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ABSTRACT

Absolute calibration of spaceborne microwave radiometer observations consists of accu-
rate determination of antenna cold space spillover, cross-polarization contamination, and non-
linearity coefficients of the receivers. We deem the GMI sensor to be the most accurate cali-
brated spaceborne microwave radiometer due to its unique calibration design features and its
carefully planned orbit maneuvers. We demonstrate how to transfer the GMI calibration to
other spaceborne radiometers, whose operations have sufficient time overlap with GMI. Spe-
cifically, we show results for WindSat and AMSR2. The sensor intercalibration is based on
brightness temperature match-ups between GMI and the other instruments over both open
ocean and rainforest scenes. In order to assess the calibration accuracy, we compare the inter-
calibrated brightness temperatures with radiative transfer model calculations. In addition, we
provide in-situ validation results for wind speed and water vapor retrievals from the intercali-
brated sensors. The intercalibration methodology allows for the creation of a multi-decadal

climate data record from passive microwave satellite observations.
SIGNIFICANCE STATEMENT

Creating a long-term climate data record of satellite observations of ocean winds, water
vapor, and other variables requires careful and accurate calibration of the various sensors that
are used. In particular, it is important to achieve the best possible consistency between the
measurements from all the different instruments. This is a challenging task as the configura-
tion and accuracy of these instruments can differ widely. The purpose of our paper is to
demonstrate and validate the basic methodology for performing this intercalibration. The
backbone of our method are data observed by a well-calibrated sensor that measures the pas-
sive microwave emission from the Earth’s surface and atmosphere. We show how to transfer

its calibration standard to other sensors.

1. Introduction

Since 1987, spaceborne microwave imaging radiometers have been providing the scien-
tific community with measurements of multiple environmental parameters over ocean, land,
and ice surfaces. These include ocean surface wind vectors, sea-surface temperature (SST),
columnar water vapor, columnar cloud liquid water, surface rain rate, soil moisture, and sea-
ice thickness. Spaceborne passive microwave sensors that have operated or continue to oper-
ate include SSM/I (Hollinger et al. 1990), TMI (Kummerow et al. 2000), AMSR-E (Ka-
wanishi et al. 2003), WindSat (Gaiser et al. 2004), SSMIS (Kunkee et al. 2008), AMSR2
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(Oki et al. 2010), and GMI (Draper et al. 2015a). Creating a multi-decadal climate data rec-
ord from these observations requires an accurate intercalibration of the brightness tempera-
ture (TB) observations that are the input to geophysical retrievals, and which originate from
multiple operating sensors (Sapiano et al. 2013; Wentz 2015). The term absolutely calibrated
refers to the value of the average TB over a large range of Earth scenes whose calibration is
essentially independent of a radiative transfer model (RTM). The absolute calibration accu-
racy of any microwave radiometer is predominantly driven by the three factors given below
(Meissner et al. 2012). Note, we assume that the errors arising from other factors are already

largely corrected prior to performing intercalibration (Section 7).

1. The antenna spillover, which is the fraction of the antenna power gain that falls on cold
sky, and thus measures the TB of the cosmic microwave background (CMB) radiation ra-

ther than the TB of the Earth scene.

2. Antenna cross-polarization contamination that mixes the TB of the vertical (V) and hori-
zontal (H) polarizations and, if present, the polarimetric channels, which are the 3™

Stokes (S3) and the 4™ Stokes (S4) parameters.

3. A non-linear behavior of the sensor receiver. This results from a deviation from the linear
relationship between radiometer counts and antenna temperatures (TAs) that is otherwise
assumed to hold within the dynamic range of radiometric temperatures between hot and

cold calibration loads.

Ideally, the values of these calibration parameters can be determined during pre-launch
campaigns and then used when the sensor is on-orbit. However, experience with most, if not
all, past and presently operating microwave radiometers shows that it is difficult to do this to
the necessary level of radiometric accuracy. This applies in particular to the pre-launch deter-
mination of the antenna spillover, which requires measuring the gain of the antenna back-
lobes. This signal is small, but it covers a large part of the antenna field of view. Therefore,
for each sensor, the antenna spillover, the antenna cross-polarization contamination, and re-
ceiver non-linearity (NL) need to be assessed on-orbit or at least adjusted from their pre-

launch values. This is the task of the post-launch absolute sensor calibration.

Among all spaceborne microwave radiometers that have operated since 1987, the GMI
sensor (Draper et al. 2015a) is deemed to be the best calibrated one. This is mainly because of

the superior design of the GMI calibration system (Draper et al. 2015b) and a carefully
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executed series of on-orbit maneuvers that helped determine the calibration parameters

(Wentz and Draper 2016). In particular:

1. A 4-point calibration system has been implemented for GMI (Draper et al. 2015b), which
consists of an external hot and cold calibration load and an additional internal calibration
using noise diode injection. The redundancy that is built into this system allows an on-or-
bit check of the values for the receiver non-linearities. It also allows a check to determine
if the external hot calibration load is susceptible to solar intrusion, which can result in

thermal gradients and thus inaccurate readings of the hot-load temperature.

