
tween Jason-1 and Envisat radar cross sections vs wind speed.

surements exhibit the same wind speed and SWH de-
pendencies.

b. Cross comparison of wind and wave
dependencies of Jason-1 and Envisat o,

We use independent surface wind speed estimates
(U) from the surface model analysis provided by the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) as a common reference to quantify
each sensor’s wind dependencies. Sensitivity analysis to
SWH uses each respective altimeter’s estimate. Both
parameters (ECMWF wind speed estimates and SWH)
are available in Jason-1 and Envisat GDR products.

Figure 1 shows the results for the two datasets. For
each 1-yr global dataset, the (U, Ku-oy) scatter points
are binned according to ECMWF wind speed with an
interval of 0.1 ms™*, and averaged o, values and stan-
dard deviation of the o, are computed for each bin. The
data are restricted to latitudes between —65° and +65°
in order to compare approximately the same ocean cov-
erage. Envisat provides measurements at higher lati-
tudes that are not sampled by Jason-I1 due to the incli-
nation (98.55° versus 66.04°) of its orbit. This selection
samples a sufficient range of conditions, allowing dis-
play of a clear picture of the wind and SWH effects
upon each altimeter’s o, data over a wind speed range
from 1 to 20 ms™'. The two statistical relationships
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FIG. 2. (top) Jason-1 and Envisat bin-averaged o, as a function
of wind speed for four intervals of 2-m SWH values. (bottom)
Differences of the above plotted data.

yield the well-known monotonically decreasing func-
tion of o, with increasing wind speed. The difference
(Jason-1 minus Envisat) of the bin-averaged o, is also
given in Fig. 1 (bottom). It displays a nearly constant
bias of +2.8 to +3.0 dB for wind speeds between 4 and
15 m s~ % Over this wind speed interval, the wind mea-
surements are heavily populated, providing very low
bin-standard deviation estimates. Differences are
noisier at low wind speed for three reasons: 1) the
highly steep relation between o, and wind, 2) the in-
herent smoothness associated with the relatively larger
spatial and temporal scales of surface wind model esti-
mates, and 3) the lower number of data pairs. The stan-
dard TOPEX MCW model is overlaid for comparison
with offsets of +2.3 and —0.55 dB, respectively, at all
wind speeds. The close correlation of these offset
curves with the statistical relationships evaluated re-
spectively for Jason-1 and Envisat confirms that the
major difference between altimeter nadir measure-
ments is a constant o, offset over the wind speed inter-
val from 4 to 15 ms™ .

The cross correlation between SWH, oy, and surface
wind speed is now addressed. Figure 2 displays the o,
bin-averaged relationships versus wind speed for four
separate SWH intervals of 2 m (0-2, 2-4, 4-6, and 6-8
m). One observes the clear dependence of altimeter o
upon SWH variation for a given wind speed bin, thanks
to the very large amount of data used. This dependency
upon SWH is smaller than the dependency upon wind
speed. The relative magnitude of the change decreases
with increasing wind speed. Over the range of wind

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 22

speed, from 4 to 15 ms~!, computations of the differ-

ences (Jason-1 minus Envisat) between the four asso-
ciated statistical relationships exhibit a quasi-constant
bias of +2.6 to +3.2 dB. The Jason-1 and Envisat biases
are found to be independent of wind speed and SWH
over a wind speed range from 4 to 15 ms~ ' and for
SWH lower than 8. Both Ku-band backscatter mea-
surements present the same wind speed and significant
wave height sensitivities.

In the next section, we will provide further calibra-
tion information by considering Ku-band backscatter
from the TRMM PR instrument. We will perform a
similar analysis upon our compilation of two large col-
located datasets. The goal is to further assess the re-
spective sensitivity on wind speed and SWH. Before
performing this analysis and reporting the findings, we
shall first review the expressed needs for accurate ab-
solute calibration and sum up some other benefits that
this calibration would bring to altimeter missions.

