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ABSTRACT

A methodology of cross-comparison of C-band spacebornéesometers is developed and applied to ERS-1 and ERS-2
scatterometers data. Assuming the differences betwedndtiaments can be represented by an incidence-angle depen
dent bias, this paper presents and discusses four methmddipg an estimate of that bias and of its standard dewiatio
These methods use natural distributed targets such asméhfocean and sea ice, and are based on geophysical model
functions, namely constant gamma model, CMODS5 and searieeniodel. The backscatter from the natural distributed
targets is compared against a simulated backscatter gabigithe models. Finally, the deviation of the two datageis f

the models are compared to yield a bias between the two smaters. The methodology is applied to ERS-1 and ERS-2
data acquired during the tandem mission in 1996. Genethalybias between the ERS-1 and ERS-2 scatterometers is
smaller than 0.2 dB over most incidence angles and the fotlode provide relatively consistent results. However, in
order to achieve a consistent backscatter data, the smagézrs need to be inter-calibrated. The methodology can be
useful to cross-calibrate scatterometers on-board otitelliges (e.g. METOP, OceanSat-2, HY2A, etc.) in the vidw o
the Global Climate Observing System guidelines.

Keywords: Scatterometer calibration, Ocean calibration, ERS-1,-2RS

1. INTRODUCTION

Since the launch of the European Remote sensing Satelli& ER continuous measurement of backscattering signal
has been acquired by the scatterometers on-board the teMiteatERS-1, ERS-2. Over the ocean, this backscatter
(normalized radar cross-section) @ (sigma nought), is used to determine the wind speed andtidinec Over land,
many applications using tfe® have emerged, one of the best known application over land is the soil moéstatrieval®
Over sea icegy is used to discriminate between open water and sé&ice

The importance of long-term, continuous, and homogeneatedlite data is strongly encouraged by the international
scientific community. Therefore, cross-comparison and inter-calibration dedént instruments has become essential
to meet this objective.

The AMI (in wind mode) instrument on board ERS-1 and ERS-2 sm&terometers designed to obtain accurate
measurement of the backscatter from the surface of the .Earth

There are many reports on the calibration of scatterometees .2 ° 19 and! to cite a few. There are however very
few reports on the cross-comparison of two scatterometasidering datasets acquired during the same time period,
seé? for instance which compares ERS-2 and ASCAT using collachszkscatter and soil moisture.

While most of these papers concentrate on a single calibraiethod, several calibration methods exist. These
methods can broadly be characterized by the fact that theursd sigma nought is converted to an intermediate value
(typically, a geophysical value such as wind speed, ice ageamma nough) using a model. That intermediate value is
then compared to known references. There are various assmspssociated with the model and the reference values
used, mainly related to temporal stability. The differebetween the intermediate value and the known reference is
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usually linked to a gain offset in the instrument as this issidered as the most prominent source of calibration error
That gain offset is assumed to be linear and incidence argglerstient as one of the main source of gain change is the
antenna radiation diagram. The underlying assumptionasttiose gain changes in time are due to the aging of the
(electronic) components and deformation of the antenna.

In this paper, we propose to discuss and compare severabdseth perform the cross-comparison of scatterometer
instruments. The comparisons are performed on data adguithe same time period, which relaxes the requirements
on the temporal stability of the model and of the referendaesa Moreover, as we consider a cross-comparison of the
instruments, we are not that much interested in the biagdffference between the measurement and the modeled value
using the known reference) but by the difference in bias betwthe compared instrument. The methods are illustrated
using ERS-1, ERS-2 data.

This paper is organized as follows. Section Il gives an aearof the missions and the instruments. The datasets are
described in the section Ill. Section IV is dedicated to tlethrndology of the cross-comparison, it describes eachadeth
the related distributed target, the associated model anddbumptions made. The results are reported in SectioneV. Th
conclusions are included in the last section.

2. MISSION AND INSTRUMENT DESCRIPTION

The first European remote sensing satellite (ERS-1) of thefaan Space Agency (ESA) was launched on July 17,
1991 into a Sun-synchronous polar orbit. The scatteronwetdroard ERS-1 (AMI) provided observations on winds in
operational mode until June 03, 1996. ERS-1 failed on Maf@h2D00, exceeding its expected lifespan. ERS-2 was
launched in April 1995 as the follow-on mission to ERS-1. HRRS-2 scatterometer operated from November 1995 to
July 2003 in global mission. The recorders on-board failedlone 22, 2003. Since then until the end of the mission
(July 2011), the instrument operated only within the vigipiof the ground stations (regional scenario). Consetlyen
the coverage of the Brazilian rainforest, used as a dig&ibtarget for calibration monitoring purposes was strgngl
degraded. The ERS-1/ERS-2 missions (simultaneous ope)aiverlapped during 9 months from August 17, 1995 to
June 03, 1996.

