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Abstract— Scatterometer instruments are active microwave |. INTRODUCTION

sensors that transmit a series of microwave pulses and measure ACEBORNE tt t fi .
the returned echo power to determine the normalized radar Scalterometers are aclive microwave

backscattering cross section (sigma-0) of the ocean surface from adar instruments designed to acquire near-simultaneous,
which the speed and direction of near-surface ocean winds are spatially collocated measurements of the normalized radar
derived. The NASA Scatterometer (NSCAT) was launched on packscattering cross section (sigma-0) of the ocean surface
board the ADEOS spacecraft in August 1996 and returned ten .,y several azimuth and/or incidence angles. The value of

months of high-quality data before the failure of the ADEOS . . . L )
spacecraft terminated the data stream in June 1997. sigma-0 is a function of incidence angle, wind speed, and

The purpose of this paper is to provide an overview of the azimuth (horizontal) angle between the microwave radiation
NSCAT instrument and sigma-0 computation and to describe the and the wind direction. A quantitative model (geophysical
process and the results of an intensive postlaunch verification, model function) of the relationship between sigma-0 and the
calibration, and validation effort. This process encompassed the wind vector, the measurement geometry, and polarization, is

functional and performance verification of the flight instrument, . . . -
the sigma-0 computation algorithms, the science data Iorc,Cessingthen used to retrieve both the wind speed and direction over

system, and the analysis of the sigma-0 and wind products. the ocean.

The calibration process included the radiometric calibration In the past, several spaceborne scatterometers have been

of NSCAT using both engineering telemetry and science data fjown on Skylab, Seasat-A, ERS-1, and ERS-2. A Ku-

and the radiometric beam balance of all eight antenna beams ' i ' i

using both open ocean and uniform land targets. Finally, brief band scatterometer, the NASA Scatterometer (NSCAT), ""95

summaries of the construction of the NSCAT geophysical model launched on board the Japanese Advanced Earth Observation

function and the verification and validation of the wind products ~ Satellite (ADEOS) on August 17, 1996. It was turned on on

will be presented. _ September 10, 1996, and operated almost flawlessly until June
The key results of this paper are as follows: The NSCAT 34 1997 when ADEOS lost electrical energy output from the

instrument was shown to function properly and all functional .
parameters were within their predicted ranges. The instrument solar panels and the spacecraft, with NSCAT on board, was

electronics subsystems were very stable and all of the key pa- lost [1].

rameters, such as transmit power, receiver gain, and bandpass During the 40-week timespan, NSCAT, with its wide swath,
filter responses, were shown to be stable to within 0.1 dB. The demonstrated its usefulness by providing accurate, frequent,
science data processing system was thoroughly verified and theglobal measurements of sigma-0 (over land, ice, and ocean)

sigma-0 computation error was shown to be less than 0.1 dB. d f ind velocit the ice-f Th
All eight antenna beams were radiometrically balanced, using and near-surface wind velocity (over the ice-free oceans). The

natural targets, to an estimated accuracy of about 0.3 dB. Finally, Near-surface wind vector measurements are used in ocean,
a new model function, called NSCAT-1, was constructed and used atmosphere, and climate research, such as wind-driven upper
to produce wind products. The wind products were statistically ocean circulation research, marine meteorology research, air-,
verified using ECMWF wind fields and were validated using sea-, and coupled-climate research, and HioNimonsoon,
NDBC buoy measurements. Overall, we believe that NSCAT gen- . . )
erated high-quality wind products with wind speed and direction storm, and hurricane studies. The wind vector measurements
accuracies that met the science requirements. were also used in operational weather applications, such as
numerical weather forecasting, ocean ship routing, and storm
and hurricane tracking. The sigma-0 measurements were used
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NASA SCATTEROMETER (NSCAT) ON ADEOS

Fig. 1. NASA Scatterometer on ADEOS spacecraft. NSCAT is located at the front part of the spacecraft. The structure was built to accommodate six
sets of stick antennas, RF electronics, and digital electronics.

and determination of the quality of the sigma-0 and wind. Overview of the NSCAT Instrument System
products. The calibration process included the radiometric special tower-like mounting structure was installed at the

calibration of NSCAT using: 1) engineering telemetry ang,ns of the ADEOS spacecraft to accommodate the NSCAT

science data, 2) a calibration ground station (CGS), and tennas due to their stringent field-of-view requirements (see

the radiometric balance of all 9'9*“ antenna_ be_ams, US'F—%. 1). Each side of the swath (with respect to the spacecraft
natural targets and the CGS. Finally, the validation process . ind track) is illuminated by four antenna beams from

involved the validation of the NSCAT wind accuracy usin%. ; .
in-situ measurements. |ﬁer§nt a2|m_uth angle; (the fqre and aft bgams are vertlcally
polarized, while the midbeam is dual-polarized) (see Fig. 2).
The backscattered signals are Doppler-filtered using an on-
Il. OVERVIEW OF THE NSCAT INSTRUMENT board digital signal processor to produce 25 equally spaced
AND GROUND PROCESSING SYSTEM high-resolution (25 km) sigma-0 cells simultaneously. The data
In order to understand the overall postlaunch verificatigipllected from these four antenna beams (measured from three
and calibration process, some background about the NSCdifferent azimuth angles) allows for the retrieval of the wind
system design and processing system is required. In thjgeed and direction over a 600-km swath on each side of the
section, we will provide a brief summary of key NSCATspacecraft ground track.
system design features and the ground processing system. Ahe flight instrument consists of four major subsystems
detailed description of the NSCAT system can be found in [Jsee Fig. 3): the radio-frequency subsystem (RFS), the antenna



TSAI et al. POSTLAUNCH SENSOR VERIFICATION AND CALIBRATION OF THE NASA SCATTEROMETER 1519

Subsatellite
Track
4
Antenna 6 ] Antenna 1
Beam 6V | Beam 1V
]
]
1
o I
45 | 45°
Antenna 5 -t | R
Beams 5H, 5V \ l
65 1
1
1
i
N | ‘ 115
| - 4\
1350/> e j35°
|
|
Mcc:)nllltor Antenna 2
gl Beams 2H, 2V
|
|
|
|
|
|
Antenna 4 Left Wind ! Right Wind Antenna 3
Beam 4V Vector Swath | Vector Swath Beam 3V
l«—— 600 km e 600 km —|
200 | 200
km km

Fig. 2. NSCAT antenna illumination pattern on the ground. NSCAT has four antenna beams on each side of the spacecraft nadir track (subsatellite track)
Aside from the regular 12 sigma-0 cell measurements for each antenna within the wind vector swath, there is also a monitor cell for each antenna beam,
located roughly at 10 incidence angle. The monitor cell is used to monitor the stability of the instrument electronics, since the radar backscattering
cross section is insensitive to wind speed and direction at this incidence angle.

subsystem, the digital subsystem (DSS), and the mechahie desired fan beam illumination pattern on the earth’s
cal/thermal subsystem (MTS). The function of the RFS is &urface, the antennas were designed to be 10 ft long, 2.5
generate the transmit pulses and route them to the anteimawide, and 4 in deep. The antennas are comprised of
subsystem through a waveguide-switch matrix to the selectg@phite-epoxy horns and thin-wall aluminum waveguides.
antenna beam; to receive the return signal, down-convert dbaich antenna produces a fan beam with @28B beamwidth
pass the signal to the DSS; and to calibrate the receiver gairelevation (along-beam direction) and a Oleamwidth in
using a noise source. The transmit pulse has a 5-ms pulgémuth (crossbeam direction). The MTS provides antenna
width and has a pulse repetition frequency of 62 Hz witktow (launch restraint) and deployment mechanisms and the
each measurement consisting of a sequence of 25 transstiitictural support for the RFS and DSS. It also provides a
pulses. The transmit pulses are amplified by a high-voltagtable thermal environment, maintaining the instrument in a
traveling wave tube amplifier (TWTA) to a peak power ofight temperature range (<) via a passive control scheme
about 110 W. The received signals are downconverted, passetploying louvers.
through four crystal filters, and further downconverted to The DSS consists of two processors: a command and control
baseband before being input to the DSS. In order to achigw®cessor (CP) and a digital Doppler processor (DDP). The
high accuracy in the measurement of the echo power, t6® performs the control functions for instrument operations,
RFS has two internal, well calibrated, and highly stablecluding receiving commands from the spacecraft and collect-
calibrators: a transmit power monitor (for measuring thiag telemetry data. In addition, the CP also computes certain
transmit power) and a noise source (for measuring the receipgocessing parameters for the Doppler processor. The on-
gain). Furthermore, to minimize the receiver gain variatiopoard DDP is used to perform Doppler beam-sharpening of
over the orbit, a temperature compensation loop was built ine antenna beam in order to reduce the data rate, improve the
to the RFS receiver system. coregistration accuracy of signals from the four antenna beams
The antenna subsystem consists of six identical, duah each side of the ground track, and allow for the accurate
polarized fan beam antennas. Each antenna is made upc@fbration of the backscattered power measurements.
two separate slotted waveguide arrays. While all antennas ) i .
are dual-polarized, only the vertical polarization is used f& Overview of the Science Data Processing System
antennas 1, 3, 4, and 6 (see Fig. 2). Both vertical and horizontalThe ground data system for NSCAT consisted of the data
polarizations are used for antennas 2 and 5. To achiedelivery system and the science data processing system
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Fig. 3. NSCAT instrument functional block diagram.

