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1.0 Introduction

1.1. Purpose and Scope

This COWVR Algorithm Theoretical Basis Document (ATBD) describes the forward and
inverse instrument models used to process the COWVR data.

1.2. Mission Description

The Air Force (AF) plans to fly the JPL-provided Compact Ocean Wind Vector Radiometer
(COWVR) instrument as a proof-of-concept technology to demonstrate ocean surface vector
winds (OSVW) products consistent with WindSat on-orbit performance. A successful COWVR
demonstration mission could help mitigate a potential OSVW data gap for the DoD.

COWVR leverages Jason 3 Advanced Microwave Radiometer (AMR) heritage designs in the
development of a low-cost, rapid development, space borne sensor providing measurements of
ocean surface vector winds, precipitation, and total precipitable and cloud liquid water, all of
which provide important meteorological information for the DoD.

1.3. Instrument Description

The Compact Ocean Wind Vector Radiometer (COWVR) sensor is a fully polarimetric,
conically imaging microwave radiometer, operating at 18.7 GHz, 23.8 GHz, and 33.9 GHz, for
measuring ocean surface vector winds (OSVW). The novel COWVR design features include:

e the use of a single multi-frequency feed horn enabling a simple antenna rotating about the
feed axis (as opposed to having to spin the entire radiometer system)

e internal polarimetric calibration sources which eliminate the need for an external warm
load and cold sky reflector simplifying the mechanical design

e acompact MMIC receiver implementation, lowering the system mass, power and volume

Figure 1.3-1 shows the instrument block diagram and components. Subsystems are defined as
follows:

e The Electronics Unit (EU) contains three sub-elements. The Power Control Unit (PCU)
provides power to all secondary power from the unregulated spacecraft bus to the
instrument electronics, excluding the mechanism (motor, motor controller, and position
sensor). The Data Acquisition and Control (DAC) unit communicates with the
spacecraft, supplies all RF control signals, and receives all RF and housekeeping data.
The Housekeeping Unit (HKU) reads all engineering voltages and temperatures and
supplies them to the DAC.

e The RF Subsystem consists of the feed horn, orthomode transducer (OMT), waveguides,
Noise Source Combiner Assembly (NSCA), two noise sources, two receivers, and the
Polarimetric Backend Unit (PBU).

e The Mechanical and Thermal Subsystem (MTS) consists of the launch restraint, thermal
control system, reflector structure assembly (RSA), Spin Mechanism Assembly (SMA),
and all structures to support the various instrument sub-element chassis. The SMA
includes the motor, motor controller, position sensor, and mechanism power conditioning



board.

Figure 1.3-1 COWYVR Instrument Block Diagram
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1.4.Document Structure

1.4.1. Applicable Documents

Figure 1.4-1 illustrates the COWVR requirements flow. This document is consistent and
responsive to the requirements in the following requirements:

The following are consistent and responsive to this document:

COWVR Calibration Plan

COWYVR Data Product Requirements Document (DPRD) (D-80123)

Figure 1.4-1 COWVR Requirements Flow




1.4.2. Acronyms

Legend

ACS Attitude and Control System

AMR Advanced Microwave Radiometer

ATBD Algorithm Theoretical Basis Document

APC Antenna Pattern Correction

CALNS Calibration Noise Source

CFOV Composite Field of View (weighted average of IFOV main beam
measurements calculated on the ground by re-sampling
algorithm)




CM Center of Mass

CSEQ Configuration Sequence

CSEQ Configuration Sequence

DAC Data Acquisition

EPBR Electronic Polarization Basis Rotation
EPOI Effective Product of Inertia

ES Electronics Subsystem

N&T Instrument Integration and Test
MSEQ Measurement Sequence

IFOV Instantaneous Field of View (measured main beam)
MIC Microwave Integrated Circuit

MMIC Monolithic Microwave Integrated Circuit
OSTM Ocean Surface Topology Mission
OSVW Ocean Surface Vector Winds

OMT Ortho-mode Transducer

PBU Polarimetric Backend Unit

PCU Power Converter Unit

PL Payload

PPS Pulse Per Second

RFI Radio Frequency Interference

RSS Root Sum (of) Squares

SMDE Spin Mechanism Drive Electronics
TB Brightness Temperature

VFC Voltage to Frequency Converter
VNA Vector Network Analyzer




2.0 Overview of COWVR

Conically imaging passive microwave radiometer systems such as the Special Sensor Microwave
Imager (SSM/I, SSMIS), the Advanced Microwave Scanning Radiometer (AMSR-E, AMSR-2)
and WindSat, have been providing critical environmental data for over 30 years. But over this
time, the overall sensor design has remained largely unchanged. These conical sensors have
three basic attributes; (1) A large, massive spun portion containing the radiometer and electronics
system; (2) A de-spun external un-polarized warm target and cold sky reflector and; (3) a large
feedhorn array and individual receivers for each frequency and polarization. These design
attributes drive the instrument mechanical complexity, spacecraft accommodation (e.g.
momentum compensation) and instrument cost. For example, the WindSat needed to offset 189
Nms of spun momentum from the sensor (Koss and Woolaway, 2006). The sensors that were in
development for NPOESS (CMIS and later MIS) were each expected to exceed 300 kg, 300 W
and cost more than $100M (Chauhan, 2003). It is clear that a simplified design solution is
needed to reduce the sensor mass, power, cost and accommodation, yet maintain the legacy
performance.