During the so called tandem mission, ERS-1 and ERS-2 wernedflyi the same orbital plane with an inclination
of about 98.5 degrees to the Earths equatorial plane. Bodliges were flying at the same mean altitude of 785 km,
providing a repeat cycle of 35 days. With the nominal orkgtaifiguration, ERS-2 followed ERS-1 with an approximate
delay of 35 min. Because of this delay and the Earths rotatfi@ground-track patterns of ERS-2 were shifted westwards
with respect to those of ERS-1. The orbit phasing has beearstdj to ensure that ERS-2s track over the Earths surface
coincides exactly with that of ERS-1 24 h earltér.

ERS-1 and ERS-2 carried an Active Microwave Instrument (AMhe AMI is a real aperture radar operating at a
frequency of 5.3 GHz (C-Band) and using three verticallygpakd antennas. The AMI has three modes of operation,
namely the Image Mode, the Wave Mode, and the Wind Mode. K tlsee sideways looking antennas, one looking to
the right side of the satellite track (mid beam antenna),loaking forward at 45 azimuth projection angle with respect
to the mid beam (fore beam antenna), and one looking backata4l azimuth projection angle with respect to the mid
beam (aft beam antenna). The three beams illuminate a 500itenswath as the satellite moves along its otbit®

3. DATASETS

The backscatter and associated information (angles, B&g$.are extracted from BUFR products which contain thellev
1b calibrated backscatter values. The products used amnimal resolution i.e., 25 km between adjacent nodes or Wind
Vector Cells (WVC). ERS-2 offer also products with higheraleson (12.5 km).

The dataset covers a period of two months and a half (from RRtich 1996 to 3rd June 1996) during the tandem
mission. The datasets for the different methods are surzethin Tables 1.

*The authors note that other non-gain related calibration issues may @otisas geometry-related or noise-power related. These
issues are not considered in this paper.



Method Test area Time period

Collocation Global From 20/03/1996 to 03/06/1996
(Collocations are found above 0
Ocean Global ocean From 20/03/1996 to 03/06/1996
[90S-90N, 180W-180W]
Rainforest Amazon From 20/03/1996 to 03/06/1996
[15S-5N, 75W-55W]
Seaice Arctic seaice From 20/03/1996 to 03/06/1996

[50N-90N, 180W-90E]

Table 1. ERS-1/ERS-2 cross-comparison dataset

4. CROSS-COMPARISON METHODOLOGY

The methodology developed in this work is a set of cross-@ispn methods applicable on natural distributed targets
(e.g., rainforest, ocean and sea ice) which are assoc@aggbphysical models and assumptions. Several naturahn®gi

of known properties have been studied using scatteromatéfd’ and several empirical backscatter models have been
developed®22 The main principle of these methods is a comparison of thesored backscatter and a simulated
backscatter computed using the considered geophysicalmBach method provides an incidence-angle dependent bias
between the two data sets (instruments) and is assessexidtgritlard deviation. Additionally, a direct comparisothef
collocated data (in time, distance and geometry) is perform

The compared satellites fly on similar orbits and the on-th@@struments operate at the same central frequency and
operating principles. The differences in backscatter betwthe instruments measurements are assigned to a differen
in their antenna gain diagram. Therefore, the quantitiesutated in this paper (geophysical parameters and biases)
resolved per antenna and incidence angle.

Diurnal variations obg over the Amazon forest have been obserked® Therefore, the measurements are processed
and presented separately for ascending and descendirespabg convention applies to other methods too.

In the following sub-sections, each method is describe@. ddnsidered target properties, the model and the assump-
tions are also detailed.

4.1. Cross-comparison using collocated measurements

This method is based on the comparison of near simultandmenations of the same area on the ground by the two
scatterometers. The conditions for collocation are agvigdl 1) maximum distance between pairs of WVC is 12.5 km,
2) maximum difference in time is 60 minutes, 3) maximum d#fgce in incidence angle i€,14) maximum difference

in azimuth angle is% And the underlying assumptions are that the radar badkséatemporally stable over short time
intervals, and spatially homogeneous over short distarioggactice, the maximum difference in time is 33 min and the
maximum difference in incidence angle i2®

Due to the configuration of the orbits, most collocated messents are found at high latitudes near the North pole.
For instance, for the collocation conditions listed ab@liethe tandem mission collocations are found abovel&tude.