(SDPS). The SDPS performed data ingestion, geometfarmulation of the radar equation in the following form [4]:
collocation, sigma-0 computation, wind product generation,

. L . P? =p>tN _pN

and product archive and distribution. The calculation of v y o

vector winds from raw NSCAT data requires: 1) calculating _ G / 2. Ga(M)ao(7) () 1)
earth-located sigma-O values for each antenna beam and L(4m)? R(7)

collocating ocean sigma-0 measurements from beams wit

) . L PZi [ STV -
different azimuths, 2) estimating a set of probable vect(\g\fnere ~ Is the measured signal powek; s the mea

ered signal-plus-noise power;" is the measured noise-only

winds from the collocated sigma-0 measurements throu . ; . ’
. . . . ... power,o, is the normalized radar backscattering cross section,
inversion of the geophysical model function and the statisti

solution of an over determined system, and 3) selectinglo<":1slsS gweisslt?]r;t trrzrr:grenﬁ: g)skoheeicgw?s-V\t/r?Z gﬁgﬁg ;V:i“rggl:éde
14t a r

unique wind vector from the set of probable wind vector%he RFS receiver gain, andis the transmit wavelength. The
Due to the stringent radiometric accuracy requirements i '

. . . . ffective filter functionZ’(- - -) is a function of the range gate

g:)e hsils%ir::]:tf d C;r:gpmz'rozoigzgg?ns ;géu’;lascc'fegg dqtli)l tfabrréing, signal time delay, cell location, and slant range. The

vefified ostlaunch P y two-dimensional integration is over all of the footprint of the
P ' total two-dimensional ground area of a given sigma-0 cell.

In general,s, inside the integral is a function of ground

I OvervEw oF ENDTOEND Saus0 264107, Howeer, because we o leested n e aycrage
COMPUTATION, INSTRUMENT PERFORMANCE, i the foﬁgwin for?n' ' P
AND CALIBRATION REQUIREMENTS 9 )
47)3L R
oo = Kp15 LSQ <_2> 2)
A. Overview of the Sigma-0 Computation PG Ag A \ G ) .

The NSCAT instrument transmits electromagnetic pulseswhere A, is the 3-dB cell area, and---). are the radar
the ocean surface and makes an echo signal plus noise npeaameters evaluated at the center of the resolution cell.
surement and a noise only measurement. The radar equafitve correction factor (termedk'-factor”) takes into account
is then used to compute sigma-0. We can write a genethé antenna pattern variation within a resolution cell, digital
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Fig. 4. Relationship between radar parameters and measurable instrument parameters.

processor effects, transmit pulse shape, and range gativere then combined to form 50-km resolution wind vector
timing. K-factor can be expressed in the following form:  cells.
a2 The wind speed accuracy requirement is 2 m/s root-mean-
Asgoo <R—Z> squared (rms) error for wind speeds from 3-20 m/s, and
S ) (3) 10% of the wind speed for speeds between 20 and 30 m/s.
/dQ;Ga(T)O—O(T) F(---) The wind direction error is required to be less than 20 rms
RY(7) for the ambiguity closest to the true wind direction (NSCAT

This formula was implemented in software, and calculatioﬁ%picla”)_’ generates four. possible wind vector solutions, called
with NSCAT instrument and orbital parameters were carrignPiguities, for each wind vector cell). In order to meet these
out prelaunch and provided to the SDPS in tabular form fégguirements, we needed to impose stringent performance and
the sigma-0 computation [4]. calibration requirements on NSCAT. The key performance

The computation of sigma-0 is further complicated b{eduirements are: 1) the signal-to-noise ratio (SNR) shall be
the fact that some of the radar parameters given in (2) apgger than—8 dB, for 3 m/s winds and 2) the antenna
not directly measurable physical quantities, but are deriv@gttern, beam pointing, transmit power, receiver gain, and
from measurable instrument and spacecraft parametersPagdpass filter response need to be stable and repeatable, with
shown in Fig. 4. Algorithms for computing these relationshipd combined rms variation of less than 0.5 dB, 1-sigma, over

were tested extensively prelaunch and needed to be veriffednin. Extensive prelaunch tests were performed showing
postlaunch. that the instrument did indeed meet these requirements (see

Table I). One of the key postlaunch verification and calibration
tasks was to verify, using mission telemetry and sigma-0
analysis, that the science requirements were met.

K=

B. Overview of Instrument Performance
and Calibration Requirements

Instrument design and calibration requirements were levied
to meet the science requirements [6]. The coverage require-
ment of obtaining data for 90% of the open ocean (in two
days) was achieved by designing the instrument to have &aor a given radar design, the accuracy of the retrieved wind
600-km swath on each side of the spacecraft nadir track. Témeed and direction depends on the accuracy of the measured
50-km wind vector cell resolution requirement was met bsigma-0 values and the uncertainty of the geophysical model
Doppler beam sharpening of the antenna beam to proddaaction. The verification and calibration process involved the
25-km sigma-0 resolution cells. These sigma-0 measuremeiuiéowing key steps.

IV. POSTLAUNCH SENSOR VERIFICATION
AND CALIBRATION APPROACHES
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TABLE |

SUMMARY OF NSCAT PRELAUNCH CALIBRATION RESULTS

Prelaunch Calibration Bias Time-Varying Calibration Error

Calibration Parameter Parameter Error o, Error Paramcter Error o, Error
Antenna Peak Gain 0.35 dB 0.7 dB (2-way) 0.10 dB 0.20 dB (2-way)
Antenna Broad Beam Pattern 0.02 dB/dB 0.40 dB max (2-way)
Antenna Beam Width 0.015° 0.16 dB 0.005° 0.05 dB
Antenna Squint 0.05° 0.09 dB max 0.007° 0.01 dB
Antenna Pointing 0.05° cach axis 0.05 dB 0.08° each axis 0.13 dB
Spacecraft Navigation N/A 0.00 dB 1 km, 2 m/s each axis | 0.00 dB
GMT Time Tag N/A 0.00 dB 0.70 scc 0.00 dB
Mixing Frequency 200.00 Hz 0.03 dB < 200.0 Hz 0.03 dB
Receiver Gain 0.17 dB 0.17 dB 0.10 dB 0.10 dB
Transmit Power 0.35 dB 0.35 dB <0.10dB 0.10 dB
System Loss 0.24 dB 0.48 dB (2-way) 0.05 dB 0.10 dB (2-way)
Transmit Wavelength 1.00 MHz 0.00 dB < 1.00 MHz 0.00 dB

RSS Sums Prelaunch Bias = 1.03 dB Kpr=0.31dB

Postlaunch Bias Removal Uncertainty: 0.2 dB Beam-to-bcam, 0.5 dB Absolute

Step 1—Instrument Functional and Performance Verificéematic errors in the NSCAT winds through comparisons
tion: Immediately after instrument turn on, we needed tbetween NSCAT data and selected statistics of operational
verify that the antennas were deployed properly, the electrosigrface wind analyses. The wind product validation involved
subsystems were functioning properly, and the key instruméhe determination of the wind speed and direction accuracy
calibration parameters were stable over time. This requirefl the interim NSCAT vector wind data based on detailed
the use of the engineering, science, and spacecraft telemetgmparisons with independent, high-quality, open-ocean buoy
We also needed to verify the stability of the key instrumergeasurements.
calibration parameters, such as transmit power, receiver gain,
and crystal filter frequency response. V. NSCAT MiSSION OPERATION TIMELINE