¢. Benefits expected from the absolute calibration of
altimeter radar backscatter

Additionally, the continuing effort to improve altim-
eter-retrieved wind estimates helps to better under-
stand the sensor physics and relationships between the
wind, the sea surface roughness, and the altimeter mea-
surements not only in terms of backscatter cross section
but also in terms of altimeter range estimates. Indeed,
the “sea state bias” correction to the range measure-
ments (e.g., Fu and Glazman 1991) shall certainly ben-
efit from any progress made in this domain. To date,
the correction relies on an empirical model that is a
function of both wind speed (o, in fact) and wave
height (Gaspar and Florens 1998; Gaspar et al. 2002).
Despite numerous efforts performed by different teams
of experts that concurred to advance our knowledge on
how to improve this correction (Gaspar and Florens
1998; Gaspar et al. 2002; Vandemark et al. 2002; Millet
et al. 2003a,b; Labroue et al. 2004), refinements on this
correction are still necessary and expected. Errors in
this estimation actually represent a significant limita-
tion on the accuracy at which global sea level rise can
be inferred by altimetry alone (Leuliette et al. 2004).

An absolute calibration of the altimeter radar cross
section would represent one step further toward a bet-
ter understanding of the processes causing electromag-
netic scattering from the rough ocean surface. This will
in turn help to quantitatively compare data and theo-
retical models to distinguish between instrumental and
physical processes entering the sea state bias correc-
tion. This would help to overcome the present limita-
tions that several ongoing studies run into in the under-
standing of different aspects, namely, the wind-induced
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short-scale modulation, the sea state degree of devel-
opment signatures, the statistical description of the sea
surface, and the interaction of electromagnetic radia-
tion with this surface (Elfouhaily et al. 2001; Chapron et
al. 2001). Furthermore, future off-nadir altimeter mea-
surements would also directly benefit from this effort.

Results reported by FV represent the first attempt
using spaceborne data (from namely the TRMM PR) to
quantitatively examine the magnitudes and wind speed
dependencies of Ku-band (13.8 GHz) effective nadir
reflectivity coefficient and effective mean square slope
(mss). The latter represents the two key parameters in
the simple geometric optics-scattering formulation re-
lating oy, to near-nadir surface roughness and surface
dielectric properties (see Brown 1990 for review). The
results highlight the potential benefit of accurate abso-
lute calibration of o, to provide more accurate sea sur-
face slope variance from spaceborne o. This retrieval
from the Seasat, Geosat, and TOPEX did produce val-
ues in Ku-band that were unexpectedly higher than the
optical measurement of Cox and Munk (1954). From
the expected overall sea surface randomness (rough-
ness modulation, local wind fluctuations, etc.), Chapron
et al. (2000) considered that the shape of the sea surface
slope probability distribution function can partially ex-
plain such discrepancies. However, without absolute
cross-section measurements, definite conclusions can-
not be drawn.

Anderson et al. (2002) also pointed out the limita-
tions they ran into as a result of the lack of absolute
calibration of TOPEX o,. They examined the ability of
different theoretical models of altimeter backscatter,
which combines individual models for air-sea interac-
tion, ocean surface spectrum, and electromagnetic scat-
tering to reproduce and explain observed dependencies
on SWH and wave age given by the Gommenginger et
al. (2002, hereafter GAL) TOPEX empirical model. As
shown in Fig. 4a of their paper, the different Ku-band
o, models all reproduce well the qualitative depen-
dence on wind speed but at different o, levels. Also, in
Figs. 6b and 7b of their paper, o estimates exhibit the
same behavior with respect to either the wave age or
the rms swell height and only differ from each other
and from the GAL empirical model by the magnitude
of the predicted backscatter. The relative agreement
obtained with the different combination of wave spec-
tra and the two descriptions of the interaction between
the wind and the sea surface cannot help select the most
suitable model. Absolute calibration of the o, would
thus clarify the selection of a well-defined description
of sea surface, which in turn would provide better in-
sight for the development of semitheoretical models.
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Furthermore, the identification of the so-called o,
bloom events, which characterize regions exhibiting un-
usual high o, values, would be facilitated by the deter-
mination of a unique threshold to be applied to all al-
timeters. The bloom events analysis and monitoring
would indeed be eased through merging of the different
sources of data. The results would be of great interest
since the bloom phenomena might be associated with
geophysical conditions (other than low wind speeds)
such as regions of high productivity as measured by
ocean color as suggested by Mitchum et al. (2004).
These events represent thus a real physical phenom-
enon and not just an artifact from a particular system.
In particular, Lin et al. (2003) have showed that anoma-
lous backscatter regions observed by the Quick scatter-
ometer (QuikSCAT) often correspond to such phe-
nomena locations as recalled by Mitchum et al. (2004).