The COWVR instrument uses an entirely different design to eliminate the instrument mechanical
complexity that drives mass, power and cost. The enabling design features include (1) the use of
a single multi-frequency feed horn permitting a simple antenna rotating about the feed axis, as
opposed to having to spin the entire radiometer system and pass signals through the spin
assembly; (2) internal calibration sources which enable fully polarimetric calibration and
eliminate the need for an external warm load and cold sky reflector simplifying the mechanical
design and enabling a complete 360° scan and; (3) a compact highly integrated MMIC
polarimetric combining receiver implementation, lowering the system mass and power which in
turn makes the system well suited for deployment on smaller class, lower cost satellites.

An illustration of the COWVR instrument design is shown in Figure 2-1. The instrument
includes a single stationary multi-frequency feed horn that illuminates rotating reflector
generating a 360° un-blocked conical scan. The reflector rotates at 30 RPM and provides a
spatial resolution <35km and a swath width of 1012 km from the mission orbit altitude of
450km. After the feed, an orthomode transducer is used to separate the signal into two linear
orthogonal components which are then fed via waveguide into MMIC multi-frequency receivers
to amplify and filter the signals. The output from the receivers is input to a hybrid combining
polarimetric backend unit which performs the analog in-phase and quadrature phase cross-
correlation of the two signals to produce the +45, -45 and left and right circular polarized
outputs.

The instrument is calibrated using PIN-diode switches internal to the receivers and a correlated
noise source. The switches are used to toggle each receiver between an ambient reference load
and the antenna. The correlated noise source is capable of generating known polarized signals
by injecting correlated noise with a defined phase offset between the two receiver chains.

Because the feedhorn is fixed, the instrument polarization is fixed to the instrument frame and
rotates relative to the Earth polarization basis. Because the instrument measures the full stokes
vector, which completely describes the polarization state of the scene, a simple geometric



transform is used in ground processing to rotate the polarization from the fixed instrument frame
to the Earth frame. This technique has been previously used in groundbased and airborne
radiometer systems and is commonly referred to as Electronic Polarization Basis Rotation
(EPBR) (Gasiewski et al., 1992; Lahtinen et al,. 2003). This actually presents a calibration
advantage which is discussed further in the COWVR calibration plan.
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Figure 2-1. CAD representation of the COW VR instrument.



3.0 COWYVR Processing Overview

The following flow charts represent the high-level processing flow from raw COWVR telemetry
to wind vector and other geophysical retrieval products. These algorithms are described in the

following sections.
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4.0 COWVR Calibration Algorithms

4.1. Forward Model

The COWVR instrument forward model describes the signal propagation through the COWVR
instrument. It is most insightful to begin with the radiation incident on the COWVR antenna
aperture. In the equations below, the double bars indicate a matrix and the single bars indicate a
vector.

The brightness temperature incident on the COWVR antenna aperture at frequency fand from
direction (4, ¢) can be represented by the modified Stokes vector,

B 2
T, T, £, |
_ T, 2| |E,[
T,=| "= L . G.1)
T; Ts—T.s | nkB ZRG‘EVEH‘
T, TLCP _TRCP _ZIHI‘EVE:[ i
where the vertical and horizontal polarizations are relative to the Earth normal
h=170 (3.22)
kxn
P=hxk (3.2b)

where £ is a vector pointing along the instrument boresight look direction.

The instrument polarization is fixed and rotated relative to the Earth polarization by an angle o .
The angle depends on the orientation of the feed horn, instrument and spacecraft. The angle is
also a function of look angle away from boresight. A rotation matrix is used to transform the
polarization from the Earth basis to the antenna basis,

cos’a sin‘a %sin2a 0

I?(a)= sina cos’a —%sin2a 0 (3.3)
—-sin2a sin2a  cos2a O
0 0 0 1
Thus, the apparent brightness temperature at the aperture of the antenna is
L, (/.0.9)=R(a)T,(1.0.9) (34

The antenna system collects the energy over a sphere weighted by the antenna pattern. A
formulation for the Stokes antenna pattern is given by [1] and is expressed as,



T,(f)= [F(£.0.9)T,(f.0,4)d2

where the F" matrix is formed from the complex co-pol and cross-pol antenna patterns

|fVV|2 |fVH|2 RerVf;H
F(f,@,qﬁ): |fHV| |fHH| I fyypr fro

and the terms in the matrix are functions of ( 1,0, ¢)

ZRCfVVf;{V 2RefHHfV*H RerVfI:H +RerHf;V
_2ImeVfI:V =2Imf,, fo, Imf,, fo, +Imf,, RerVfHH_RerHfHV_

- ImeVf;H
RefHHfI;V

ImeHfI;V - ImeVf;{H

(3.5)

The antenna temperature in equation 3.5 is input to the COW VR orthomode transducer (OMT).
This elliptically polarized signal is decomposed into two orthogonal linear components by the

OMT, amplified and filtered by two independent receivers and fed into a polarimetric back end
unit which detects the total power of each linear component and the total power of the in-phase
and quadrature phase cross correlation of the two linearly polarized signals. The outputs of the
6-ports of the polarimetric backend are illustrated mathematically in Figure 3-1.

The instrument front end (the components from the feed horn to the input of the receiver) acts to
attenuate the signals and add a phase offset between two linear components. The effect of the

phase offset is to mix T3 into T4. The effect of the front end loss is to introduce a signal
proportional to the temperature of the front end components and reduce the end-to-end system

gain.
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Figure 3-1. COWVR antenna temperature calibration forward model.
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Figure 3-2. Mathematical representation of each output port of the PBU.

The primed antenna temperature at the first plane shown in Figure 3-1 is given by

T;= (I — Ly )MFEMTA + Ly gy (3.6)
where M is the Mueller matrix of the front end manifold, L is the loss matrix of the front end and
T is the physical temperature vector of the front end. The double bars indicate a matrix and the
single bars indicate a vector. The Mueller matrix accounts for the mixing between polarizations
due to phase and amplitude offsets in the front end.