Step 2—Science Data Processing System (SDPS) Verificayscat is one of the six scientific instruments on board
tion: The computation algorithms contained in the SDPS afge ADEOS spacecraft. The NSCAT antennas were deployed
an end-to-end realization of the total NSCAT measuremegihoyt 12 hours after launch. The electronic subsystem was
process starting from raw data acquisition, through sigmggned on on September 10, 1996, and the engineering check-
0 computation, to wind vector retrieval, and data produglyt was conducted within the first five and half days (see
generation. Therefore, the verification of the SDPS involvegtly 5y, The first day was dedicated to functional checkout,
functional verification, calibration parameter and table verifgng the next two days were spent collecting calibration and
cation, end-to-end sigma-0 computation algorithm verificatioperformance data in continuous calibration mode (CCM).
and sigma-0 product verification. The instrument was then commanded to operate in wind

Step 3—Sensor CalibrationThe retrieved wind vector ac- opservation mode (WOM) to collect science data for sigma-
curacy depends on both the relative and absolute calibrat@nand wind measurements. Special binning constants were
accuracy of the scatterometer system. The relative radiometjfflinked at the beginning of the WOM period to operate the
calibration accuracy affects the wind vector accuracy, whilgstrument in a special high sigma-0 resolution mode for two
good absolute radiometric calibration accuracy ensures igys: one day each at 12.5 and 6.25 km resolutions. Finally,
capability for accurate determination of the Ku-band geophys-new set of binning constants, using the updated ADEOS
ical model function. Major calibration issues addressed hegebital parameters, were uplinked to operate the instrument in
are the beam pointing of the antennas and the beam-to-bea@M at the nominal sigma-0 resolution of 25 km.
radiometric balance. NSCAT operated in nominal WOM from September 15,

Step 4—Construction of a Geophysical Model Functior1:996 to June 30, 1997, with the exception of a two-day period
Estimation of wind velocity from sigma-0 involves the infrom January 15-16, 1997, during which NSCAT collected
version of a geophysical model function, which is a fundiigher resolution (12.5 km) sigma-0 data. As mentioned be-
tional relationship between sigma-O and the wind vectorfgre, NSCAT ceased operation on June 30, 1997, due to the
measurement geometry, and polarization. A method, usifailure of the ADEOS solar panel [1].
numerical weather product (NWP) wind fields, special sensor
microwave/imager (SSM/I) data, and wind field analysis for
the construction of a new model function is presented later. The sensor verification activities described in this section

Step 5—Wind Product Verification and Validatioithe include the verification of all components of the instrument and
wind product verification involved the identification of sysprocessor systems which affect the determination of sigma-0.

VI. POSTLAUNCH SENSOR VERIFICATION
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A. Instrument Functional Verification cycle counter. There were also no errors during our monitoring

As a part of NSCAT mission operations, sophisticate®€/od- _ _
software was developed for automated instrument functionalS°me ©f the key results of the instrument functional check-
verification, limit checking, and performance and calibratiofut are as follows.
parameter monitoring. The instrument was first checked andl) Within a given orbit, the temperature variation of the
verified during the initial turn on and later during normal RF electronics subsystem was less thafiC2 This
operations in WOM. is accomplished by the use of louvers and a clear,

The instrument was operated in every mode during the unobstructed view of deep space. _
initial check-out, and all functional and performance param- 2) All NSCAT operational modes were exercised success-

eters were monitored continuously. The following parameters _ fully. - _

were limit-checked daily: DIU (DC/DC interface unit) and 3) The digital subsystem was verified using debug mode
DSS voltages; main bus current; Traveling-wave-tube (TwT)  data (as compared to the prelaunch test data) which used
body current, body regulator voltage, and ion pump current; digital S|_gnals of known frequencies and amplitudes.
spacecraft attitude and altitude; IPM (input power monitor for 4) All functional parameters, such as currents, voltages, and

the TWTA) and transmit power monitor (TPM) measurements; _ [€mperatures were within safety and predicted limits.
dc offsets for all four receiver channels: gain and noise figures®) The housekeeping engineering telemetry indicated that

for all four receiver channels and all four local oscillators € antennas were deployed properly. Using sigma-

(LO’s); channel powers, signal-plus-noise and noise-only cell 0 measurements, the Iocathns of smallllslands were
powers; orbit timer; and temperatures for the ASM (antenna computed and they agreed with map chanons to within
switch matrix), crystal filters, DIU, DSS, HVPS (high voltage 25 km (the accuracy of the determination method).
power supply for the TWTA), IPM, LNA (low noise amplifier),
noise source, REU (RF electronics unit), STALO (stable locB Instrument Performance Verification
oscillator), TPM, and TWTA. All these parameters were shown As mentioned in Section Il, in order to achieve high cal-
to be very stable and within expected limits. ibration accuracy, NSCAT has two built-in calibrators: the
The following errors were also checked for on a daily basigansmit power monitor (TPM) and the noise source (NS).
CSB (circulator switch bank)/beam mismatch, invalid modahese two internal calibrators allow us to frequently monitor
receiver protect in wrong state, HVPS backup commandetle instrument transmit power and receiver gain.
TWTA undervoltage trip, TWTA overcurrent trip, TWTA body 1) Transmit Power VerificationThe transmit power is
overcurrent trip, lack of startup requirements, error queweeasured by the TPM by summing the power in the 25 pulses
full, fault counter change, ULM (UHF loop module) andransmitted during a given antenna beam transmit sequence.
SLM (synthesizer loop module) unlocked, TWT trip overrid®y calculating a running average of these TPM measurements,
enabled, TWT monitor disabled, TWT monitor HVPS (highwe were able to demonstrate that the transmit power (over the
voltage power supply) shutdown disabled, and unexpectidir-month initial checkout period) was very stable (to within



1524 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 37, NO. 3, MAY 1999

0.50 - rorrer T T T T [ A S At S B

0.40 | v ]

0.30 | 4

0.20 1

0.00 ¢ " L Vol ) [T p——

Power (dBm)

0.0 | 1

-0.20 k

-0.30

-0.40 -

_050 L b 1 . 13 il 1 1 1 1 P
10.0 120 14.0 16.0 180 200 220 240 260 280 30.0 320

Time (days since 1996-10-31T00:00:00.0007)

Fig. 6. Plot showing the long-term stability of the transmit power.

1.00 T 7 T T T T T T P T T T T

0.80 4
0.60 1
0.40 1
0.20

*"”'WW WWMW WWM ik

-0.20

Gain (dB)

-0.40 - 1

-0.60 -

-0.80

_1'00 1 1 1 1 1 i 1 1 1 L 1 L i L 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Time (days since 1996-11-30T00:00:00.000Z)

Fig. 7. Plot showing the long-term stability of the receiver gain.

0.02 dB) and the long-term variation (within one orbit) wasf 3.87 s. We found that the receiver gain variation is very
very small 0.1 dB) (see Fig. 6). small over one orbit, and that the receiver gain was very stable
2) Receiver Gain VerificationThe receiver gain of the over a period of, at least, several days. This is due to the fine
NSCAT instrument was monitored during CCM to demonstratemperature control of the RFS and due to the implementation
the short-term (within one orbit and within one day) stabilitpf a temperature compensation loop for the receiver gain of the
of the 16 combinations (four channels each with four differelRFS. Using a running average of about 100 calibration cycle
LO’s) of receiver gain. During routine WOM operations, aneasurements (roughly 0.5 day), we can compute the receiver
calibration cycle is conducted once every 8 min to measugain to an accuracy of about 0.1 dB 3-sigma for all channels.
the NSCAT receiver gain. The long-term stability of the receiver gain was monitored
Furthermore, due to the integration time and receiver bangy using a 200-point running average over the calibration cycle
width constraints, the expected receiver gain measurememsasurements. We were able to demonstrate that, over a period
may have a statistical fluctuation of up to 0.75 dB peak-t@f four months, the receiver gain was stable to within 0.1 dB
peak [5]. The time scale of the receiver gain variation w&ssigma (see Fig. 7).
determined using the data collected during CCM, where all 18) Bandpass Filter (BPF) Frequency Response and Spurious
receiver gains could be computed once every antenna cyhleises Verification:The echo returns of NSCAT are divided