2. After launch, a series of calibration maneuvers were performed on GMI (Wentz and
Draper 2016). They included: (a) a deep space maneuver, during which both the main and
the cold sky reflector were viewing cold space, for finding along-scan biases due to the
external calibration sources, (b) a backlobe maneuver, during which the backlobes of the
main reflector were viewing the Earth, for determining the TB contribution from cold
space spillover, and (c¢) a nadir maneuver, during which the main reflector was viewing
the Earth at an Earth incidence angle (EIA) of 0°, for disentangling biases in the V- and

H-pol TB values from cross-polarization effects.

3. No significant calibration anomalies or drifts have been observed with GMI, such as solar
intrusion into the hot calibration load (Twarog et al. 2006; Bell et al. 2008; Meissner et al.
2012; Wentz 2013), an emissive reflector antenna (Wentz et al. 2001; Bell et al. 2008;
Wentz 2015), or temporal drifts in the calibration system (Wentz 2021). These issues

have affected all other passive microwave sensors in some way.

An analysis of GMI observations that were taken during the calibration maneuvers as
well as during normal operations showed that it was possible to absolutely calibrate GMI
with a radiometric accuracy of about 0.2 — 0.3 K. This is significantly better than what has
been achieved with any other passive satellite sensor using different calibration techniques,
whose accuracies are typically in the order of one to a few Kelvin depending on the instru-

ment and channel (Colton and Poe 1999; Kroodsma et al. 2012; Biswas et al. 2013).

The goal of our study is to demonstrate how the highly accurate absolute calibration of
GMI can be transferred to other passive microwave sensors that have sufficient temporal
overlap with GMI. We use the WindSat and AMSR2 sensors as specific examples. The core
of the absolute intercalibration methodology are match-ups between TB observations that

were taken by GMI and the other sensors over the open ocean and the Amazon rainforest.
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Because the GMI orbit is not sun-synchronous and thus its ascending node time is constantly
shifting, it is easy to create a sufficiently populated TB match-up dataset with the sun-syn-
chronous AMSR2 and WindSat sensors. In this manuscript, we validate the radiometric inter-
calibration accuracy by comparing the calibrated TB data with calculations made by an RTM.
In addition, we validate GMI, WindSat and AMSR2 wind speed and water vapor retrievals

using calibrated TB with in-situ buoy and GPS measurements.
2. Methodology for absolute sensor intercalibration

a. Basic relations and parameters for sensor calibration

The task of calibrating a passive microwave sensor consists of the transformation of
counts or voltages that are measured by the receiver into top of the atmosphere (TOA) TB.
The procedure involves two major steps: (1) transforming radiometer counts into TA, and (2)

transforming TA into TB.

1) RADIOMETER COUNTS TO TA

The basic relation between radiometer counts Ck that are received over a typical Earth

scene E and their associated antenna temperature 74 £ for a specific channel is given by:

_ CE_CC

TAVE:xE-TH+(1—xE)-TC—ATNL xE—CH_CC,

(1)

where Cg are the counts taken over the hot calibration reference load, whose radiometric tem-
perature is T and Cc are the counts taken over the cold reference load, whose radiometric
temperature is 7c. For externally calibrated radiometers, 7¢ is the Planck effective brightness
temperature of the cold sky, which is determined by the radiometric temperature of the CMB
and includes a small deviation from the Rayleigh-Jeans law (Meissner et al. 2012). For each
scan, the values of Cy, Ty, and Cc are measured and updated. If the responses of the receivers
were perfect, the 7 would be completely determined by the counts and temperature of the
hot and cold calibration references and thus the first two terms on the r.h.s. of Equation (1).
However, in reality, the receivers of all known spaceborne radiometers exhibit some small
non-linear response, which needs to be taken into account when taking measurements over a
wide dynamical range of Earth scenes ranging from the radiometrically cold ocean to radio-
metrically hot scenes over ice and land. The receiver NL response is denoted by term 47wz in

Equation (1). Typically, 4Tnz is parametrized by a polynomial of the ratio xg, which is tied to
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zero at the cold and the hot ends. In most instances, a quadratic polynomial turns out to be

sufficient and we use the parametrization:

ATNL=4-aNL-xE-(l—xE), (2)

which assumes its largest absolute value of A7n. = anz at xe = 2. The sign of the NL coeffi-
cient ay. can be positive or negative. In the case of the AMSR2 sensor, it turns out that a

quadratic parametrization is not adequate, and we need to use a higher order polynomial:

5 ‘ 5
AT\, = ZaNLJ '(xE )l Z Anpi = 0. (3)
i=1 i=l

In the computation of ATy, in Equation (3), the count ratio xg defined in Equation (1) can be
accurately approximated by the temperature ratio (T4 — Tc )/(Tu — Tc ), because ATnz is
small compared to 74 and Tx. This ensures that ATyn.(Tc) = ATyi(TH) = 0 in Equations (2)
and (3), as desired.