The result of this comparison method is a bias between theirgtouments which is obtained by averaging the
differences between the collocated measurements. Thisdbéefined as

Bias(0) = E[0o"R51(8) — 0pFRS2(9)]. 1)

4.2. Cross-comparison over therainforest

The rainforest is assumed to be homogeneous, stable in tidnisatropic at C-band frequenéy.?* Given these assump-
tions, theog depends only on incidence angle. The incidence angle depeaccan be removed by using the parameter
Yo defined by

Yo = Oo/cos(6) )



where@ is the incidence angle

The rainforest ([15S-5N],[75W,55W]) was shown to exhibiagal inhomogeneities and that these could be removed
by using a spatial mask. Roughly, a mask is built by excluding areas having a very loa very highyo.

SIR (Scatterometer Image Reconstruction) product, dérfwem NSCAT, is used to select dense foré&st. The
selected area is illustrated in figure 1 left. As can be sdmnspatial mask removes rivers and de-forested (urband.area
It can be noticed (figure 1 right) that there is a differencevieen the ascending and descendjnglistributions. This
difference is due to the diurnal effect mentioned earlier.
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Figure 1. Rainforest data (left), Gamma nought histogram (right) - solid line: ER@&shed line: ERS-2

For each instrumentp is computed and averaged over the (masked) rainforest. vignagedyy of one scatterometer
is compared to the averaggglof the other scatterometer. The bias between the two insintsis then given by

Bias(8) = E[yo™> *(8)] — E[yo™"> %(8)]. @)

4.3. Cross-comparison over the ocean

A series of C-band GMFs (e.g., CMOB4, CMODS’ and CMOD5.R829) relating oy to the equivalent neutral wind
vector at 10m height have been developed empirically andessovely improved using satellite scatterometer data. Th
representation of these models in thgmeasurement space looks like a double c¥heThe model considered in this
paper is CMODS5 and is defined by

0o = BO(6,V)[1+ BL(8,V)cosp-+ B2(8,V )cos2q|° 4)

where@ is the incidence angl®/ is the wind speedpis the wind direction an@0, B1, B2 are coefficients depending on
0 andV.

The Numerical Weather Prediction (NWP)-based ocean céitiiordNOC) metho8l is used. The procedure is briefly
summarized hereafter, for a detailed description’$e@he wind speed and direction for each measwrgdre obtained
from the NWP winds. From this wind speed and wind directionjnautated oo (0oS™) is computed using (4). The
distance between the measumri(cp™) andoeS™ is then computed. These distances are then averaged oweinthe
directions and then over the wind speeds. For practicabreathe wind speeds and directions are binned into bins of
respectively 2ns~1 and 10 degrees. In this work, ECMWF real winds are used witiCti®D5 model. The input winds
are extracted from the BUFR products and the CMOD5 modelés s obtainooS™. This opS™ is then converted ta
space using = (ag)%%2% before the NOC computation. This transformation frogspace ta space is recommended
by! and3!

The average difference between the measdf®&4 and the simulated®™ yields a model biagiasy, which is com-
puted for each scatterometer as ‘

Biasm(6) = E[Z"5() — 2™ (8)]. (5)



Wind speed histogram

Normalized histogram (%)

| i
] 5 10 15 20
Wind speed (m/s)

Figure 2. Ocean data (left), Wind speed histogram (right) - solid line: ERS-1, ddgies ERS-2

The pair of model biases are then compared over the commigleimze angle range. The bias between the two instruments
is the difference between the two model biases

Bias(0) = Bias; ™ 1(0) — Bias®> %(9). (6)

4.4. Cross-comparison over seaice

The backscatter triplets measured on sea ice depend orifedangle and linearly on sea ice condition (ice age). The
sea ice modélinitially developed to discriminate between open water s@d ice backscatter triplets, is used here as a
basis for cross-comparison. That model is given by

00'"(8,a) = To(6) + aea(6) )

whereoy ande, depend or® anda is the ice-line parameter.

The test area is restricted to a region above [afitude around the North Pole. For each measureragf®s, the
incidence angle is determined and used to compute the icpageneter. IFREMER sea ice concentration product,
derived from SSM/I, is used to select regions with ice coitregion greater than 95 percent. Only measurements having
a distance to the ice model less than 1 dB and positive ice agarnetera are considered. A map showing the ice age
from ERS-2 data averaged over all incidence angles and beeavhole dataset is depicted in figure 3 for April 1996.