TSAI et al. POSTLAUNCH SENSOR VERIFICATION AND CALIBRATION OF THE NASA SCATTEROMETER 1525

Channel 1 Channel 2
0.4 | , 04

Pre-Launch
@;7 : % © On-Orbit Quick-Lool
0.2 v \

3 VA \ 3
) : Re
¢ 00 ) %‘ <
f W]
((8 g & O]
g 02 1) : o )
E 3 g 3
~0.4 — e ~0.4
b
-0.6 ) -0.6 :
0.0 64.0 128.0 192.0 256.0 0.0 64.0 128.0 192.0 256.0
Bin Number Bin Number
(@) (b)
Channel 3 Channel 4
04 0.4 — . . —
0.2 0.2 -
o [}
= Rl
T 00 - 00
& S
O] (O]
& -02 g =02
A A
-0.4 -0.4
-06 —— e -0.6 —
0.0 64.0 128.0 192.0 256.0 0.0 64.0 128.0 192.0 256.0
Bin Number Bin Number

© (d)

Fig. 8. Comparison of prelaunch and on-orbit crystal filter frequency response for all four channels.aXiseis the FFT bin number and theaxis (the
delta gain) is the bandpass filter gain relative to the average gain for that channel. The FFT bin bandwidth is a function of the channel and ise4pproximat
(a) 935 Hz for channel 1, (b) 515 Hz for channel 2, (c) 266 Hz for channel 3, and (d) 238 Hz for channel 4.

into four frequency channels using four crystal bandpass filters.The agreement between the postlaunch BPF measurements
Due to sigma-0 accuracy requirements, the gain of the BPFQ@isd those obtained prelaunch in thermal-vacuum (shown in
needed to be stable in time and the response of each chartigl 8) is amazingly good. The variations of the BPF responses
needed to be calibrated to better than 0.05 dB. One of tere also found to be very small (within the statistical fluctua-
key prelaunch instrument calibration tasks was to demonstréite of the measurements). The same technique was also used
that the BPFO’s were stable and to calibrate their frequentsy detect spurious noise. We found that the spurious noises
response in thermal-vacuum. It was also critical for us t&mained small and the frequencies and amplitudes of the spurs
verify, postlaunch, that these filters were stable and th&were in good agreement with prelaunch measurements.
frequency responses remained unchanged.

Algorithms were developed and tested prelaunch to u€e Science Data Processing System (SDPS) Verification
either the noise-only measurements or the continuous calibrapgnce it was demonstrated that the instrument was func-
tion measurements to compute the BPF gain as a functighing properly, was stable over time, and calibrated, the
of frequency after launch. The algorithms were based Q@rification of the SDPS began. As was mentioned before, the
the fact that the on-board processor generates a sigma-0 ggthputation algorithms contained in the SDPS are an end-
measurement by summing over several fast Fourier transfofgiend realization of the total NSCAT measurement process,
(FFT) bins. The number of bins and the location of the bingarting from raw data acquisition, through the sigma-0 com-
varied over the orbit. The algorithms involved accumulatingutation, to wind vector retrieval and data product generation.
sigma-0 measurement data over a long period of time (tWerefore, the verification of the SDPS involves the follow-
days for CCM and three weeks for WOM), generating aing: SDPS functional verification, calibration parameter and
overdetermined set of linear equations in which each cedible verification, end-to-end sigma-0 computation algorithm
power is equated to the sum of its FFT bins, and finding \arification, and sigma-0 product verification.
linear least squares solution for the set of equations. In thisl) Processor System Function Verificatiomhe SDPS was
way, the BPF frequency responses for all four channels tested extensively prior to launch using realistic simulated data
reconstructed to a resolution of one FFT bin. in the ADEOS data formats. A science simulation created raw
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telemetry from a combination of engineering test data amdis and attitude, an earth model, and antenna deployment
wind field simulations. This data could then be processed eratigles. The first step to verify cell location was to compare
to-end within the SDPS algorithm testbed (ATB). After launcithe locations of small islands using radar backscatter
the ATB was used to process higher-level data products needeglhsurements against detailed land maps. Using this method,
during the preliminary calibration period. This allowed fowe were able to verify that cell locations were correct to less
rapid and continuous updates and corrections to be madehan 25 km.
the ATB as the data were analyzed. Changes in the ATB would b) K-factor table verification: As mentioned above, the
later be propagated to the official data processor. radar equation correction factof-factor, is a triple sum
Aside from processing NSCAT data to generate wind prodf a double spatial integral over the antenna gain pattern
ucts, the SDPS also implemented quality assurance (Q&)d digital filter response (FFT)k-factor depends on the
procedures to identify and flag data products, at the granbligning constants in use by NSCAT, the ADEOS orbital
level, which obviously and significantly did not conform tgparameters, the antenna gain pattern, the transmit pulse shape,
the expected accuracy for the particular product type. Typidke digital filter response, and the range gate timing. Therefore,

QA tasks and products were as follows: it is impractical to calculate this quantity in real time, and
« header record check; a precalculated¥ -factor table needed to be generated. The
- statistical analyses of each parameter; gletailed formulation and tabulation &f-factor can be found
« alarm limit checks of parameters; in [4].
« histograms of selected variables; Aside from the careful verification of the theoretical formu-
« distribution of various flags; lation and the numerical computation, a powerful verification
« global wind vector plots. of K-factor is to show that the sigma-0’s from a given cell are

in princile, OA was abl to cetect major roblems i win LTS T0% Eherne boundaries. he o b processo
products before distribution to the science users. req yar 9

Since sigma-0 is a derived physical quantity, its CompL(I)_measurement cell using an algorithm and a set of uploadable

' constants (the binning constants). These center frequencies are

ion r ir f well calibr nstan n Ies. . : T
tation requires a set of well calibrated constants and tab (\elgned over the course of an orbit so that each cell maintains a

gey quantities being checked a_nd updated ||_’10|uded ame.nci%%stant cross track distance from the nadir track. The center
eployment angles, antenna gain patterns with an assome%e

L2 . . . tgquency and bandwidth of each cell is translated into a
definition of coordinate system, and transmit and receive pe}
loss. requency channel number, one through four, and a range

2) End-to-End Sigma-0 Computation Algorithm Verificationc:)]c FFT bins to be summed..The-frequgngy chgnnels overlap
uch that a cell can always fit entirely within a single channel.

The NSCAT instrument transmits electromagnetic pulses to té)e . .
ocean surface and detects the return backscattered power. ﬁ(éasmnally, a cel moves too CIOS? to the edge of its _current
o : channel and is moved into the adjacent channel which has
radar equation is used to compute sigma-0. The computanond.fferent channel gain and bandpass filter response. Thus
of sigma-0 from NSCAT measurements is quite complicatéad e 9 . P b : '
due to the following factors. yenfymg the continuity 01_‘ sigma-0 across channel boundary
i ) is a powerful tool to verifyK-factor, because the value of

* The signal power of an NSCAT measurement is computed tactor depends on the number of FFT bins within each
from the subtraction of the noise power from the signajagg|ytion cell, and the number of FFT bins makes a significant
plus-noise power measurement. This algorithm is furthgfyn at channel boundaries. Thus, if the values of sigma-0
complicated by the FFT binning in the DSS and thge continuous across channel boundaries, it is reasonable to
nonflatness.of t.he BPF.response._ _assume that-factor correctly compensated for the change

* The determination of sigma-0 using the radar equatiQR ce|| bin width. Fig. 9 is a plot of sigma-0 as a function of
requires a two-dimensional surface integration of thgwital position, which shows that sigma-0 is continuous across
radar parameters. The computation algorithm uses #} channel boundaries (regions highlighted with dark spots).
nominal radar parameters at the center of each sigma-Q final verification of thek -factor formulation is to verify
cell together with a precalculated correction factor, calle@at the i -factor table is insensitive to spacecratft attitude and
K-factor, which takes into account the antenna pattefkitude variations for the expected range of spacecraft attitude
variation within a resolution cell, digital processor effectsang altitude variation. This study was conducted by Prof. D.
range gate timing, and the transmit pulse shape. Long at Brigham Young University [7].