2) TATOTB

The relationship between TA and TOA TB is commonly referred to as antenna pattern
correction (APC) and is most intuitively written as a forward model, i.e., going from a physi-
cal scene (TB) to an antenna measurement (TA). It consists of two parts: (1) The cross-polari-

zation mixing and (2) the antenna spillover.

The cross-polarization mixing can be parameterized as a linearization of the antenna gain

pattern integral (Piepmeier et al. 2008; Meissner et al. 2012). In the modified Stokes basis (V,

H) it reads:
TAV =C-R(a))-(TBVj C=[ CVV I_CVV]‘ (4)
T ! TBH 1_CHH CHH

AH

The elements of the matrix C describe the antenna cross-polarization contamination.
We have omitted S3 and S4 because GMI and AMSR2 do not measure S3 and S4 radiances,
and we are only considering the S1 and S2 channels for WindSat in this manuscript because
the values of S3 and S4 are small compared to V/H-pol. The matrix R(w) denotes a rotation
matrix between the V/H polarization basis of the antenna and the Earth scene. The rotation
angle @ = wgeom + wr 1s the sum of a geometrical alignment difference of the V and H polari-
zation vectors in the antenna and Earth frames (wgeom) and the Faraday rotation of the polar-

ized electromagnetic radiation when travelling through the Earth’s ionosphere (wr) (Meissner
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and Wentz 2006a). The rotation matrix R(w) effectively mixes the S2 (V — H) and the S3
components of the TB vector. For our purposes, we will set the rotation angle @ to zero and
thus, R to the unity matrix in Equation (4). This is justified because: (1) for the Earth scenes
that we will consider, the numerical value of S3 is small compared to S2, and (2) the values
of the polarization angles wgeom and the Faraday rotation angles wr are small for the GMI,

AMSR?2, and WindSat frequency bands that we will use in our investigation.

The second part of the TB to TA transformation describes the power loss that is caused by
parts of the antenna backlobes falling on cold sky, whose brightness temperature is denoted
as Tc. The cold sky fraction of the antenna gain pattern is called the antenna spillover 7,

which means:

T,=(1-n)T, +n-T.. (5)
The value of # depends on frequency and also on polarization, though for most real antenna

patterns one observes 7y = nu.

The transformation going from the measured TA to the TOA TB is obtained by succes-

sively inverting the two linear transformations in Equations (5) and (4).

b. On-orbit intercalibration scheme and algorithm

The calibration of a passive microwave sensor consists of the determination of the param-
eters 77, C;j and anz,i.. In order to achieve absolute calibration of microwave sensors, the objec-
tive is to transfer the absolute calibration of the target sensor, GMI, to the new sensors by cal-
ibrating these three parameters. In this paper, we will show the results of the intercalibration
methodology for the WindSat and AMSR2 sensors. Fig. 1 shows the basic steps that are in-
volved in the intercalibration parameter training (solid lines; orange boxes) and validation

(dotted lines).

The absolute calibration parameters 7, C; and anz; of the sensor S, either AMSR2 or
WindSat, are found by minimizing the sum of squares y° between the adjusted GMI TB with
the TB measurements of S, which are determined by radiometer count measurements and the
set of transformations from Section 2a (Equation (6)). Note that the center frequencies and
Earth-incidence angles of the GMI, WindSat, and AMSR2 channels are slightly different,
which needs to be taken into account when matching the TB measurements. Thus, it is neces-
sary to adjust the GMI TB measurements to the configuration of the other sensors using an

RTM (T adgj). Details will be explained in Section 4e.
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(6)

As the dependence of the TB on the absolute calibration parameters is linear, the minimiza-

tion of »° in Equation (6) amounts to determining these parameters through linear regressions

in each frequency band. A computationally effective method is to first consider only rainfor-

est scenes, whose TB is on the order of 280-290 K, which is close to the radiometric temper-

ature Ty of the hot calibration load and is therefore unaffected by non-linearity. Furthermore,

the rainforest TB is almost independent of polarization and thus not affected by cross-polari-

zation contamination. This allows for a straightforward determination of the spillover values

1. Once the spillover has been fixed, we need to perform the regressions for C;; and ayy,; for

TB match-ups over open ocean scenes only. The results of the regressions have no significant

impact on the TB values near or at the hot end.