The Mueller matrix of the OMT is represented by [1]

|SVV|2 |SVH|2 ReSVVS;H _ImSVVS;H
2 2
My, = |SHV| |SHH| ImS,, Sy, ReS, Sy

2ReS,,S,, 2ReS,,S,, ReS,S,,+ReS,S,, ImS,S,, —ImS,,S,, |B.7)
2ImS,, S, -2ImS,S,, ImS,S,, +ImS,S, ReS, S, —ReS,, S,

In the case of good port-to-port isolation, as is in the case of COWVR (> 50dB), this matrix is
approximated by,



IS, 0 0 o 1o o 0
0 ISu° 0 o Jlo1 o 0
M. = HH 3.8
) 0 ISySm| 0 |[0 0 cos(AB) sin(af) 3:8)
0 0 0 1S, S, JLO 0 —sin(a8) cos(A0)

which gives insight into the front end effect on the signal. The matrix on the left accounts for the
path loss (ohmic and reactive losses) and the matrix on the right accounts for the rotation between
the 3" and 4 stokes channels due to a H/V phase imbalance (A8 =6, —6,,).

Care must be taken to define a phase reference plane between the antenna and the RF front end to
ensure phase differences are not accounted for twice. For COWVR, it is natural to enforce phase
balance in the antenna patterns and apply all phase offsets as a part of the antenna temperature
calibration process. This is because the antenna patterns are expected to be referenced to the feed
horn output.

An effective reflection plane is placed just after the front end manifold (FEM), so the path loss
assumed in the FEM is from ohmic loss. The loss matrix is given by

L, 0 0 0
0 L 0 0
Lev=\o o (LI 0 39)
V~=H
0 0 0 L,L,
and the physical temperature vector is given by
T, FEM vV
- T
Trpy = Rl (3.10)
0
0

Note, the self emission from the front end is uncorrelated between H and V and does not impact
the 37 and 4™ Stokes antenna temperatures. To the extent of ideal port-to-port isolation, the only
impact of the front end on the 3 and 4" Stokes channels is to attenuate the signal and rotate (mix)
the signal between 3™ and 4™ Stokes.

The double primed antenna temperature at the second calibration plane in 3-1 is given by
Ty=(i-T, N -LJ+ Lo T, T, (3.11)

where ['a-r is an effective coherent reflection coefficient matrix looking from the receiver into
the feed horn, L> is the loss of the coupler and 77 its temperature and 7is is the temperature of the
isolator in the receiver. The loss matrix and temperature vector are represented equivalently as



in equations 3.9 and 3.10 and the reflection coefficient matrix is equivalent in form to equation
3.9.

The vector of 6 counts at the output of the PBU is given by
C,=GT'+o (3.12)

where G is the polarimetric gain of the radiometer and o is the polarimetric offset [2]. Equation
3.12 expands to

Cvaal Gy Gyw  Gyz  Gya) Na
Ch,a4 Guv  Guun  Gus Gua|[T'v] |om
Cp.aa _ Gov  Gpu  Gps  Gpa||T"'y n Op
Cm,AA GmV GmH Gm3 Gm4 T”3 Om
Cra4 Gy Gep Gz G |LT",1 | OL

| Craal LGry  Gry  Gpz  Gped -OR -

(3.13)

4.2. Antenna Temperature Calibration

To determine the antenna temperature at the input (eqn 3.5), each term in equations 3.7 — 3.12
must be known. Because the polarimetric gain and offset of the receivers is highly variable in
time, stable internal calibration sources are included in the design. These calibration sources
consist of a correlated noise source that is capable of injecting known polarized signals into the
polarimeter and PIN-diode Dicke switches which independently toggle each receiver between
the antenna and an ambient termination. The correlated noise source consists of two noise
source units which are combined via a hybrid combining network and coupled into each receiver
chain via waveguide couplers. The hybrid combining network couples one noise source with
approximately equal phase into each receiver. A roughly 90-degree phase shift is added to one
leg of the combining network to introduce a phase difference between the receivers. Together,
these sources provide enough information to estimate the full polarimetric gain and offset of the
receiver. The 3™ and 4% stokes signals injected by the noise source is dependent on the relative
phase of the noise diode brightness between the H and V chains and is given by



Typis = 2COS(A¢|) Tvoiy Tnpin
TND1,4 = 2Sin(A¢1) TNDl,VTNDl,H

TND2,3 =2 COS(A¢2 )\/ TNDZ,VTNDz,H

TND2,4 = 2Sin(A¢2) TNDZ,VTNDZ,H

(3.14)

The V/H phase differences between the two noise diodes must be sufficiently different and not

equal to 180 degrees. A relative phase difference of 90 degrees is best (Ap, — Ap,) = 90°. For

COWVR, the phase shift is roughly 70 — 80 degrees.

The polarimetric gain and offset in eqn. 3.12 are estimated by exercising the various possible
calibration states. Note, V and H here refer to the instrument polarization basis and do not
necessarily line up with the Earth V and H polarizations. The possible calibration states are

shown in Figure 3-3:

Scene

Calibration —

—

Vv H Counts Pneumonic
B=V,H,P,M,L,R
Antenna Antenna Cp.an
Reference Reference Cp. kR
Antenna + CND1 Antenna + CND1 Cp, ND1+AA
Reference Antenna + CND1 Cp, Np1+RA
Antenna + CND1 Reference Cp, Np1+AR
Antenna + CND2 Antenna + CND2 Cp, ND2+AA
Reference Antenna + CND2 Cp. Np2+RA
Antenna + CND2 Reference Cp, ND2+AR
Reference Antenna Cp.ra
Antenna Reference Cp, AR

Figure 3-3. COWYVR internal calibration states and pneumonics.