* Some of the radar parameters are not directly measurable ¢) Noise subtraction algorithm verificatioriThe  noise
physical quantities, but they are related to measuralgptraction algorithm calculates the signal portion of the
instrument and spacecraft parameters (see Fig. 4). Alg@ceived power by subtracting out an estimate of the
rithms for computing these relationships needed to Bgckground noise from each signal-plus-noise measurement.
verified. Background noise measurements were made over the entire

Finally, some of the instrument and geometric parameters ateannel bandwidth (of about 1 MHz) for a shorter length of
computed from the engineering and science telemetry. Thesee and must be scaled appropriately to estimate the noise
algorithms also needed to be verified. power within the narrower bandwidth of the signal-plus-noise
a) Sigma-0 cell location verificatiorithe sigma-0 cell measurement made over a longer length of time. The gain of
location was calculated using the ADEOS spacecraft epheeach periodogram bin (the frequency response) is calculated
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Fig. 9. Mean sigma-0 difference between neighboring cells as a function of orbit position. The dark dots are the sigma-O difference between cells
from two different channels. The-axis is the orbit step number. (Each orbit is divided into 2048 orbit steps, starting and ending at the ascending
node (equator crossing), with each orbit step lasting just under 3 s). (a) Antenna 1V, cell 6—cell 5; (b) antenna 2H, cell 9—cell 8; (c) antenna 1V,
cell 7—cell 6; (d) antenna 2V; cell 17—cell 16.

relative to the gain of the entire channel, and therefore tktge lost portion of the echo. The value g@factor is calculated
frequency response only needs to be applied to the signal-plten the fly” in the SDPS using spacecraft ephemeris data.
noise measurements. The accuracy of this noise subtractio®ince the values ofj-factor depend on the range gate
algorithm is especially important for estimating sigma-0 whetiming, and the range gate timing is different for each of
SNR is low (wind speed3 m/s). the four channels, the channel boundaries were again used to
Due to statistical fluctuations, it is possible to calculatdetect errors in the calculation gffactor. Fig. 9 shows that
negative measured sigma-0’'s for cases in which the sigs@gma-0 is continuous across channel boundaries and therefore
power is low. One of the methods used to verify the noisgemonstrates thaj-factor is correctly compensating for the
subtraction algorithm was to generate the global distributioange gating effects.
of negative sigma-0's over both land and ocean (Fig. 10), and e) Binning algorithm verification:The NSCAT instru-
to verify that only regions of very low wind speeg&2 m/s) ment resolves each received echo into 25 narrow bandwidth
over oceans and lakes produce negative values of sigma-0 f&lls by passing the sampled echo through an FFT and
Another method used to verify the noise subtraction algsumming given ranges of FFT bins into cells. The location and
rithm was to generate a histogram of sigma-0 and compare tf@ndwidth of each cell is calculated by the Doppler binning
distribution in the low and negative sigma-0 regions with thalgorithm. A set of constants, called binning constants, is used
of prelaunch simulation results. by the binning algorithm to control the frequency location,
d) g-factor algorithm verification: The g-factor is a nu- and consequently the physical location, of each sigma-0
merical factor which compensates for range gating effectesolution cell. The summation of periodogram bins into
Occasionally, the slant range to the earth is such that tbells was performed on orbit by NSCAT and the cell power
entire backscattered echo does not fall into the receiver gateasurements were downlinked in mission telemetry. The
a portion of the echo is “gated out.” This causes the receivepper and lower frequency of each cell must be determined
to measure less power than it would have had the entire edhothe ground data processor in order to calculate the cell's
been captured in the range gate. Thfactor compensates for area and to locate the cell on the earth’s surface.
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Fig. 10. Global negative sigma-0 map from NSCAT data collected on September 16, 1996.

Extensive testing was performed prelaunch to verify thaf negative sigma-0 over the ocean was consistent with that
the binning algorithm used by NSCAT could be exactlpbtained from prelaunch end-to-end simulations.
reproduced in ground software and would accurately locateAnother consistency check of the sigma-0 data was to plot
the sigma-0 cells at the desired locations. Postlaunch data W sigma-0 difference between neighboring cells over land
analyzed to verify that the bandwidth of cells was correctiyersus orbit step for each antenna. This plot was generated
calculated by the SDPS. The channel noise measurembytaveraging over many orbits and many cells at the same
was used to calculate the expected noise power of noisatitude, and it was anticipated that the sigma-O differences
only cell measurements. The expected cell noise power wr land should be well behaved and continuous. A typical
then compared with the noise-only measurement of eaRl®t of the result is shown in Fig. 11 and indeed, the sigma-0
cell, after correcting for the bandpass filter ripple effect. Néifferences are reasonably behaved.
discrepancies were found. A quick check of the sigma-0 products over ocean can be
f) Analysis of sigma-0 productsSince sigma-0 is a performed by plotting the histogram of sigma-0 over ocean,
physical quantity, a powerful method to verify the sppygsing ipcidgnce angle as a free parametfar. A typical plot_ is
is to analyze the sigma-0 products to see whether they satigfPwn in Fig. 12. For very low values of sigma-0, the density
physical constraints. Several sigma-0 analysis methods ffBCtion has a second peak. It turns out that sigma-0 drops off
described below. rapidly at low wind speeds and consequently produces a large
A powerful check on the noise subtraction algorithm Waggmber of near-zero sigma-0 values for Rayleigh distributed
to plot the location of negative sigma-0’s over land and oce?fﬂnd speeds.
(see Fig. 10). Negative sigma-0 can occur in regions where
the mean sigma-0 is expected to be low, due to the statistical VII. SENSOR CALIBRATION
nature of the power measurements and the noise subtractiom order to retrieve wind vectors to the desired accuracy
calculation. It was observed that only regions which are cleadig specified by the science requirements [6], we needed to
identified as lakes had negative sigma-0. Also noted was thedlibrate NSCAT and to compute sigma-0 with a high degree
over the ocean, the regions with negative sigma-0’s are knowh accuracy. The calibration of the instrument electronics
to have calm winds €2 m/s) [8]. Finally, the percentagewas discussed in Section VI-B, and the verification of the
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Fig. 12. Sigma-0 histogram over ocean af 28cidence angle. The results

from NSCAT are plotted against the plots using SASS-2 model function, a

computation algorithms were discussed in Section VI-C. In

this section, we will present the calibration of antenna beam
pointing and the radiometric beam balance of all eight antenna
beams.

A. Beam Pointing Calibration

There are a number of factors which affect the antenna
beam pointing: antenna deployment angles, spacecraft attitude,
and mechanical and thermal deformation. These factors are
coupled and it is very difficult to verify them independently.
The goal of the beam pointing calibration is to verify and
calibrate the on-orbit beam pointing.

The prelaunch antenna deployment angles and coordinate
definition had been verified with the antenna alignment cog-
nizant engineer. A quick check on whether the antennas were
fully deployed was performed by using the housekeeping

a test model by lowering the sigma-0 of the SASS-2 model function at lo@ngineering telemetry (the antenna latch indicator) and by

wind speed €3 m/s) by 3 dB. This figure is used to demonstrate that theomparing the locations of small islands with a detailed land
second peak of the sigma-0 histogram at very low sigma-0 is due to the fact

that sigma-0 at low wind speed (as measured from NSCAT) is lower than t

predicted by SASS-2 model function.

dgap. For the latter, the agreement is within 25 km, indicating

the antennas were fully deployed.
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Fig. 13. Spacecraft (S/C) attitude determination using calibration ground station (CGS) measurements. The CGS measurements were segniented into S/
ascending and descending, and whether CGS was on the right or left side of the S/C nadir track. The values plotted here are differences between CGS
measurements and ADEOS reported yaw angle determination (from mission telemetry).

Three other methods were used to determine the antenrzck. The magnitude of the variation is typically on the order
beam pointing: analysis of calibration ground station dataf a few tenths of a degree. This is quite in contrast with the
analysis of uniform natural target sigma-O data, and indesported spacecraft attitude (see Fig. 14), which is typically a
pendent spacecraft attitude determination using raw spacecfaft hundredths of a degree in magnitude. As we will see in
housekeeping telemetry. The details of these methods will thee next two subsections, this discrepancy persisted. Therefore,
discussed below. The major conclusion from these studiesthigere were probably short-term spacecraft attitude knowledge
that attitude determination errors of the order of a few tentlesrors of a few tenths of a degree, which would contribute to
of a degree were likely to have existed [9]. Since there wabout a few tenths of a decibel in short-term sigma-0 variation.
no postlaunch verification of spacecraft attitude conducted by 2) Beam Pointing Determination Using Natural Targets:
ADEQS, there is no reasonable way for us to improve th&s part of the beam balancing described in the next section,
attitude determination uncertainty. natural targets such as the Amazon rain forest and central

1) Beam Pointing Determination Using the CalibratiorRussia were used to determine NSCAT beam pointing by
Ground Station: For the period from October 1, 1996 througtcomputing the sigma-0 difference (as a function of incidence
February 28, 1997, a calibration ground station (CGS) wasgle) as measured by the different antenna beams and relating
deployed at JSC Western Test Facility located in White Sandise difference to the spacecraft attitude [9]-[11].