External Ocean Parameters
ERAS wind direction
ERAS5 atmospheric profiles
Reynolds (NOAA) SST

A

External Rainforest Parameters
ERAS surface temperature
ERAS atmospheric profiles
Rainforest emissivity model

Validation
(Section 5)

2 | Ocean RTM,,,yarq ‘ Amazon RTMq,,,ara
Validation |
GMI Retrieval (Section 4) WindSat| AMSR2 By,
wind speed, serernrnnssnnnnnsnnnaap T S TERTM . e
water vapor, : GMI TBgry,
cloud |
: 3
: GMITB, = GMI TB_, +
— adj cal
1 GMI TBc.y 3 (WindSat| AMSR2 TBgry, - GMI TBgry)
| Windsat| AMSR2 Initial TA — 4 ——| (GMITB
Validation
(Sectlon 5) WindSat| AMSR2 Retrieval
Wind speed, water vapor
Validation v
(Section 3) In Situ Data

..................... »| Buoy wind speed,
GPS water vapor

Least Squares Minimization of
- WindSat|AMSR2 TB,)?
where TB,, = f(TA, n, C, ay,)

— 5 — WindSat|AMSR2 TB_, =swswseseeesi

Fig. 1. Schematic algorithm flow for intercalibrating TB from a passive microwave sensor
(WindSat | AMSR2) to GMI TB. The numbers show the order of steps, starting from the
bolded GMI TBeal box in green. The green boxes show the datasets used in the analysis (Sec-
tion 3), the blue boxes show the RTM contributions (Section 4), and the orange boxes show
key aspects of the intercalibration methodology (Section 2). In Step (1), absolutely calibrated
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GMI TB are used to retrieve GMI geophysical variables. Step (2) calculates RTM TB for
GMI, WindSat, and AMSR2 over the ocean and Amazon rainforest. Step (3) finds the ad-
justed GMI TB with the same EIA and frequency bands as WindSat | AMSR2. Step (4) in-
puts the adjusted GMI TB and the WindSat | AMSR2 TA into the linear least squares regres-
sion, which then solves for the calibration parameters that minimize the difference between
WindSat | AMSR2 TB and GMI TB. Step (5) uses the WindSat | AMSR2 TB to retrieve geo-
physical variables. The dotted lines indicate the points at which the intercalibration is vali-
dated, along with the sections where that validation is presented.

3. Satellite measurements and ancillary data

This section describes the datasets used in the intercalibration methodology (green boxes
in Fig. 1). These datasets include those that are used to find the calibration parameters and
those that are used to validate the TB results and retrieval results using the trained calibration

parameters.

a. Data for intercalibration training and validation at the TB level

The following datasets are used to intercalibrate WindSat and AMSR2 TB with GMI TB
over the open ocean and rainforest. The time window for a valid match-up collocation is 1
hour. For the rainforest target, we have chosen observations that fall within a box bounded by
the coordinates (1S, 3N) and (52W, 59W), which is located over the Amazon rainforest
(Brown and Ruf 2005; Meissner and Wentz 2010; Wentz 2015). This area is characterized by
hot TB values, which show relatively small inter-annual variations, and a thick rainforest can-
opy, which make the emitted TB almost independent of EIA. Notably, the rainforest exhibits
large swings in TB (up to 10 K) depending on the time of day. The 1-hour time window for
matchups between GMI and WindSat/AMSR2 data reduces errors associated with the diurnal
differences in temperature between the two datasets. In addition, we use ancillary datasets to
model the diurnal variation in the Amazon rainforest RTM (Sections 4c and 4d). The time
ranges of our analysis comprise the years 2014 — 2016 for intercalibration and 2017 — 2019
for TB validation.

1) GMI BRIGHTNESS TEMPERATURES

The target of the sensor intercalibration are TOA TB measured from GMI (GPM Science
Team 2022; Table 1). GMI is dual-polarized (V/H-pol) at all bands at or below 89 GHz ex-
cept at the 23 GHz band, which is only V-pol. GMI has higher frequency channels above 89

GHz, which we will not consider in this study. The GMI scan contains forward looking Earth
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observations only. The calibration of the GMI TB has been derived in detail by Wentz and
Draper (2016).

Band 10 18 23 36 89
Pol VH | VH \Y VH | VH
Jeenter (GHZ) | 10.65 | 18.69 | 23.81 | 36.64 | 89.0
ElAave (%) 52.75

Table 1. GMI channel configuration passband center frequencies feener and average Earth
incidence angles El4av.. The values for fcener were provided by the Calibration Data Book for
GMI (D. Draper, 2015, Ball Aerospace and Technologies Corp. Tech. Rep. 2344649, Version
G, unpublished). The polarizations are V = vertical, H = horizontal.