4.2.1. Case of Ideal Switch Isolation

The calibration equations are first developed for the case of ideal switch isolation (e.g. no
leakage between antenna/reference ports), which provides a simplified conceptual overview of

how each calibration state contributes the estimate of the gain matrix and offset vector. The next

section develops the equations for good, but finite switch isolation, which is the reality for
COWVR. For perfect switch isolation, the calibration states are represented by the following
equations, assuming the receiver chains are sufficiently isolated. These equations also assume
that there are no state dependent offsets in the measurements. In the following B=P or M for 3™
stokes and B=L or R for 4" stokes. Note, the overbar and double-prime of the antenna
temperature were suppressed for clarity.




CB,AA = GB,VTA,V + GB,HTA,H + Gﬁ,STA,3 + Gﬁ,4TA.4 + Oﬁ (3153)
Cﬁ,RR = Gﬁ,VTR,V + GB,HTR,H + OB (3.15b)

CB,ND1+AA = GB,V(TNDI,V + TA,V) + Gﬁ,H(TNDl,H + TA,H) + G/i,3 (TND1,3 + TA,3) (3.15¢)
+Gg 4(Typra + Taa) + 0p

CgND2+aa = Gﬁ,V(TNDZ,V + TA,V) + GB,H(TNDZ,H + TA,H) + Gg 3 (TND2,3 + TA,3) (3.15d)
+Gg 4(Typaa + Taa) + 0p

Cgnp1+ar = Gpy (Tvpry + Tay) + GouTru + 0p (3.15¢)
Conpr+ra = GpyTry + Ggu(Tupry + Tan) + 0p (3.159)
Cgar = GayTay + GpyTry + 0p (3.15g)
Cpra = GeyTry + GguTay + 0p (3.15h)

The calibration states in 3.15 form an over-determined set of equations with which to solve for
the radiometer gain matrix and offset vector at the internal calibration plane. An illustration of
the 5 steps needed to estimate each parameter in eqn 3.15 is shown in Figure 3-4 below
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Figure 3-4. Steps to solve for the antenna temperature at the internal calibration plane.

The antenna temperature vector represented in Figure 3-4 is the equivalent antenna temperature



at the internal calibration plane. To obtain the antenna temperature at the input to the feed,
which is the desired quantity, one must invert eqn. 3.6 and 3.11 to obtain,

!

TA =A4" [TA” _(I__FA—R X]__Ez _FEMEEM _(I___A—R _27_; _fA—RT ]

A= (I_ - 1:A—R XI_ - Zz XI_ - ZFEM )MFEM

The right hand side of eqn. 3.16 is the COWVR calibrated antenna temperature vector.

4.2.2. Antenna Temperature Calibration — Finite Switch Isolation

The PIN-diode switch isolation for COWVR is about 35dB for an incoherent signal, which is
adequate for a non-polarimetric radiometer. However, the isolation for the coherent signal from
the CND can be half of this depending on the phase of the leaked signal. The PIN-diode
switches are used to estimate the individual receiver gains of the V/H-pol channels using the
noise diodes turned on in the A/R and R/A states above. In the case of ideal switch isolation,
only the channel with the switch looking at the antenna port would see the signal from the noise
diode, the other channel would see the reference load and there would be no polarimetric signal.
But since the isolation could be as low as 17dB for a coherent signal (depending on the phase
through the isolated path), the noise diode in the A/R and R/A state will produce a small signal in
the 379/4™ polarimetric channels. This is accounted for in the following equations.

Gain and Offset Calibration

The polarimetric gain matrix and the offset vector can be estimated row-by-row from :

%, = (0T TGy =[G, Gn G o] (3.17)
for
p=V,H,P,M,L,R
where
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and

Ty » Ty, 1s the reference load (receiver) temperature either the V or H channel and either the
18/23 or 34 GHz thermistor.

The noise diode brightness varies as a function of temperature which is parameterized as a third-
order polynominal. In 3.21, the equation is referenced to 300K to give more meaning to the
offset coefficient.

Ty = o 5+a . 5(TNS,—300)+a,  ,(INS, - 300)2 +a; , ;(TNS, —3,00)3 (3.21)

where x=1or2and f=V,H and TNS«is the noise source unit thermistor temperature for x = 1
or2

The 3™ and 4" stokes brightness for the noise source is given by

Typs =2 COS(A¢NSCA1 ) oy T
Tyma =2 Sin(A¢NSCAl ) Tpry Tpr i

Typys =2c0 S(A¢NSCA2 )\/ Tpoy Tapon

TND2,4 =2 Sin(A¢NSCA2 ) TNDZ,VTND2,H

(3.22)



Description of Operational Calibration Modes

During nominal operations, COWVR is configured in a so called position triggered calibration
mode. In this mode, the radiometer is set to the Ant/Ant state to make measurements of the
scene over the scan until it is triggered into a calibration mode at +/- 25° scan edge, as illustrated
in Figure 3.2-1.

S/C velocity
vector

-

Calibration

Figure 3.2-1. Illustration of the COWVR calibration mode relative to the scan

Once triggered, it begins executing up to three additional 20-measurement length (0.1s)
sequences, each N times. N can be set to 0 if less than three sequences are needed. The
COWVR flight software uses a look-up table of 15 sequences, each 20 measurements long to
configure the state for each integration period. Grouped sequences are constructed to be able to
select between calibrating 0x, 1x, 2x, 3x or 4x per edge of scan calibration period (~ once per
second). After the calibration sequences complete, the software returns to the nominal Ant,Ant
scene sequence until the next trigger at the other scan edge.

The calibration sequences include the following 13 element group of instrument states which
provides all the states needed to construct the calibration counts vector in eqn 3.18 and solve for
the gain matrix and offset vector using eqn 3.17. The gain and offset computed from this group
are considered valid at the center time of the group.