NM. It was capable of transmitting pulses to NSCAT and Another method used to infer the accuracy of the spacecraft
also capable of receiving radiation from NSCAT. For eac#ttitude determination was to compute the beam-to-beam bias
NSCAT pass over the CGS site, a measurement was madewér the open ocean, separating ascending and descending
the antenna narrow beam pattern of the three antennas (fpasses. This method also indicated similar ascending ver-
mid, and aft) on one side of the spacecraft nadir track. Tlses descending attitude variations as described earlier (see
timing of the peak gain of these three antenna beams c@ection VI-B2 for more details).

be used to estimate the spacecraft attitude (roll, pitch, and3) Independent Attitude Determination by Post-Processing
yaw), assuming that the antennas were deployed at the desoBdRaw Housekeeping Attitude Datdhe attitude data as
angles. reported by ADEOS came directly from the spacecraft without

A sample plot of the yaw angle is shown in Fig. 13. Wéurther ground processing. As an independent verification, JPL
observe that the effective attitude differs from ascending nodsked NASA Goddard Space Flight Center (GSFC) Flight
to descending node, and from left to right side of the nadibynamics Division to independently determine the spacecraft
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attitude, via further analysis of the raw attitude housekeepi®=S or natural targets. Typical attitudes determined by GSFC
are shown in Fig. 15. There we see that attitude variations

Since ADEOS only downlinked one orbit (about 100 min) obf a few tenths of a degree were observed over one orbit.
housekeeping data each day, and only for orbits near Japahis is consistent with those reported in the two previous

data [12].
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it is difficult to compare GSFCO'’s results with that of thesubsections.
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telemetry) as a function of orbit time.
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B. Antenna Beam-to-Beam Radiometric Balancing complicate the calculations, and increase the time needed to

NSCAT has eight antenna beams (six V-polarization ar?d:quirg ggfﬁcient data to perform the peam balance analyses.
two H-polarization), four on each side of the nadir track The initial open-ocean beam balancing analyses for NSCAT

(see Fig. 2). Since measurements from multiple beams 43d the approach described in [13]. Operational global sur-
used together for wind retrieval, it is necessary to perforfic® \;]wnd analyses from Europea:jn Eentre for Mgdm:n—Range
a radiometric beam balance of all eight antenna beams. ThiYgather Forecasts (ECMWF) and the U. S. National Centers

are three methods for determining the beam balance: anal g{sgn_\/lronmental gr$d|ctlct>n EE‘C?P) ¥vere Ilr;earlyhlnlilesrpcc;T
of sigma-0 data over the open ocean, analysis of sigma-0 o pd N space ang time fo the localions ol eac o
uniform land targets, and analysis of data from the CGS. Jpen-ocean sigma-0 measurement. To eliminate contamination

principle, the third method of using the CGS is the most dire Pdesea '(r:]? and enrr(cj)r? n thet oralersjtlo?;lﬁﬁr%du::;sbatthh|gh

and most accurate means of determining the beam balar}](%.ui ef]’ ? yvc\)/cea %aiquar:) ; ain Oth u reti nOI wind

However, two factors caused us not to use the CGS-derive SPNEres was used. As errors € operationa
. roducts are larger at very low and very high wind speeds,

beam balance for data processing. Due to the nature of

CGS measurements, the CGS beam balance was very sens|

to spacecraft attitude determination errors. Beam balance

derived from distributed target analyses absorbed the unknown:: The SASS-2 model function was used initially, and a

attitude determination errors. Thus, although the CGS be smgle, incidence angle dependent scale factor was determined
. - Independent of orbit phase) for each antenna.
balance was potentially more accurate, the d|§tr|buted targe he relative antenna gain recalibration derived from this
begm balance hf"ld the advantage of compensating for unknolmﬁal analysis resulted in significant improvements in the
aFtltude €rrars, in an average sense, when u;gd to Calcu@&ﬁsistency and accuracy of the NSCAT vector winds and
sigma-0. Additionally, the.C'GS was not sufﬂueqtly Stabll'é‘\IIowed a scientifically useful multimonth data set to be dis-
from pass t(.) pass, and this increased the errors in the betﬁ%hted to the international NSCAT Science Working Team by
balance derived from CGS data. late November, 1996. However, the verification and validation
1) Beam Balancing Using Open Ocean Backscatter Megu; ities using the calibration ground station and data from
surements:Technlques.for the relative calibration of scatyisiributed nonocean targets demonstrated the presence of
terometer antennas using open ocean measurements and &iticant ADEOS attitude control knowledge errors. These
iliary mformafuon were developed and tested with ERS-1 da rors were systematic with respect to orbit position and
[13], [14] prior to the launch of NSCAT. Although they g gqested that the accuracy of the backscatter measurements
differ in detail, the open-ocean beam balancing approachgs;iq he improved by calculating beam balancing scale factors
require accurate auxiliary knowledge of the distributions Qfich gepended on orbit phase in addition to incidence angle.
wind speed and relatlye _vvmd direction imaged by each @f the same time, ongoing model function refinement activities
the antennas at each incidence angle, as well as reason?@hr‘nmarized briefly below in Section VIII) showed that sig-
accurate knowledge of the model function relating sigmjficant improvements over the prelaunch SASS-2 Ku-band
0 to wind conditions and viewing geometry [13]. The USgode| function were possible; as noted above and in [13],
of open-ocean data is appealing, since large quantities\gjle the open-ocean beam balance calculation is relatively
open-ocean backscatter measurements can be obtained rapidé¥nsitive to model function errors, the use of an accurate
and the dynamic range of the measurements is precisely tbﬁbr model function improves the fidelity of the beam balance
encountered for actual wind measurements (in contrast WiBrrections.
land and ice targets). It was shown in [13] that 0.2 dB relative The NSCAT open ocean beam balance approach was there-
accuracy could be obtained using as little as three weekstgfe extended and refined through integration with the model
scatterometer data. function refinement analysis. In particular, the empirical model
The open-ocean beam balancing methods are not with@ufiction development approach [17], [25], based on direct
drawbacks, however. Although precise prior knowledge e@bllocations between NSCAT backscatter cross sections and
the model function is not required [13], systematic incidenGgind velocity estimates derived from multiple operational
angle dependent errors in the model function can result giobal surface wind analyses (see Section VIl below), allowed
absolute errors in calculated antenna gains as a functionf@f the calculation of separate model function coefficients for
incidence angle. While such sigma-0 calibration errors willscending and descending tracks for each NSCAT beam. As
generally have insignificant effects on the accuracy of thRe model function relating backscatter to surface winds and
retrieved winds (unless the prior model function is egregioustgdar viewing geometry should be independent of orbit phase,
incorrect), they can seriously degrade the scientific utility efifferences in the empirical coefficients derived from ascend-
nonocean (land and ice) backscatter data [15]. In additiang and descending data can be attributed to apparent time-
the open-ocean techniques assume that the antenna calibrgterorbit-) phase dependent instrument calibration variations.
is stable over periods exceeding several months. Tempdralther, since antenna gain errors leading to beam imbalances
variations in the antenna calibrations (e.g., as a result aie functions only of beam and incidence angle (and not
satellite heating and cooling through the orbit cycle, or orbitaariations of sigma-0 within the measurement range), antenna
position-dependent attitude determination errors, as discussatibration factors can be refined by examining only the
in Section VII-A), prevent averaging of all ocean data, greatiyjodel function coefficients (i.e., the azimuthally integrated

I\%eanalyses were further restricted to measurements for which
e interpolated ECMWF wind speed was between 5 and 15
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Fig. 16. Averaged ascending versus descending sigma-0 measurement difference over open ocean. (B=di% /62).