The calibrated GMI TB for each channel are first resampled along-scan to the footprint
with the coarsest resolution (the 10 GHz band) using the Backus-Gilbert Optimum Interpola-
tion (OI) technique (Poe 1990; Ashcroft and Wentz 2000). Exceptions are the 89 GHz chan-
nels, which are resampled to the 36 GHz resolution. This OI resampling is not essential for
performing the absolute calibration, but it reduces the radiometer noise in the forthcoming er-
ror analysis. The resampled TB are then straight averaged onto a regular 0.25° latitudinal and
longitudinal Earth grid and arranged into daily maps separately for ascending and descending
swaths. If observations from more than one orbit fall into the same grid cell, we only take the

observations at the latest time.

2) WINDSAT ANTENNA TEMPERATURES

WindSat takes fully polarimetric measurements at the 10, 18, and 37 GHz bands (Table
2). Each of these fully polarimetric bands has 3 feeds measuring V/H, plus(P)/minus(M) 45-
degrees, and left(L)/right(R) circular polarizations. The 6 and 23 GHz bands only have dual
polarization (V/H-pol). We will not consider the polarimetric WindSat channels in this study.
Note that the passband center frequencies for V- and H-pol at 18 GHz differ by about 50
MHz. The WindSat scan contains both fore- and aft-looking Earth observations.

Band 6 10 18 23 37

Pol VH VH \Y H VH VH
Jeener (GHZz) | 6.80 | 10.71 | 18.68 | 18.73 | 23.80 | 37.02

10
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Eldave (°) ‘53.711‘50.080‘ 55.573 ‘53.206‘53.202

Table 2. WindSat channel configuration passband center frequencies feener and average
Earth incidence angles E/Aqv.. The values for f.cner are approximated from the passband re-
sponse functions that were provided by Bettenhausen and Gaiser (2014) and are based on pre-
launch measurements. The polarizations are V = vertical, H = horizontal.

Intercalibration begins with WindSat L1A radiometer data, which contain Earth counts,
calibration counts, hot load thermistor readings, spacecraft ephemeris, and sensor pointing in-
formation. The L1A data were provided to us by the U.S. Naval Research Laboratory (NRL)
upon special request. Applying the standard counts to the TA transformation from Section 2a
(Equation (1)), these Earth counts are turned into TA. However, we do not apply the NL cor-
rection 47y, yet as determining this value is part of the absolute calibration task. In order to
achieve TB noise figures that are comparable to the other sensors, the TA of the various
channels are OI resampled onto a fixed regular 0.125° Earth grid at the 10 GHz spatial reso-
lution prior to intercalibration (Meissner et al. 2022). The 6 GHz TAs are left at their native
resolution. To allow an easy match-up with the GMI TB, the resampled WindSat TAs are
then also straight averaged into regular 0.25° latitudinal and longitudinal Earth grid cells and
arranged into daily maps. We produce separate maps for ascending and descending swaths

and for fore and aft looks.

3) AMSR2 ANTENNA TEMPERATURES

AMSR?2 is dual-polarized (V/H-pol) at all bands and the scan contains forward looking
Earth observations only (Table 3). At 89 GHz, observations are taken by two feedhorns, la-
belled horn A and horn B, whose off-nadir angles are slightly offset from each other to opti-
mize ground coverage. As with WindSat, we start with L1A radiometer data (JAXA 2012a).
The Earth counts are then transformed into TA assuming a linear response Equation (1) with-
out applying the NL term 47n;. We perform an Ol resampling along-scan similar to how it
was done for the GMI TB. Finally, the AMSR2 TAs are straight averaged onto a regular
0.25° Earth grid, separated by ascending and descending passes (Meissner et al. 2023).

Band 6 7 1 10 18 23 36 | 89A | 89B
Pol VH|VH|VH| VvV | H| Vv | H]| VH |VH| VH
Jeener (GHZ) | 6 925 1 7.3 | 10.65 18.7 23.8 36.5 89.0
nominal

11
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Jeener (GHZ) | 6 955 | 73 | 10.65 | 18.7 | 18.6 | 23.73 | 23.8 | 36.5 89.0
real

Eldave (°) 55.0 54.49

Table 3. AMSR2 channel configuration passband center frequencies fcener and average
Earth incidence angles E/A44v.. The nominal center frequency differs from the real center fre-
quency for 18 and 23 GHz as described in Section 5b. The polarizations are V = vertical, H =
horizontal.

4) ANCILLARY DATA FOR THE RTM COMPUTATION

Several ancillary datasets are required for the RTM, both for the adjustment of TB in the
intercalibration methodology and for validation. The ancillary data are linearly interpolated to
the time and location of the satellite TB grid cell, except the ERAS fields for which the field
at the hour closest to the satellite observation is used. The following ancillary datasets are
also required for quality control. Moreover, in order to minimize spurious biases in the RTM
calculation for open ocean scenes, we filter out rain, land, sea ice, sun glitter, and radio fre-

quency interference (RFI) from any known sources.