Another benefit of the absolute calibration would lie
in the better understanding of the ~3.5-dB TOPEX
backscattering interfrequency bias observed over ocean
(Quartly 2000). It would allow us to quantify which part
of it is of physical origin and which part is due to the
different calibration of the two frequency bands. Re-
sults from absolute calibration are then of prime inter-
est for various investigations. We did not mention de-
velopments concerning an altimeter period definition
that could certainly favorably use both altimeter fre-
quency measurements (Quilfen et al. 2004). We could
also invoke gas exchange studies that can use altimeter
frequency differing sensitivity to breaking-wave statis-
tics (Chapron et al. 1995; Elfouhaily et al. 1998; Frew et
al. 2001).

3. Data and collocation processing

a. Jason-1 and Envisat altimeter radars

The Jason-1 altimeter was launched on December
2001 and was placed in the same ground track as its
predecessor, TOPEX/Poseidon. This mission is also
jointly conducted by the U.S. and French space agen-
cies. It carries the Poseidon-2 altimeter derived from
the experimental Poseidon-1 instrument on the
TOPEX/Poseidon mission. The satellite flies a non-sun-
synchronous orbit at an altitude of 1336 km with an
inclination of 66°. Poseidon-2 is a dual-frequency radar
altimeter that emits pulses at 13.575 (Ku band) and 5.3
GHz (C band). Detailed descriptions of the mission and
the Poseidon-2 instrument are provided by Menard et
al. (2003) and Carayon et al. (2003), respectively.

The Envisat altimeter (so called RA-2) was launched
on March 2002 and is derived from the ERS-/ and
ERS-2 altimeters (Benveniste et al. 2001). Unlike its
predecessors, it is a dual-frequency radar that operates
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at Ku band (13.575 GHz) and at S band (3.2 GHz). The
satellite orbit is sun-synchronous at an altitude of 800
km with an inclination of 98.55° allowing measurement
over the poles. More details can be found in the prod-
ucts handbook (Benveniste et al. 2002).

For this analysis, we used measurements from both
Jason-1 and Envisat GDRs over a 1-yr period and a
10-month period (March-December) in 2003, respec-
tively. Although the o, and SWH parameters are pro-
vided as 1-s averages in each frequency, here we will
only focus on the Ku-band measurements. Interpolated
ECMWEF surface winds at the measurement location
are also provided in the respective products. Any erro-
neous altimeter estimates are discarded using conven-
tional data quality flagging as recommended by respec-
tive user’s handbooks (Picot et al. 2003; Benveniste et
al. 2002). A further quality check/editing of the data is
performed thanks to the Cal/Val products quality as-
sessment routinely performed at Collecte Localisation
Satellites (CLS; Dorandeu et al. 2004). We use only rain-
free data over ocean surface. Since the Jason-I rain flag
currently uses a TOPEX-derived algorithm that was
not yet fine-tuned on Jason-I measurements, we re-
computed a Jason-1 flag by using Tournadre’s (2004)
algorithm. Among the two Jason-I algorithms avail-
able, it has been evaluated that Tournadre’s algorithm
performs better than the Quartly one (Quartly 2004) to
detect rain-contaminated data with higher sensitivity to
low-intensity rainfall when compared with TRMM Mi-
crowave Imager (TMI) rain estimates (Tran et al.
2005).

b. TRMM precipitation radar

In November 1997, the TRMM satellite, a joint U.S.
[National Aeronautics and Space Administration
(NASA)] and Japan [National Space Development
Agency (NASDA)] space agencies project, was suc-
cessfully launched carrying five instruments including
the PR in a non-sun-synchronous orbit. Since the focus
of TRMM is to measure rainfall in the Tropics, a low-
inclination orbit was selected so that the satellite
ground track is confined within 35°S and 35°N. The PR
is a Ku-band pulse radar operating at 13.8 GHz that
makes backscatter measurements in the atmosphere
and from the surface. The sensor antenna is an elec-
tronic scanning phased array that scans normal to the
flight direction (cross track) through the nadir with
measurements at 49 beam positions (e.g., the angle bins
1, 25, and 49 correspond to the incidence angle +18°,
0.1°, and —18°, respectively) over the 215-km swath; the
scan duration is equal to 0.6 s with a pixel every 4.3 km
both along and across the track (Kozu et al. 2001; Kum-
merow et al. 1998).
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External calibration of the PR, which handles the
absolute calibration and monitoring of long-term varia-
tions, is performed using an ARC located in Kobe city,
Japan. Takahashi et al. (2003) have provided the 4-yr
(1998-2001) result of this external calibration experi-
ments. Regarding the transponder mode, among other
ones, it shows that the PR has been stable over this time
period with fluctuations lower than 0.8 dB.