Car, Cnpi1+4aR, CAR,
Caa, Cnp2+aa, Caa,
Cra, Cnpi1+RA, CrA
Caa, Cnpi+aa, Caa,

Crr

In position triggered mode, depending on the configuration rows used, this group will be
executed 1, 2, 3 or 4 times in a row after receipt of the calibration encoder pulse, providing up to
4 independent estimates of the gain and offset during each calibration period (roughly once per
second). The nominal case for COWVR is to calibrate 3x per calibration window, meaning this
group will be executed 3 times and there will be three independent estimates of the gain matrix
and offset vector at each edge of scan. Note, for states where a noise diode is fired, the



equivalent state with the noise diode off is executed immediately before and after the on state
and the two “ND off” measurements are averaged when computing the differences in eqn 3.18.
This improves performance when the scene is varying significantly over a Sms integration period
(e.g. land crossing). Defining the 13 measurements in the sequence si-si3, this can be
represented as

Cﬁ NDI+ A4 (Sz ) 0. S(Cﬂ AA (Sl ) + C,B,AA (53 )) |
Cﬁ ND2+ 44 (Ss ) 0. S(Cﬁ A4 (S4 ) + Cﬁ,AA (S6 ))
65(5): C/} ND1+RA(S8) 0. S(CﬂRA(S7)+ Cﬁ’,RA(S9)) (3.23)
Cﬂ,NDHAR (511) 0. S(Cﬁ AR (39)"' Cﬂ,AR (512 ))
L Cp re (Sl3 ) ]

Calibration Averaging

Because the gain and offset matrix are constructed from noisy measurements, averaging of
several measurements in time is required. First, the gain/offset measurements from one edge of
scan calibration period (up to 4) are averaged forming a time series of calibration measurements
sampled at roughly 1Hz at each edge of scan. These 1Hz samples are then averaged using a
Gaussian low-pass filter, which is represented in the time domain as,

T=t+Alc
Z W(T)Gi,j (T)
G, ()= (3.24a)

T=t+Atcy,

W\T
T=t=Alcyy

for each element 1,j of the gain matrix where Af_, is the length of the calibration running

average window and

we)=| — exp[— (t_f)zJ (3.24b)

2
N2 20 caL

where o, defines the width of the Gaussian filter. The offset is averaged in the same way

using eqn 3.24.

The result is a low-pass filtered time series of 1Hz calibration measurements. These
measurements are linearly interpolated in time to each Ant/Ant scene measurement to compute
the calibrated antenna temperature.

Antenna temperature at internal calibration plane

The antenna temperature at the internal calibration plane is computed from



7-(6'G)'G(C, ~o) (3.25)

where the low-pass filtered gain matrix (G) and low-pass filtered offset vector (o) have been
interpolated to the time of the antenna counts measurement.

Antenna temperature at feed horn
The antenna temperature computed in 3.25 must be propagated through the front end, accounting
for the signal loss and phase difference from the front-end. The antenna temperature referenced

to the feed horn is computed by inverting the forward radiative transfer equation through the
front end, accounting for the losses and polarimetric mixing. This is represented as,

TA = Ail []TAH _(Iz_fAfR X]:_fz)ZFEMTFEM _(Iz_fA—R )lz’zfz _?A—RZ_—;‘.VO]
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where the Mueller matrix for the front end manifold reduces to just the phase imbalance since the
amplitude imbalance is handled through the loss terms,

(3.26)

1 0 0 0
0 1 0 0
_ 3.26b
M gy 0 0 cos (AQFEM ) sin (A@FEM ) ( :
0 0 —sin(Aé’FEM) cos(A@FEM)

The differential phase difference through the front-end V/H-pol paths is parameterized as a linear
combination of the temperature difference between the front-end components

A‘9FEM = bOfHFEM + (TOMTV - TOMTH )blieFEM + (TWGV - TWGH )bzfeFEM + (TCPLRV - TCPLRH )b37€FEM'

(3.26¢)
and the front-end loss is accounted for by,
_LV,FEM O 0 0 ]
0 L 0 0
Lygy = e (3.264)
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L O O O LV,FEMLH,FEM i

The loss and reflections at the second plane are given by,
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The thermal contribution from the front end is given by the vector,
T, FEM _V
_ T,
Trpy = FEA(;_H (3.26g)
0

And the thermal contribution that is reflected at the assumed internal reflection plane is given by
the internal receiver physical temperature at the isolator,

Tyy
Try
0
0

T = (3.26h)

In the above equations, the physical temperatures used in the equations come from the thermistor
measurements that are linearly interpolated to the time of the scene measurement. The loss,
reflection and phase imbalance parameters are derived during pre-launch calibration and tuned
post-launch. Values for these coefficients are contained in the COWVR pre-launch calibration
report. The latest values can always be found in the COWVR ground system parameter files.

4.3. Brightness Temperature Calibration

The antenna temperature referenced to the feed in equation 3.26 consists of contributions from the
Earth and the cold sky background weighed by the antenna pattern. These contributions must be
removed using the pre-launch antenna patterns.

4.3.1. Spill-over Correction
The first correction is to remove the cold sky contribution and rescale the antenna temperature to

be the power received from within the Earth horizon. The COW VR antenna patterns vary subtlety
with azimuth position. Therefore, the antenna pattern correction parameters are allowed to vary



with azimuth position® . The cold sky correction is represented as,

TBb:;rlh ((D) - n;rth,p ((D)[TA,p ((D)_ (1 ~MNeartr,p ((D))rskyp ]

=V H (3.27a)

and
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3.27b
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where 77, . hp is the fraction of power received by the antenna that is beyond the Earth horizon and
T,, ,1s the cold sky background temperature of approximately 2.7 K. For COWVR, this value is

about 2.3% at 18.7, 1.7% at 23.8 and 0.7% at 33.9 GHz. Note, the polarization of the sky
background is small enough to be ignored for COWVR, hence the 3" and 4" stokes channels only
need to be scaled by the spill-over fraction.