response which is a function only of incidence angle and wiraerages are slightly different for the various antenna beams.
speed) calculated from different beams and orbit phases. The term is small and insensitive to the choice of the global
Ascending versus descending beam balance differencesdpculation model (GCM) (i.e., NCEP versus ECMWF). An
individual NSCAT antennas were determined by calculatingimportant property of the above equation is that the average
scale factor that minimized the integrated differences betweehi;(©) over the six v-pol antennas or the two h-pol antennas
empirical Ay coefficients (the average sigma-0 over wing zero. Thus, on the average, the beam balance correction does
direction for a given wind speed) in the wind speed ranggt modify theo, versus® relationship. The correction only
5-15 m/s at each incidence angle. The results are shownchanges the relationship in a relative sense for each antenna
Fig. 16. The ascending/descending discrepancies have typis@hm. Beam balance corrections are computed separately for
magnitudes of a few tenths of a decibel and are thought 48cending and descending orbit segments, and the results are
result primarily from ADEOS attitude knowledge errors.  shown in Fig. 17 (with the results at high and low incidence
A final relative open-ocean beam balance was calculatgdgles being corrected using distributed land targets). With the
from the following expression [28]: exception of extreme (high and low) incidence angle regions,
o - on-orbit beam biases calculated from the open-ocean technique
br(6) = (@(6) =~ 01(0)) = (F'(6) — I'(6)) @ ere typically less thaf0.6| dB, demonstrating the essential
where the bracket$) denote an average for the first thre@ccuracy of the extensive prelaunch antenna calibration efforts.
months of NSCAT measurements. The NSCAT measuremémportantly, the final open-ocean beam balance for NSCAT
is denoted byr;, where the subscripf denotes the antennaincorporated both orbit phase dependent (ascending versus
beam number. The model function value for the NSCA®escending) factors and refinements in the Ku-band model
measurement is denoted . The terms with the overbar function based on analysis of NSCAT data.
denote an average over antenna beams. For v-pol (h-pol), this 2) Beam Balancing Using Distributed Land Targets:
average is over the six v-pol (two h-pol) antennas. The modgistributed land targets have been used for scatterometer beam
function term I’ is evaluated using the collocated ECMWHFbalancing during SASS [18], [19] and ERS-1 [19] missions.
wind speed and direction, and it is included to account for tHenis calibration method relies on large area homogeneous
fact that the mean wind speed and direction of the three-mondind targets with uniform azimuthal responses. For such
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Fig. 17. Absolute antenna beam balancing results. F¥axis is the sigma-0 correction (in decibels) applied to each beam in order to balance the
sigma-0 measurements.

targets, consistency is expected for all beams (azimuths) oaaother large area in central Russia was identified, during
a relatively short data set collection period for which tempor#the calibration and validation (cal/val) activities, as being
stability can be expected. The calibration set was selectsafficiently homogeneous and isotropic. However, severe
by filtering data through high-resolution geographical maskseasonal variations limited the use of Russian data to the
The masks were generated using the resolution enhanceampw-free period. Therefore, this data was less reliable than
scatterometer image reconstruction (SIR) algorithm [19], [20Amazonian data and was used only to independently confirm
The Amazon rain forest is a traditionally used calibratiothe beam balance calculated for the Amazon region.

target. It covers an area of approximately 3 million square While previous scatterometer calibration studies based on
kilometers. Its uniform and dense canopy makes the radiistributed land targets have generally used the entire large
cross section independent of azimuth. The random orientatioomogeneous area as a unit, during the NSCAT cal/val ac-
of individual scatterers in the vegetation canopy makes sigmntasties, the region was also subdivided into smaller location
0 essentially polarization insensitive [18], while the equatoriglements. This enabled testing of the homogeneity assumption,
location minimizes seasonal effects. The observed diurrdalt increased the convergence time, because more time was
sigma-0 variation is within 0.5 dB, with the highest sigma-@equired to collect enough data for reliable sigma-0 modeling
in the morning [18], [19]. In addition to the Amazon basinin each location element. Results confirmed that introducing
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Fig. 18. Residual sigma-0 beam balance difference between ascending and descending passes.

spatial elements within the target does not change the beafrihe ascending and descending beam biases, we obtained the
balance compared to using the entire area as a single targeterall sigma-0 correction for each antenna beam as shown

The algorithm for computing antenna beam-to-beam sigmia- Fig. 19.
0 measurement bias is given below. Following Long and Sk-Finally, the beam bias results obtained from distributed
ouson [19], a polynomial form is adopted to model the sigmaté@nd targets were compared to the beam balance corrections
response. Polynomial coefficients are estimated from measurased on ocean data. Both correction sets were referenced to
ments which have their corresponding integrated sigma-0 cedistenna 3 V to account for different references used by the two
completely within the mask. A value of mean sigma-0 fomethods. Results are plotted in Fig. 17 for vertical polarization
all antenna beams is obtained by averaging the individuahd for ascending and descending passes, respectively. We
beam responses. The beam-to-beam bias is calculated fromabgerve that there is generally good agreement between the
difference between the mean sigma-0 response and the signtasdilts obtained from the two methods. Thus the distributed
response. This difference is added to raw measurements frigid target approach serves as an independent confirmation
each antenna beam. (Thus, the method is relative, aimedotthe beam balance derived from the open ocean sigma-0
removing biases among NSCAT beams.) The advantage no¢asurements.
this method is its simplicity and its relatively fast convergence.
Stable beam balance corrections are obtained using less than
two-week data. VIIl. POSTLAUNCH WIND VERIFICATION AND VALIDATION

Beam bias corrections based on data from ascending passékhe principal objective of the NSCAT instrument was the
are separated from those using descending pass data. Theatifiuisition of all-weather, accurate, high-resolution measure-
ference between the beam biases obtained from the ascendirgits of near-surface wind speed and direction over the global
and descending passes is plotted in Fig. 18. The differencenteans. Quantification of the accuracy of the NSCAT wind
on the order of few tenths of a decibel. This result is unexelocity data was therefore of primary programmatic and
pected, since based on NSCAT antenna design, we anticipageigntific importance. NSCAT postlaunch wind verification
that the beam balance would remain stable throughout thed validation involved three related, but distinct, activities:
mission duration, independent of whether the satellite passéginement of the Ku-band model function relating backscatter
ascending or descending. Further investigation suggested traks section to wind conditions and radar viewing geometry;
this ascending versus descending imbalance could potentiadlgntification of systematic errors in the NSCAT winds through
be caused by an inaccurate attitude determination of a feemparisons between NSCAT data and selected statistics of
tenths of a degree (see Section VII-A2). Taking the averagperational surface wind analyses; and determination of the



1536 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 37, NO. 3, MAY 1999

Fig. 19. Individual beam balancing corrections calculated from averaging ascending and descending passes.

wind speed and direction accuracy of the interim NSCAlhe NSCAT science requirements showed both that SASS-2
vector wind data based on detailed comparisons with inderoperly incorporated the basic speed, direction, and incidence
pendent, high-quality, open-ocean buoy measurements. Baefyle modulation of sigma-0 and that the NSCAT sigma-0
summaries of the important approaches and NSCAT resutt@asurements were reasonably well calibrated in the absolute
are presented below; details of these activities that are beyaaghse.
the scope of this paper can be found in the references. Wentz and Smith [25] and Freilicht al. [17] describe the
approaches and results that led to the NSCAT-1 empirical
A. Ku-Band Model Function Development and Refinement model function. The method of [25] was based on comparisons
Knowledge of the Ku-band model function over the fulpetween NSCAT and both collocated SSM/I and ECMWF

range of wind and radar parameters is critical for the Calculgleasurements of surface wind speeq, with an |terf';1t|ve pro-
tion of accurate wind velocities from NSCAT measuremenfi€dure used to ensure that the resulting NSCAT wind speed
[3]. Although increased understanding of the dynamics gfStogram was smooth and matched that of the collocated
wind-wave generation and radar scattering from realistic sE¢MWF estimates. The approach of Freiliehal. ([15]; see
surfaces promises to allow future construction of fully analytig/SO [14]) involved determination of the first six coefficients
model functions, all operational satellite scatterometer modB|the azimuthal Fourier series expansion of the model func-
functions developed to date have been empirically based. figf for each wind speed, incidence angle, and polarization,
these model functions, adjustable coefficients are determirfB§Pugh analysis of collocated and weighted surface wind
through analyses dh-situ measurements or statistics calcuestimates from both NCEP and ECMWEF [16]. As refined for
lated from proxy data (such as surface wind velocities froMSCAT, the method [17] explicitly corrected for coefficient
operational numerical weather prediction global analyzes, Bigses resulting from random errors in the operational surface
spatially and temporally collocated wind speeds from oth@palysis products and the use of finite width bins in the
satellite instruments). A principal difficulty with any empiricalcoefficient calculation. Although the fundamental assumptions
technique is the acquisition of comparison data spanning2&d methodologies underlying the two methods were different,
sufficiently large range of conditions. the results were extremely similar, and the NSCAT-1 model
The SASS-2 empirical model function developed for th&inction used to process the full data set used the Wentz and
Seasat scatterometer [23], [24] was used to produce fhith mean f,) coefficients and the Freiliclet al. higher
preliminary NSCAT vector wind data set. Although the reerder directional modulations [25]. The operational NSCAT-
fined model outlined below addresses systematic errors linmodel function is used in the wind retrieval algorithms
the SASS-2 model, the fact that vector winds retrieved from tabular form (with sigma-O given for each element of
NSCAT data using the SASS-2 model came close to meetipglarization, incidence angle, wind speed, and wind direction
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Fig. 20. Sample wind performance metric plots. Theaxis is the wind-vector-cell number (WVC #), with each WVC center separated by 25 km using
Doppler processing. (a) Speed bias, (b) rms speed error, (c) rms dir error, and (d) ambiguity removal skill.