(i) GMI ocean parameters

The RTM requires GMI Version 8.2 Level 3 retrievals of ocean surface wind speed W,
columnar water vapor V, columnar cloud liquid water L, and surface rain rate R (Wentz et al.
2015). The retrieval algorithm follows the method outlined by Wentz and Meissner (2007).
The GMI ocean retrievals have the same time stamp as the GMI TB and we have gridded
them in the same way as the GMI TB.

(ii) Surface temperatures

For ocean scenes, we use the daily NOAA Optimum Interpolated (OI) SST (Reynolds et
al. 2002; NOAA 2020; Huang et al. 2021). For the rainforest scenes, we use the hourly skin
temperature variable from ERAS (ECMWF 2019).

(iii) Atmospheric profiles

The RTM atmospheric parameters 7 (atmospheric transmittance), 7sv (upwelling atmos-
pheric brightness temperature), and 7sp (downwelling atmospheric brightness temperature)
are computed as weighted vertical integrals over the absorption coefficients a(/) for atmos-

pheric absorption from water vapor, dry air (oxygen and nitrogen), and liquid cloud droplets

12
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(Wentz and Meissner 2000), where 4 denotes the vertical height above the surface. The ab-
sorption coefficients a(/) are determined from the vertical atmospheric profiles for air tem-
perature 7(h), air pressure p(h), water vapor density pi(h), and cloud liquid water density
pr(h). Our sources for these data come from the ERAS vertical atmospheric profiles, which
are provided hourly on a regular global 0.25° grid at 32 atmospheric levels (ECMWF 2019).
Over the open ocean, we have scaled the vertical ERAS profiles for pi(h) and pr(h) so that
the total vertical integrals match the total columnar GMI values for V" and L, respectively.
This scaling is performed because the uncertainties of the ERAS columnar values are ex-
pected to be larger than the uncertainties of the GMI values. No GMI retrievals for  and L
are available for rainforest scenes, and we use the original ERAS profiles for pi{(h) and pr(h)

in these instances.

(iv) Rain rates

Our analysis is designed for rain-free observations only. IMERG rain rates (Huffman et
al. 2019), which are provided globally on a regular 0.1° grid every 30 minutes, are used for

flagging and screening for precipitation.
(v) Ocean surface wind direction

Values for the ocean surface wind direction are taken from ERAS 10-meter neutral stabil-
ity wind fields (ECMWF 2019).

(vi) Ocean surface salinity

For ocean surface salinity, we use the top layer value from the operational ocean analysis

that is run by the U.S. Navy (HYCOM 2014).

b. Data for intercalibration validation at the retrieval level

The final step in the absolute calibration of each sensor consists of validating the ocean
parameters that are retrieved from the intercalibrated TB versus independent in-situ ground
truth measurements. This section gives a brief overview of the validation data sources and

methods. The time range of our retrieval validation comprises the years 2017-2019.

1) GMI, WINDSAT, AND AMSR2 OCEAN RETRIEVALS

We use Remote Sensing Systems’ Version 8 WindSat and Version 8.2 AMSR2 Level 3
retrievals of ocean surface low frequency wind speed W and columnar water vapor V to vali-

date the absolute calibration of TB (Wentz et al. 2013; Wentz et al. 2014). The retrieval
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algorithm follows the method outlined by Meissner and Wentz (2006b) and Wentz and
Meissner (2000; 2007). It is a physically based multi-stage regression algorithm, which aims
to determine # and V' by minimizing the sum of squares between TOA TB that are measured
by the sensor and the ones computed by the RTM. The retrieved ocean parameters have been
gridded onto a regular 0.25° Earth grid and are separated by ascending and descending
passes. Sea ice-, rain-, and land-contaminated scenes are removed from the validation dataset.

To validate GMI retrievals, we use the same dataset that is ingested by the RTM.

2) IN-SITU DATA

(i) Buoy wind measurements

The in-situ measurements of ocean surface wind speed are taken from buoy datasets con-
taining data from over 200 moored buoys distributed over the global ocean. We collected col-
locations between satellite winds and buoy observations from three sources. The first source
is the National Data Buoy Center (Portmann 2009; NDBC 2023) with data from the Tropical
Atmospheric Ocean (TAO) buoy array (McPhaden et al. 1998) in the Pacific Ocean. The sec-
ond source is the Pacific Marine Environmental Laboratory (PMEL 2023), which includes
buoys from the Pilot Research Moored Array in the Tropical Atlantic (PIRATA) (Bourlés et
a. 2008) and the Research Moored Array for African-Asian-Australian Monsoon Analysis
(RAMA) in the Indian Ocean (McPhaden et al. 2009). The third source is the Canadian Ma-
rine Environmental Data Section (MEDS; Gower 2002; DFO 2023).