. Earth
nEarth ,pTB,p

P

(1 ~Newm,p )Tsky »

Figure 3.3-1. Image of the COWVR antenna pattern in the spacecraft coordinate frame.
The black line represents the Earth horizon beyond which is only emission from cold space.

—

4.3.2. Cross-pol Correction

The antenna also mixes the received polarization between the polarizations. The next step is to
unmix the power between the ports. This is done using a cross-pol correction matrix
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where the a terms are integrated co-pol and cross-pol coupling coefficients determined from
integrating the antenna patterns. An example of the antenna pattern matrix and the matrix
determined from integration is shown in Figure 3.3-2 for the 18.7 GHz patterns.

_A0.3882) 0.0080 0.0001 00005,

/ 0.0079 0.5884 0.0004 -0.0005 \\
‘/ 0.0007 0.0001 09836 -0.0057 \\\

& -0.0010 0.0010 -0.0066 0.9917 N

.
Figure 3.3-2. COWVR main beam cross-pol matrix.

It can be seen from Figure 3.3-2 that the off-diagonal cross-pol terms for the 3" and 4 stokes
channels are sensitive to the spatial derivative of the brightness temperature because the lobes
have positive and negative values owing to phase variation across the mainbeam. The heritage
cross-pol correction algorithm in eqn 3.28 was derived for non-polarimetric sensors and assumes
a homogenous scene. For scenes with strong spatial gradients of brightness temperature (such as
rain cells and coastlines), an expanded correction can be considered. The approach is use to the
multiple co-pol samples to determine a more accurate cross-pol contamination correction in areas
with strong brightness temperature gradients. This correction has the form,

Ty = [ AV ZCVH AH(Z J- Zcm i J 750, J)— Zcm A4(l J)J

Ayy

(3.29)

where
Ayp = ZCVﬁ (i,j)
ij

S =H 34

(3.30)



Eq 3.29 is equivalent to 3.28 when only the 1,j pairs equal to 0 are used. An illustration of the
COWVR sampling relative to cross-pol lobes is shown in Figure 3.3-3. It can be seen that most
of the variability can be corrected with just one or two additional samples in the cross-track and
along-track directions.

Figure 3.3-3. Illustration of the sampling pattern with respect to the cross-pol lobes for one
measurement.

This algorithm was tested using randomly selected scenes from the WindSat 37 GHz channel
which provides a representative brightness temperature field in terms of the spatial structures that
COWVR will encounter over the ocean. The WindSat TB data were convolved with the
COWVR antenna patterns to generate synthetic fully polarimetric antenna temperatures. These
were then corrected for cross-pol using either eqn 3.28 or 3.29. The results are shown in Figure
3.3-4. The RMS error for both is < 0.1K, but the multi-sample algorithm eliminates errors near
precipitation cells that can be as high as 0.5K. The error estimated for eqn 3.29 is < 0.05K.

Residual APC error with single Residual APC error with mult-
sample cross-pol correction sample cross-pol correction
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Figure 3.3-4. Residual error from the cross-pol correction using Eqn 3.28 (left) and 3.29
(right) tested on WindSat 37 GHz data. The largest errors on the left plot are from
precipitation cells.



4.3.3. Polarization Basis Rotation Correction

The final correction accounts for the geometric rotation between the fixed COWVR polarization
basis and Earth polarization basis.
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sin(2ar) —sin(2a)

0
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0

1.
—Esm(,Za) 0
lsin(205) 0
cos(2a) 0
0 1

(3.31)

where the polarization rotation angle is determined by the instrument geometry and satellite
attitude and corresponds to the angle at the center of the integration period. The main beam
brightness in equation 3.31 is the IFOV brightness temperature for each frequency in the Earth

polarization basis.

4.3.4. Resampling to the Composite Field of View (CFOV)

A re-sampling algorithm is then applied to obtain the brightness temperatures (Tg) at a 40 km
cumulative field-of-view (CFOV). The CFOV is defined as a circular Gaussian pattern with a 3-
dB contour at 40km, as illustrated in Figure 3.3-5.
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Figure 3.3-5. Illustration of the COWVR main beam pattern and the CFOV contours.

The COWVR IFOV data can be re-sampled to the CFOV using a NxM 2-D weighted average of
neighboring samples for each measurement. This is represented by,

CFO V
Ty,

lo,]o

=22 T

(3.32)



where the coefficients are determined using the Backus-Gilbert technique. This technique seeks
to find the set of weighting coefficients that best produce the desired sampling pattern using the
instrument IFOV antenna pattern and sampling characteristics, as illustrated in Figure 3.3-6. As
illustrated Figure 3.3-7, the sampling pattern on the ground varies with scan position, so the
weighting coefficients must be a function of scan position.

Example Fore Re-sampling 35km Gaussian CFOV
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Figure 3.3-6. Illustration of a the resampling process for a 3x5 weighting matrix.
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Figure 3.3-7. Sampling pattern at the center, middle and edge of scan.