In August 2001, the TRMM orbit was raised from
350 to 403 km to increase the duration of the mission to
2007. At this higher altitude, the spatial resolution of
the PR degraded slightly, the pixel size now being 5.0
km by 5.0 km. The analysis we performed used a 1-yr
period over 2003. Over this time frame, there is no
published result on the quality of the PR o, (corre-
sponding to the new orbit). Thus we performed a rapid
comparison of the PR o (in the dataset that we are
using) with the statistical o, dependence on wind speed
derived by FV. This latter was computed by also using
1 yr of data but acquired in the preboost period (Au-
gust 1999 through July 2000).

We used the TRMM PR standard products, 2A21 in
version 5 from the Goddard Distributed Active Ar-
chive Center, which include normalized radar cross sec-
tion measurements along with a rain/no-rain flag for
each angle bin (Kummerow et al. 2000) and associated
quality flags. For this study, we used only data corre-
sponding to observations at quasi-nadir (0.1° of inci-
dence angle). We discarded all data over land, data with
a quality flag set, and rainy ocean data.

Since altimeter o, and SWH are provided in a nomi-
nal 1-s averaging period (in fact 1.02 and 1.11 s, re-
spectively for Jason-1 and Envisat) in the altimeter
GDR products, we did average the PR o, over two
pixels along track to obtain an equivalent ~1-s average
measurement. This is done before performing the col-
locations with either Jason-1 or Envisat data. This
along-track averaging processing only produces small
changes on the PR horizontal resolution (5 km X 10
km) that remains close to the altimeter one (~ 6 km X
7 km).

c. Crossovers selection

The criteria used for the collocation between Jason-1
(respectively Envisat) and PR crossovers are as follows:
time separation within 60 min and spatial separation
less than 100 km. These large criteria have been set in
order to determine how the crossovers are distributed
with respect to time lag and distance. This selection
resulted in more than 282 000 data points as Jason-1/PR
crossovers and 154 000 as Envisat/PR ones. A subset
was then extracted from each collocation dataset to
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keep only crossovers with 30 min and 25 km as time and
space separations (approximately 36 000 and 19 800
crossovers left, respectively). The subset allows reason-
able comparison of the two independent datasets with
high spatial and temporal correlation, large enough
data population, and coverage of the entire Tropics.
The principle for the pairing of the data between Ja-
son-1 and PR, for example, is that for each Jason-I
measurement, we select measurements by PR that
match the time window; then among these measure-
ments the closest one is selected if it matches the dis-
tance criterion. Otherwise there is no crossover. The
collocation set is limited in latitude to the Tropics
within £35° of the equator due to TRMM orbits.

Figure 3 shows the latitude distribution of the cross-
overs for both Jason-1/PR and Envisat/PR collocation
subsets. As can be seen, the density of crossovers is
significantly higher at high latitudes than at the equa-
tor. This is related to the variation of the orbit track
spacing with latitude and the higher revisiting rate at
latitudes closer to £35° due to the low inclination of the
TRMM orbit. The combination of the different orbit
characteristics also leads to a pseudo period of ~80
days in the time distribution of crossovers found be-
tween Jason-1 and PR, while the highest occurrences of
crossovers are observed at ~25-day intervals in average
between Envisat and PR in Fig. 4.
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4. TRMM PR backscatter versus Jason-1 and
Envisat data

To check the quality of the TRMM PR ¢ in our
datasets, we first compare the wind speed dependency
of these PR o, with the global TRMM PR model func-
tion constructed by FV on preboost PR o, Freilich and
Vanhoff (2003) evaluated this relation using colloca-
tions with TMI wind speed estimates. This comparison
seems necessary since the absolute calibration pub-
lished results have been provided for the preboost pe-
riod when the pixel horizontal resolution was 4.3 km.
The postboost measurements that we use here corre-
spond to a slightly degraded resolution (5.0 km).