For a valid satellite/buoy wind collocation, we required that the satellite wind measure-
ment fall within +/-30 minutes of an hourly-averaged buoy observation. We discarded obser-
vations if the average satellite/collocated buoy wind speed was > 15 m s™!, as buoys can be
negatively impacted by buoy tilting, high sea state, and wave-sheltering at higher wind
speeds. All buoy measurements were converted to 10-meter neutral stability winds using a
logarithmic profile in order to compare to the satellite winds. Details on the methodology of
collocating and comparing buoy and satellite wind measurements are given in Mears et al.
(2001); however, it should be noted that in our analysis we used a nearest neighbor approach

to collocate buoy observations rather than the interpolation method.

(ii) GPS water vapor measurements

The GPS water vapor data were acquired from the Nevada Geodetic Laboratory (Blewitt
et al. 2018; NGL 2023). Our validations are based on a subset of stations located on small
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islands. This aims to minimize possible land contamination. For a valid satellite — GPS collo-
cation, we required that the satellite vapor measurements fall within +/-30 minutes of an
hourly-averaged GPS observation. Note that the values of the GPS columnar vapor measure-
ments needed to be adjusted to account for the difference between the height of the GPS sta-
tion and the Earth’s surface in order to accurately reflect the total columnar water vapor
measured by the satellites which they are being compared to. We follow the methodology

outlined in Mears et al. (2015) to perform this correction.

3) IN-SITU VALIDATION OF GMI RETRIEVALS

With the aforementioned in-situ datasets, we are able to perform in-situ validation of the
GMI wind speeds and columnar water vapor used in the RTM for adjusting GMI TB. The re-
sults are shown in Fig. 2. The high accuracy (0.92 m s™! wind speed RMSE and 1.64 mm wa-
ter vapor RMSE) and absence of significant biases (— 0.05 m s™' wind speed bias and 0.61
mm water vapor bias) between satellite and ground truth measurements justifies using the

GMI observations as input to the RTM computations.

GM| Water Vapor Validation: Years 2017 - 2019

N=4,779

GMI Bias = 0.607 mm
GMI Std.Dev. = 1.520 mm
GMI RMSE = 1.637 mm

GMI Wind Speed Validation: Years 2017 - 2019

N = 55,899
GMI Bias = -0.046 ms~!
GMI Std.Dev. = 0.915 ms™*
GMI RMSE = 0.916 ms™!

14 —— Binned Average

-- 1:1 Line

—— Binned Average
=== A= UiiE

& o
(=] o

GMI Vapor (mm)
w
o

GMI Wind Speed (ms~1)

[
=]

30 40 50
GPS Vapor {mm)

8 10 12 14 16
Buoy Wind Speed (ms™1)

10t 10? 10t 102
Log Count Log Count

Fig. 2. Scatterplots of GMI versus buoy wind speeds (left) and GMI versus GPS columnar
water vapor (right).
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4. Radiative transfer models for open ocean and rainforest scenes

This section describes the ocean and Amazon rainforest RTMs used in the intercalibration
methodology (blue boxes in Fig. 1). Both of these RTMs are primarily used for validating the
intercalibration methodology and secondarily used to adjust the GMI TB to match EIAs and
frequencies of WindSat/AMSR2.

a. Radiative transfer model for open ocean scenes

The RTM equation for the TOA TB of ocean scenes is given by (Wentz and Meissner
2000):

T, =Ty +7-E-Ty+7-(1-E)-[(1+Q)-(T, —(1-7)-T.)+ T, |- (7)

Here, T's denotes SST and E denotes the microwave emissivity of the rough ocean surface.
The Q-term, also known as atmospheric path length correction, is a parameterization to cor-
rect for the contribution of the downwelling radiation that is scattered at the rough ocean sur-

face from non-specular directions.

The ocean surface emissivity £ is the sum of Ey, the emissivity of a flat ocean surface,
and AEw, the wind-induced emissivity of the rough ocean surface. Our study uses the dielec-
tric sea-water model of Meissner and Wentz (2004; 2012) with the small update provided by
Meissner et al. (2014) for the computation of Ey, and the wind-induced emissivity model of

Meissner and Wentz (2012) for the computation of 4E .

The atmospheric components of the RTM are determined by the absorption of microwave
radiation by water vapor, dry air, and cloud water. As we consider only non-raining atmos-
pheres, scattering by rain drops can be neglected and the Rayleigh approximation can be used
for calculating the cloud water absorption (Wentz and Meissner 2000). The computation of
the water vapor and dry air absorption coefficients is based on the microwave absorption
model by Wentz and Meissner (2016). A few minor updates and adjustments have been made

to this model, which are summarized in Appendix A.