To implement the resampling as a function of scan position, the COWVR data are first organized
into 2-D image matrices for the fore and aft scans where each cross-track index corresponds to a

scan angle relative to the spacecraft velocity vector. Because the COWVR scan rate is not fixed,
the number of samples per scan can vary, so the image matrix is padded with extra elements at



the edges, where the center of the scan (closet angle to the S/C velocity vector) is placed in the
center position of the matrix. This is illustrated in Figure 3.3-8. With this implementation, the
weighting coefficients will only vary with row position across the scan (y-axis in Figure 3.3-8).
The brightness temperature from eqn 3.32 (illustrated in the second panel of 3.3-8) is the final
calibrated TB product that is provided to the EDR processor. This brightness temperature has an
equal spatial sampling function at all frequencies and all directions away from the boresight for
both the fore and aft data.

Figure 3.3-8. Illustration of COWVR data matrix for fore and aft scans during
resampling.



5.0 COWVR Geophysical Retrieval Algorithm

The wind vector retrieval algorithm closely follows the algorithm developed for WindSat
described in Brown et al., 2006. The atmospheric retrievals and flags are computed using the
average of the fore and aft data. The wind vector retrieval algorithm uses the fore/aft data
separately as described below.

5.1.Fore/Aft Image Combining and Gridding

The first step toward retrieving geophysical quantities is to resample the fore/aft CFOV image
data to a common Earth referenced grid. The fore/aft data for all frequencies have been re-
sampled to have an equal spatial response at the surface in all directions. Therefore, a gridding
or interpolation method can be applied to resample the data from the irregular scan grid to a
regular Earth fixed grid. The baseline approach is to interpolate the aft swath data to the sample
locations in the forward swath using bi-cubic interpolation. An example of the fore and aft
swath sampling pattern on a representative image is shown in Figure 5-1.

Figure 5-1. Illustration of the fore samples (black dots) and after samples (white x’s) over
laid on a background TB image from WindSat.

Along with gridding the data, an estimate of the inhomegeneity of the scene (mainly from the
atmosphere) must be computed. This is computed by taking the spatial sample standard
deviation of the fore/aft differences from neighboring samples near each grid point. This
standard deviation should approach sqrt(2) times the NEDT at the CFOV. Higher standard
deviations represent inhomegeneity in the scene for the different look directions. This standard
deviation is applied as an inverse weight in the wind direction retrieval algorithm for the V- and
H-pol fore/aft differences (discussed later).



This method was applied to WindSat data for illustration. Figure 5-2 shows a map of the spatial
standard deviation in the 37 GHz channel and Figure 5-3 shows a PDF and CDF of the data. It
can be seen that the higher standard deviations are associated with clouds/precipitation, but most
of the points are close to the lower theoretical NEDT limit.
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Figure 5-3. Spatial standard deviation of the fore/aft differences in the WindSat 37 GHz
channel.
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Figure 5-3. CDF (left) and PDF (right) of the spatial standard deviation of WindSat data at
18.7 and 37 GHz.

5.2. Atmospheric Parameter Estimation

The ocean surface wind vector can be estimated from the brightness temperatures provided that
they are referenced to the surface, accounting for the atmospheric contribution in between the
sensor and the surface. The atmospheric parameters are retrieved using a single layer, non-
scattering parameterized radiative transfer equation. The main quantities that are estimated are



integrated water vapor and cloud liquid water for non-raining conditions.

The top-of-atmosphere brightness temperature can be represented,

TB (f, p’ 0) = g(f’ p’ G)Tm}rf_e’f(.f')secg + TUP (f, 9) +

5.1a
F(TDOWN (f,0)+ Tcosmiceir(f)secg )eir(f)secg ( )
where
T3 measured brightness temperature,
% incidence angle,
f frequency,
p polarization,
Tur sea surface temperature (K),
€ surface emissivity,
Tup atmospheric upwelling brightness temperature,
Tpown atmospheric downwelling brightness temperature,
Tcosmic cosmic background brightness temperature,
7(f) zenith integrated atmospheric optical depth as a function of frequency
r surface reflectivity.
which simplifies to the following for the 3 and 4" stokes channels,
Ty (f-2:0) = £/ PONT,y e =TT (/.0 + Ty ) (5.1b)

For a specular ocean surface, the power reflectivity, I', can be expressed as 1 — €. This specular
condition is only strictly valid for a perfectly flat ocean surface, although it is assumed in many
radiometric retrieval algorithms for wind roughened ocean surfaces. The reflected downwelling
brightness for a slightly roughened ocean surface will largely originate from the specular
direction, but as the surface roughness increases (i.e. wind speed increases) a larger amount of
reflected energy will originate at angles of incidence that are larger and smaller than the specular
direction. The net effect of this will cause the true reflected downwelling brightness to increase
from the specular value since the atmospheric brightness scales with the secant of the incidence
angle. This is accounted for using a scaling factor, €, representing the ratio of the “true”
reflectivity to the specular reflectivity,

r=Q(l-¢). (5.2)

Q is allowed to vary with wind speed only and is taken to be the average value over all wind
directions for a given wind speed. Neglecting the directional and atmospheric dependence of
is not expected to have a large impact on the retrieval since the correction factor itself is small.

5.2.1. Atmospheric Path Attenuation



The optical depth of a non-raining atmosphere for a given frequency can be expressed with high
accuracy as a polynomial function of the integrated water vapor (») in cm and cloud liquid water
(L) in mm

(f)=c,, +¢, V+c, V+c, L+c, L, (5.3)
0,f Lf 2.f 3f 4.f

where the frequency dependent coefficients are determined by a regression analysis (described
below).

5.2.2. Upwelling and Downwelling Atmospheric TB

For a single layer, non-scattering atmosphere, the upwelling and downwelling atmospheric
brightness temperatures can be approximated as a function of the optical depth

Tp(f.0)=(1-e ") T (), (5.4a)
T (f20) = (1= ") T2 (), (5.4b)

where T,,” and T,/ are atmospheric effective radiating temperatures that are as a function of

frequency and location. The effective radiating temperatures for each retrieval are interpolated
from look-up tables computed from NAVGEM atmospheric profile inputs. This atmospheric
model for 7up and Tpown has been shown to be a good approximation to the complete integral
solution [3], which would require knowledge of the actual atmospheric profile of temperature,
pressure, water vapor and cloud liquid water.