Usinga a simulated backscattepS™ is computed using (7). For each instrument, a bias with #gpehe geophys-
ical model is determined as

Biasn(0) = E[0o™%(8) — a®™(0)]. (8)
The bias between the two instruments is the difference lstwee two model biases
Bias(0) = Bias, > 1(8) — BiassR>2(9) 9)

4.5. Assessment of the method

The bias provided by each method is considered as a randaablaand the variance of that random variable is used
to assess the reliability of the method. Owing to the comipledf the underlying models, it is not deemed possible to
obtain an analytic expression the variance of each congrarigethod. Instead, the variance is empirically obtained as
follows. Separately for each instrument, the WVCs are rangassigned tam groups.nis selected so each packet of data
contains a minimum number of measurements per incidende hitgand per beamm was chosen here equal to 10. All
the methods are based on averaging the backscatter (ofdtedrgeophysical parameter), over groups of WVC falling
in the same incidence-angle bin and the same beam. The Hissdrepairs of groups corresponding to two different
instruments is computed yielding a semdfiases. The bias and variance (standard deviation) ofehisffiases is then
computed.



lce age histogram
Sea ice age ERSI a_ice 20 T T T T

13 g
12 E
2
1 5
o
10 -
9 i
hel
8 X
6 ©
£
5 S
=
4
3 ~
? o 2 4 6 8 10 12 14
1 lce age — "a'" parameter (dB)
0

Figure 3. Sea ice data (left), ice age parameter histogram (right) - solid line: ER&shed line: ERS-2

5. RESULTS

This section summarizes the results of the four cross-casgamethods (ocean cross-comparison, sea ice Cross-
comparison, rainforest cross-comparison and cross-casopabased on the collocation) obtained by their applicati

on two scatterometers. Figures 4 and 5 show the bias for tt&e HRRS-2 cross-comparison, respectively for ascending
and descending passes.

There is a relatively good agreement between the methodsmierd. The four methods provide relatively consistent
bias pattern (differing slightly in value). The direct coanjzon provides the highest bias, particularly noticealbleear
range in the side beams figures. Note that, the incidence aiffgrence equals O for the mid beam for all the 19 nodes,
while for the side beamAB can reach 0.2 deg. All the results show a small bias betwe&E&d ERS-2 suggesting a
calibration mismatch of approximately 0.1 dB with variatsoup to few 10th of dB, thus a need for inter-calibration.
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Figure 4. Red: Collocation, Blue: Ocean, Black: Sea ice , Green: Rainforegee-(fft), Mid (center), Aft (right) - Ascending passes
- April-June 1996

Table 2 shows that the biases between ERS-1 and ERS-2 puolidéhe four methods are very close and vary
between -0.06 and 0.12 dB. The bias shown in the table aresénage over incidence angle. These small biases suggest a
reasonable inter-calibration of the two scatterometbmjgh an additional inter-calibration is needed to meeGlobal
Climate Observing System requirements. The standard ti@vigalues are also very close with higher values for the
collocation method.
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Method N (ERS-1) N (ERS-2) Bias (dB) StDev (dB)
Ascending passes Fore  Mid Aft Fore  Mid Aft
Ocean 4.235M 3,516 M 0.082 0.048 0.036 0.010 0.009 0.010
Seaice 0.859 M 0.638M  0.155 0.130 0.099 0.012 0.009 0.012
Rainforest 123.5K 99.55K 0.002 0.089 -0.066 0.017 0.016 1D0.0
Collocation  14.46 K 1446 K 0.128 0.069 0.066 0.056 0.031 53%.0
Descending passes Fore  Mid Aft Fore  Mid Aft
Ocean 3.971 M 3.408M 0.087 0.044 0.048 0.009 0.007 0.009
Seaice 0.804 M 0.520M 0.164 0.121 0.108 0.014 0.011 0.014
Rainforest 5441 K 4457K 0.015 0.106 -0.010 0.027 0.026 2®.0
Collocation  17.90 K 1790K 0.081 0.098 0.047 0.047 0.022 60.0

Table 2. Comparison of the four methods

6. CONCLUSIONS

A methodology of cross-comparison of two space-borne exeatieters has been developed and presented. Generally, the
model-based methods performed more accurately (base@standard deviation) than a direct comparisoo®fThe
diurnal effect was observed over the rainforest with anease of the bias of approximately 0.1 dB during descending
passes compared to ascending passes. Over the other,tangeggigible diurnal effect was observed.

The methodology has been applied to compare ERS-1/ERShZgdtie tandem mission. The four methods provide
a relatively consistent results, except the collocatiotho@ which provides larger positive bias at near swath fer th
side beams. Finally, There is a noticeable incidence-adgpendent bias between ERS-1 and ERS-2 with variations
within 0.2 dB. Thus, in order to achieve a consistent datasé recommended to inter-calibrate ERS-1 and ERS-2

scatterometers. Correction coefficients can be computedv@raging the model-based methods bias) and applied to the
two scatterometers.
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