parameter space). This approach decouples the precise form farhe wind speed density distribution generated using
the model function from the retrieval algorithms and allowECMWF has a regular Rayleigh distribution, independent
modification of the model function without requiring changesf the cell location (see Fig. 21). The NSCAT wind direction
to the processing software. distribution is also in reasonably good agreement with that of
ECMWEF, as shown by Fig. 22. This method is a powerful way
] o to verify antenna beam balance and model function, since we
B. Wind Product Verification believe that ECMWF wind fields, on the average, give a good
Several recent works ([13], [17], [25], [26], and referencesverall wind speed and direction distribution. Any deviation
therein) demonstrate that operational surface wind analy$esm ECMWF wind speed and direction distribution is an
correctly reproduce the low order statistics of the wind fielshdication that either the antenna beams were not correctly
on time scales from weeks to annual, although individulklanced or the model function in use needed some fine tuning.
operational analyses may contain significant synoptic errofithis was the case in the early stage of both the ERS-1 and
The operational analyses are global, and thus rapidly provid®l8 CAT missions. However, as shown in Figs. 21 and 22,
large quantity of comparisons with NSCAT data for qualitativafter careful beam balancing and using the NSCAT-1 model
validation and monitoring. NCEP and ECMWEF operationdlnction to process the winds, we obtained well behaved wind
analyses, spatially and temporally collocated with NSCA3peed and direction density distributions.
measurements, were therefore used throughout the NSCATFinally, to evaluate the accuracy of the ambiguity removal
postlaunch validation period to identify systematic errors in th@rocess, a new model-based QA algorithm was developed.
NSCAT winds and to allow data sets retrieved with differenthis technique uses only NSCAT data and a simplified model
model functions and beam balance corrections to be compacoédhear-surface wind fields [21], [22]. The swath is segmented
quantitatively. Fig. 20 shows differences between NSCAT amato overlapping 12x 12 wind-vector-cell (wvc) regions
NCEP wind estimates, averaged over approximately six weeksd each region is classified according to estimated quality.
of data, as a function of incidence angle for an intermediafamalyzing the nine-month NSCAT mission data set, the wind
version of the NSCAT model function. Speed bias, rms speegtrieval is at least 95% effective for 12 12 wvc regions
and direction errors, and estimates of ambiguity removal skillith root-mean-square wind speeds of greater than 4 m/s [22].
(defined as the fraction of NSCAT measurements for which o
the operational NSCAT processing selected the NSCAT vecfor Wind Product Validation
closest in direction to the NCEP analysis direction) were found NSCAT measured direction as well as speed, quantitatively,
to be particularly useful statistics. and the mission success required accurate direction as well
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Fig. 21. Wind speed histogram comparing ECMWF and NSCAT wind measurementsz-@kis is wind speed in m/s. Thg-axis is the percentage
of the total measurements at a given wind-vector-cell.

as speed measurements. The overall accuracy of the vetiawe unity gain, an offset (bias) 6f0.4 m/s, and an rms
wind measurements from NSCAT was further quantified bgrror of 1.15 m/s. For wind speeds greater than 6 m/s, the
comparison within-situ data from operational U.S. Nationalrms directional difference was found to be less tharn 17
Data Buoy Center (NDBC) ocean buoys. To validate th@fter discarding the approximately 3% of data with significant
NSCAT wind products, 27 open-ocean moored buoys weaenbiguity selection errors), and a mean clockwise bias of
used [27]. Fig. 23 shows the wind speed comparison betwestout 8. Performing the same analysis using NSCAT-sampled
NSCAT and the NDBC buoys, for NSCAT observations withit CMWF wind vectors gave a wind speed comparison with
50 km and 30 min of the reported buoy measurements. Thenunity gain and larger rms errors. The independent buoy
analysis shows that the 25-km resolution NSCAT wind speedalidation gives a better picture of the true NSCAT accuracy
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Fig. 22.  Wind direction histogram comparing ECMWF and NSCAT wind measurements. If the wind direction histogram obtained from NSCAT agrees with
that of ECMWF, the solid dot and the solid square will be on top of each other. The comparison between the ECMWF and the NSCAT wind direction
histogram is a good way to test whether there is significant “error” either in the construction of the model function or in the computation of sjgma-0. (a

FLIGHT DIRECTION

(©

1539

FLIGHT DIRECTION

(b)

Left swath ascending, (b) right swath ascending, (c) left swath descending, and (d) right swath descending.

than was obtainable from the numerical weather product
(NWP) comparisons alone, and allows us to separate the
NSCAT errors from the numerical model errors more clearly. 2)

The NDBC buoy comparisons clearly demonstrate that

NSCAT met its performance requirements of 2 m/s speed rms

(for speeds 3—-20 m/s) and 2@irection rms for the closest
wind vector ambiguity.

In this paper, we have presented the approaches and the
analyses performed on the sigma-0 and wind products to assure

IX. SUMMARY AND CONCLUSIONS

that they are reasonably behaved.
The verification and calibration of NSCAT is achieved using
the following steps:

1)
2)
3)
4)
5)

instrument functional and performance verification;
science data processing system verification;
sensor calibration;

construction of a geophysical model function;
wind products verification and validation.

The key conclusions are as follows.

1)

The NSCAT instrument was functioning properly.
All functional parameters, such as voltages, currents,

and temperatures, are within the ranges predicted by
prelaunch test data.

The instrument electronics were very stable. The tem-
perature variation of the RF electronics over one orbit
was less than 2C. This, together with the temperature
compensation loop for the receiver gain, provides a very
stable receiver gain (to within 0.05 dB) over a long
period of time. The transmit power, as measured by the
transmit power monitor, was very stable (to within 0.1
dB). The frequency responses of the crystal filters are
also very stable, and their shapes agreed very well with
prelaunch measurements.

) All of the sigma-0 computation algorithms were thor-

oughly checked and verified. The results passed the fol-
lowing two most severe tests: the continuity of sigma-0
across channel boundaries and the locations of negative
sigma-0's on the earth.

Based on our analysis of CGS data and sigma-O data
from natural targets, and also from an independent anal-
ysis of ADEOS housekeeping telemetry, the spacecraft
attitude as reported by ADEOS may be off by a few
tenths of one degree. This, in turn, affects the sigma-0
measurement accuracy by a few tenths of one decibel.
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5) The beam balancing was determined primarily by using Finally, the authors wish to thank H. Boettger, T.
sigma-0 data from the open ocean, with small inciden¢#ollingsworth, and J. Henessey for their generosity and help
angle regions affected by land target analysis. The providing the operational ECMWEF surface wind analyses,
relative sigma-0 accuracy of this method is estimatesiithin 36 h, throughout the entire NSCAT mission.

to be better than 0.3 dB.

The initial wind products (processed using the SASS-
2 model function) exhibited some anomalous speed
distributions at low wind speed and spikes in the windpy
direction distribution for certain wind directions. How-
ever, these problems were resolved by using the NSCAT[-Z]
1 model function to process the sigma-0 data to winds.
The comparison of NSCAT wind vectors with thosel3]
measured by NDBC buoys indicates that the wind speed
and direction accuracy of NSCAT meets the sciences]
requirements. 5]

(6]

The spacecraft for housing NSCAT was provided byl’]
National Space Development Agency (NASDA) of Japan.
NSCAT raw data were collected and distributed to JPL by th¢s]
Earth Observation Center of NASDA.

This postlaunch verification and calibration tasks were per-
formed by a team of engineers from JPL and NSCAT Scienc]
Team members. Aside from the authors of this paper, the
following individuals also contributed to various portions of;q)
this paper: M. Spencer, Dr. S. Yueh, Dr. S.-h. Lou, and G.
Neumann contributed to the instrument and ground processi 9
verification and calibration tasks, Dr. V. Hsiao contributed to
some of the analysis sigma-0 products, Dr. W. Poulsen was
involved in the instrument operation and routine monitoring
the instrument, J. Granger and Dr. R. West were involved in
the operation and analysis of calibration ground station daﬁ\
and Prof. N. Ebuchi provided the wind speed and direction
density distribution results.

6)

7
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