5.2.3. Surface Emissivity

The surface emissivity is expressed as specular component and rough surface component that is
primarily due to wind.

(f.SST,SSS,0, p)+¢,, ,(f,SST,0, p,WS,WDIR). (5.5)

5surﬁwe = gspecular

The specular component is estimated from the Klein-Swift sea water dielectric model (Klein and
Swift, 1976) using ancillary sea surface temperature and salinity data. The excess emissivity is
parameterized primarily as a function of wind speed and direction, but allows for a dependence
with sea surface temperature and incidence angle. Both are a function of frequency and
polarization.

5.2.4. Wind Emissivity Geophysical Model Function

The emissivity of the ocean surface for the V/H-pol channels be expressed as an even Fourier
series and the 379/4™" stokes channels can be expressed as an odd Fourier series [4-6]. For a given



frequency, this is represented to the second harmonic as,
&y (WS,(p, SST) =a,, (WS,SST, 19) +a,,(WS)cosp+a, ,(WS)cos2gp, (5.6a)
&,,(WS,¢)=b,, +b_,(WS)sing+b, ,(WS)sin 24 , (5.6b)

where ¢ = ¢, — @, is the angle between the look direction of the radiometer, ¢,, and the
direction the wind is blowing from, ¢,,. ¢, is referenced to the compass with 0° as North and

90° as East. A relative direction of 0° is generally referred to as the upwind direction, i.e. with
the wind blowing toward the radiometer. The coefficients in Eqn. (4.8) are functions of wind
speed, sea surface temperature, incidence angle, frequency and polarization. The first and
second order harmonic coefficients (ai2,b12) have a first order dependence on the surface wind
speed. The dependence of these coefficients on other environmental parameters such as the
salinity and air-sea temperature difference is generally much weaker. They are, therefore,
assumed to vary only with wind speed for a given channel. The zeroth order harmonics for v-
and h-pol increase generally monotonically with wind speed and reduce to zero wind speed
approaches zero. The coefficients in 4.8 are best determined empirically from the data, as
physical models still fall short of accurately characterizing the complex dependence of the
emission as a function of sea state. These have been previously parameterized with WindSat and
will be re-derived from COWVR data at the sensors specific center frequencies and incidence
angle. The functional form empirical isotropic rough emissivity function is adopted from
Meissner and Wentz (2012) which includes a fifth order polynominal function of wind speed and
small linear corrections for the variation with incidence angle and sea surface temperature. The
bo coefficient is nominally zero, but is retained for account for any calibration offsets.

Because COWVR has a complete fore and aft scan, synthetic channels can be created from the
fore minus aft difference for the V-pol and H-pol channels. At the surface, this difference is a
function of the wind direction and is represented by,

_ 2 . gpcaa__fbre + (Dcaa_aﬁ . q)caa_ﬁ)re - ¢caa_a_ﬁ
gVifure - gViqft =<4, Sin 7 ~ Pwind sin 2 -

2(12 Sin (¢cau7fore + ¢caaiaft - 2¢wind ) Sin (¢caa7f0re - wcaaiaft ) (57)
where @ represents the compass angles of either the forward or aft look directions or wind speed.

The first sine term describes the wind direction dependence and the second sine term describes
the dependence with look direction angle difference (which in the case of COWVR is along the
scan arc). The benefit of using the V-pol and H-pol fore-aft difference is that the strong isotropic
wind speed signal is removed and the atmospheric contribution is greatly reduced.

Figure 5-4 shows example model functions derived from WindSat data at 1m/s and 7m/s. At low
wind speeds, the signal in the 3'/4'" stokes channels is negligible, while there is some usable
signal in the V-pol fore-aft difference.
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Figure 5-4. Dependence of the V/H-pol fore-aft and 3%/4t" stokes brightness with relative
wind direction at 1m/s and 7m/s.

5.3.Retrieval Methodology

Section 5.2 describes the forward model relating the geophysical parameters to be retrieved to
the top of atmosphere brightness temperatures. Given a set of COWVR measurements, the
atmospheric and surface properties are estimated. First, the precipitable water vapor, integrated
cloud liquid and wind speed are estimated using an iterative Newton-Raphson method with the
V-pol and H-pol channels only. In this first step, an ancillary wind direction is used. Once V, L
and WS are estimated, the surface emissivity is estimated by inverting eqns 5.1. The specular
component is subtracted from the V-pol and H-pol emissivity leaving the component due to
wind.

Given a set of measured emissivies derived from the COWVR top-of-atmosphere TB data, a
maximum likelihood estimator is used to solve for wind vector. This is done by minimizing the
cost function,

(S, 4) = SST*{ZZ(WJ.J, e, , - GMF(f, p,Ws, ¢)])2} , (5.8)
Sop

where f'is frequency, p is polarization and wy, are normalized weights for each channel and the
equation is scaled by the surface temperature (SS7). The solution is performed in two steps. In
the first step, the prior solution for wind speed is used and the wind direction solutions (up to 4)
are found and ranked using the V/H-pol fore-aft difference, 37 and 4 stokes channels. The
channel weights are a combination of the individual channel noise and the so-called model noise.
The channel noise is determined from the pre-launch instrument characterization and is fixed.
The model noise primarily arises from the atmospheric uncertainty that is computed as described
above. The first step direction solutions are then used in a second step to refine the wind speed



estimate using the V-pol and H-pol channels without taking the fore-aft difference.
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