Again, the ECMWF wind speed estimates from our
collocated data subsets have been separated into 0.1
ms~! bins in which the associated o, measurements
have been averaged. The bin-averaged relationships
derived from the two collocation subsets are plotted in
Fig. 5. Also provided are the FV model, the TOPEX
MCW model, and the TOPEX MCW model offset by
+0.9 dB at all wind speed for comparison. As it shows,
the averaged relationships and FV model are very close
with a slight overestimation by FV over the wind speed
range from 3 to 12-13 m s~ !, and differences are larger
for lower and higher wind speeds. The steepness of the
FV curve is slightly different from the TOPEX MCW
model. The FV model is based on an analytic formula-
tion developed by FC that represents the wind speed
dependence of o as the sum of an exponential (impor-
tant at low wind speeds) and a linear decrease domi-
nant at moderate to high wind speeds. As shown in FV,
the best fit to the MCW model function using the FC’s
formalism is slightly different from the MCW model
function itself. While FV showed good matches be-
tween the PR data and this FC analytic model, our
results show that the MCW slope at moderate wind
speeds seems to better reproduce the data behavior as
shown with the TOPEX MCW model offset curve. The
differences between the PR o, FV’s model and the
TOPEX MCW model offset curve are in the range of
tenths of decibels. So we can conclude that the quality
of PR o, from the pre- and the postboost periods, re-
spectively, remains the same. The comparison of the
Jason-1, Envisat, and PR o, should therefore be con-
sidered as sufficient and could be used for the absolute
calibration of altimeter radar cross sections.

a. Global biases

A first evaluation of the biases between Jason-1, En-
visat, and PR o, has been performed using all 1-yr data
sampled between *35° of the equator (not the collo-
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FI1G. 4. Histogram of the crossover points (left) between Jason-1 and PR and (right) between Envisat and PR as
a function of time in the 100-km and 1-h global sets.

cated sets). Mean values of oy at 12.96, 14.33, and 11.56
dB have been observed, respectively, for the TRMM,
Jason-1, and Envisat radars.

Figure 6 presents histograms of the Ku-band radar
cross section from both Jason-1/PR and Envisat/PR
subsets. The data have been binned by intervals of 0.1
dB. The different histograms exhibit similar dissym-
metrical shapes with offsets. The Jason-I mean value,
14.16 dB, is higher than the PR one at 12.70 dB, while
the opposite is observed on the Envisat/PR subset. The
Envisat mean value, 11.34 dB, is lower than the PR one
at 12.72 dB. The standard deviations computed from
the PR o, distribution showed in both cases larger val-
ues, at 1.35 and 1.40 dB, than the altimeter ones that are
equal to, respectively, 1.19 and 1.32 dB for Jason-1 and
Envisat. As we can see, although the tropical 1-yr
datasets and the crossovers subsets do not represent
exactly the same geographical distribution of data (and

20Ty T . o s e e e
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F1G. 5. Bin-averaged PR o, values as a function of surface wind
speed from the two yearly collocated subsets. Overlaid are the PR
model function derived by FV, the TOPEX MCW model and its
curve offset by 0.9 dB, and the FC model function offset by
1.92 dB.

hence not the same wind speed and significant wave
height histograms; not shown), the computed mean val-
ues are very close with slightly smaller values for the
crossover oys. The difference is largest between the two
evaluations of the PR o, mean, namely 0.25 dB, while
it is equal to 0.17 and 0.22 dB, respectively, for Jason-1
and Envisat.

The choice of a 30-min window and 25-km interval
allows us to obtain a sufficient number of collocated
pairs between the altimeter and the precipitation radar
to provide statistically significant results. This large
amount of data will be helpful when correlating o, mea-
surements with both wind speed and significant wave
height estimates.

To evaluate the stability of the biases, we first com-
puted 10-day averages along the year as shown in Fig. 7,
with data from the global collocation sets (100 km; 1-h
criteria). The biases are constant over time, and no
large drift has been detected by the linear least squares
fit (dashed line). The sensitivity of these offsets to the
collocation criteria is summarized in Table 1. As one
can observe, there is no significant difference either by
relaxing the criteria up to 1 h and 100 km or by restrict-
ing them down to 5 min and 10 km. The biases are very
stable.

We would also like to clarify one of FV’s conclusions.
Their TRMM PR model function at nadir compared
well with Geosat results, with an offset of 1.92 dB. The
TOPEX altimeter o, being offset by —0.63 dB before
using the MCW model, the offset between PR o,s and
TOPEX oys is thus of 1.29 dB. Finally, it must be noted
that TRMM PR off-nadir measurements are very con-
sistent with airborne measurements (Jackson et al.
1992; Vandemark et al. 1997). Using a simplified ana-
lytical scattering model, FV’s reported Ku-band effec-
tive reflectivity coefficients are furthermore found to
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FIG. 6. Histograms of collocated Ku-band o, measurements over the (left) Jason-1/PR subset and (right)
Envisat/PR subset.

closely match theoretical analysis (Jackson et al. 1992;
Chapron et al. 2000). The PR o, may thus be reliably
considered as absolutely calibrated within 1 dB, in very
close agreement with semiempirical efforts that led to
an estimate of Ku-band oy of 12.4 dB (*0.5 dB) at
7 ms ' wind speed (Vandemark et al. 2000).

b. Wind and wave dependencies

Figure 8 presents the PR, Jason-1, and Envisat bin-
averaged relationships correlating o, measurements
with wind speed estimates. To assess the representa-
tiveness of the tropical collocated datasets, we compare
global Jason-1- and Envisat-derived (all data within
+65° of latitudes) statistical relationships and the ones

15.5 T T T T T T T T T
—=— Jason-1
—v— PR (colocs J1/PR)
15 -0~ Envisat I
—-v_PR (colocs EN/PR)

Sigma0 (dB)

105 . L n L . . L . n . n .
1 31 61 91 121 151 181 211 241 271 301 331 361

day in year 2003
F1G. 7. Evolution of mean o, values computed from the collo-
cated global set as a function of time. Solid curves represent the
overall mean o, values for each data source, and dashed lines

represent the linear least squares fits to evaluate the stability of
the measurements with time.

derived from the collocated subsets. There is no signifi-
cant difference between the bin-averaged o, estimates
from the two types of ocean coverage over the 3-15
m s~ ! range. The computed statistical relationships are
thus meaningful and conclusions based on the collo-
cated data shall be applicable to global data. Overlaid
are the curves of the TOPEX MCW model offset by
+0.9, +2.3, and —0.55 dB, respectively, to reproduce
PR, Jason-1, and Envisat o, amplitudes and behaviors.
We can observe a good match between data and offset
curves for wind speed ranging from 4 to 13 m s~ . The
o, differences from the bin-averaged data as a function
of wind speed (see Fig. 8), show a nearly constant bias
of +1.4 to +1.6 dB between Jason-1 and PR measure-
ments over a wind speed interval from 2 to 12m s~ '. In
contrast, we have a negative bias between —1.3 and
—1.5 dB for Envisat/PR crossovers between 3 and 13
ms~' wind speeds. These two results show that be-
tween 3 and 12 m s~ ' wind speeds, the differences be-
tween the altimeter and the rain radar o, are wind
speed independent. At lower and higher wind speeds,
the bin-averaged estimates have larger error bars, and
it is not possible to come to the same conclusion for
these less-populated distributions.

We now address the correlation of o, on both wind
speed and significant wave height. We will focus on the
wind speed values prevailing in the datasets, that is,
between 4 and 10 ms~ ! In this interval, the dual-
dependency of Ku-band o, upon both wind speed and
SWH is also pointed out as better defined (Gourrion et
al. 2002). Figure 9 illustrates the bin-averaged o, be-
havior versus wind speed (1 m s~ ! bin) for four separate
intervals of 2-m SWH (0-2, 2-4, 4-6, and 6-8 m) for
Jason-1, PR, and Envisat data from the Jason-1/PR and
Envisat/PR crossovers subsets, respectively. One can
observe an obvious dependence of altimeter o, upon
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TABLE 1. Statistical characteristics (mean and std dev) of respectively Jason-1 and Envisat, and PR from the two collocated sets
with different filter criteria for time lag and distance between the two radars crossovers

PR o, (dB)  Jason-1 o, (dB) PR o, (dB) Envisat o, (dB)

Criteria N mean  std mean std Criteria N mean  std mean std

100 km and 1 h 282391 12770 1.36 14.16 1.18 100 km and 1 h 154886 12.71 1.41 11.33 1.35
25 km and 30 min 36058 1270 1.35 14.16 1.19 25 km and 30 min 19821 12.72  1.40 11.34 1.32
10 km and 15 min 6714 1271  1.30 14.16 1.17 10 km and 15 min 3725 12774 144 11.35 1.36
10 km and 5 min 2309  12.68 1.23 14.12 1.09 10 km and 5 min 1195 1271 143 11.32 1.32

SWH variation for a given wind speed. We overlaid
second-order polynomial least squares fits. The very
large amount of data used to compute the statistical
relationships certainly helps this analysis. As altimeter
backscatters, the TRMM PR o, exhibits clear depen-
dence on both wind speed and significant wave height.
Results of the computation of the bin-averaged o, dif-
ferences, Jason-1 minus PR and Envisat minus PR, as
function of wind speed for the four separate intervals of
2-m SWH are provided in Fig. 10. The differences are
nearly constant within 0.15 dB around +1.45 dB for
Jason-1/PR and within a 0.1-dB interval centered at
—1.4 dB for Envisat/PR, with no marked trends over
the restricted range of wind speed considered. These
results lead us to conclude that there is no significant
difference between altimeters and precipitation radar
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FiG. 8. (top) Binned averages of Ku-band o, measurements
from Jason-1 and Envisat altimeters and from TRMM PR as a
function of sea surface wind. The different curves represent the
TOPEX MCW model and offsets from this model of +2.3, +0.9,
and —0.55 dB, at all wind speed over the 0-20 ms~! interval.
(bottom) Difference between respectively Jason-1 and Envisat,
and PR radar cross sections vs wind speed from the collocated
subsets.

0, measurements in terms of sea surface roughness sen-
sitivity. Jason-1, Envisat, and PR Ku-band backscatter
cross sections respond with a quasi-equivalent sensitiv-
ity to both wind speed and significant wave height. We
conclude that the relative offsets are due to instrumen-
tal calibration biases and do not have a physical origin.
Last, note that as expected, the PR o, estimate is less
precise than the altimeter ones. Indeed, Fig. 11 shows
the standard deviations of the three binned oys as func-
tions of wind speed and wave height. For wind speeds
above 6 m s~ !, the TRMM PR o, standard deviation is
almost a factor 2 larger than the altimeter o, ones,
while this factor decreases down to 1.4-1.6 for lower
winds.

S. Summary

Correlations between rain-free Ku-band radar cross
sections, measured respectively by Jason-1 and Envisat
altimeter radars and TRMM precipitation radar at na-
dir, with sea surface wind speed and significant wave
height estimates, have been analyzed through colloca-
tions over a nearly 1-yr-long period. Except for biases,
the o, dependence on both wind speed and significant
wave height is nearly identical between the three
sources of o, measurements. This confirms that the ra-
dar cross section is a fundamental property of the sea
surface depending on frequency but not on the instru-
ment used to perform the measurement. Table 2 sum-
marizes the different values observed for the offsets
through this analysis. The different ways to compute
the biases between Jason-I and the PR measurements
and between Envisat and the PR ones provide very
similar values. The differences obtained can be attrib-
uted to differences in calibration, leading to the con-
clusion that Jason-1 data are larger in magnitude by
~1.46 dB than the PR ones, while the opposite is ob-
served for Envisat measurements, which seem to be
lower by ~1.40 dB than the PR ones. Note that in the
o, values reported in the Envisat GDR products, a bias
of —3.24 dB has been already applied to make the data
consistent with ERS-2 ones. So removing this constant
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F1G. 9. (a) Jason-1, (b) Envisat, and (c)-(d) PR bin-averaged o, as a function of wind speed for four intervals of
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different behaviors.

bias moves Envisat values closer to Jason-1 values,
and the relative bias with the PR data becomes

+1.84 dB.

Since the on-orbit PR has been absolutely calibrated

Jason-1/TRMM PR

using a ground-based active radar calibrator system
with accuracy better than 1 dB, these relative biases can

be used to calibrate the two Jason-1 and Envisat Ku-

band altimeter radars in an absolute way. Further work
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is needed not only to validate the present results
(through mostly comparison with the ground transpon-
der measurements performed by ESA for Envisat RA-
2) but also to characterize the altimeter C-band oy in a
similar way.

Two other results came up through this analysis. The
offset between TOPEX and PR o, as observed in this
analysis, is ~1.29 dB instead of the slightly higher value
(1.92 dB) provided by Freilich and Vanhoff (2003). Im-
proved retrieved wind speeds would be obtained for
Envisat if a two-parameter wind algorithm is consid-

ered upon the present operational model to attenuate
the sea state signature on o,,. This was advocated earlier
by Gourrion et al. (2002), who showed that the
TOPEX-generated two-parameter model performed
well when applied to ERS-2 altimeter data after o, con-
stant bias adjustment.
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Jason-1/PR +1.37 +1.46 +14 +1.46 +1.45
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