The environmental parameters that serve as input to the ocean RTM calculation and their
sources have been described in Section 3a. In the following, we compare GMI TB with the
ocean RTM as an example of how we validate the WindSat and AMSR?2 intercalibration in

Section 5.
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b. The 2V — H TB combination

When comparing measured TB with RTM calculations over the ocean at K-band (18-27
GHz) and higher frequencies, the atmospheric input can constitute a significant source of er-
ror. That applies particularly to the values for columnar cloud liquid water L and, to a lesser
extent, the columnar water vapor V. For instance, at 37 GHz and an EIA of 55°, an error of
0.01 mm in L translates into an approximate TB error of 0.4 K for V-pol and 0.8 K for H-pol.
That being said, the estimated uncertainty for cloud water retrievals from microwave satellite
retrievals is at least 0.01 mm (Wentz 1997; Wentz and Meissner 2000). In order to minimize
spurious errors in the TB calculation that are caused by uncertainties in the atmospheric in-
put, we consider the channel combination 2 -7y — T in each frequency band rather than
the TB of the single V-pol and H-pol channels. This combination is known to be less sensi-
tive to atmospheric errors (Meissner and Wentz 2002). We multiply the combination by
1/sqrt(5) when computing the standard deviation of the 2}V — H error in order to account for

the proper normalization of the TB combination assuming random error.

Table 4 and Fig. 3 show the results for the absolutely calibrated minus RTM TB of the
dual frequency GMI bands using the 2} — H combination. Note that the undulating nature of
the TB errors when binned by wind speed in Fig. 3 is likely a result of uncertainty in the
RTM surface roughness model which models ocean surface emissivity as a function of a
fifth-degree polynomial in wind speed. Overall, the absolute RTM biases are within 0.31 K.
We aim to achieve similar levels of accuracy for the intercalibrated TB from WindSat and

AMSR2.

Band 10 18 37 89
Bias +0.09 | +0.31 | -0.02 | +0.22
Std.Dev. | 032 | 0.26 |0.23 | 0.51

Table 4. Global statistics for GMI measured minus RTM TB over the open ocean using
the combination 2V — H for the bias and (2V — H)/sqrt(5) for the standard deviation of the er-
ror. All values are in Kelvin.
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Fig. 3. Measured minus RTM TB 2V — H over the open ocean for the dual polarized GMI
bands (10, 18, 36, 89 GHz) shown over a wide range of NOAA OI SSTs (left) and GMI wind
speeds (right).

¢. Radiative transfer model for rainforest scenes

For the microwave frequency range of interest, we can model the radiation that is emitted
from the canopy of the Amazon rainforest scene as surface emission whose effective emissiv-
ity is given by £ = I — w, where o is the single scattering albedo of the rainforest canopy
(Meissner and Wentz 2010; Wentz 2015; Yang et al. 2016). The RTM for the TOA TB of the
rainforest scene (Njoku and Li 1999; Brown and Ruf 2005; Mo 2007) simplifies to:

Ty=Ty+7-E-Ty+7-(1-E)-[Ty, +7-T.]. ®)

The inputs to the rainforest RTM are 75 and the atmospheric parameters 7su, Tsp, and 7.
These variables are provided by ancillary fields of ERAS (Section 3a). In order to solve for
emissivity, we have fit a simple model using these ERAS inputs and GMI TB data which de-
scribes the dependence of E(f) on the frequency f'(in GHz):

E(f)=3B(f-37) ©)

i=0

where B; = 0.
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Fig. 4. Model for the effective emissivities £ = I — o of the rainforest scene as a function
of frequency and based on GMI TB. Blue: V-pol. Red: H-pol. Above 37 GHz the values for
E(f) are kept constant. Note that the curves have been extrapolated below 10.7 GHz.

Fig. 4 shows the resulting curves for E(f). The dependence of £ on f over the whole frequency
range is weak. The effective emissivity of the H-pol is slightly smaller than for the V-pol,
which results in the H-pol TB being about 1 K lower than the V-pol TB. We use this simple
model for the emissivity term in the Amazon rainforest RTM. In order to validate TB over
the rainforest, we use the average (V+H)/2 TB as shown by the GMI example in the follow-
ing. Note, we are neglecting the £ dependence on EIA for the relevant angle range of 49° —

56°.
d. Diurnal variability of rainforest TB

The TB signal over the Amazon exhibits a diurnal variation of 5-10 K, depending on fre-
quency (Mo 2007), which is caused by the diurnal variation of surface temperature, atmos-
pheric temperature, moisture, and clouds. Over the daily cycle, it is instructive to assess how
well the satellite TB observations are modelled by the RTM calculation (Equations (8) and
(9)) using the ERAS ancillary input. The shifting ascending node time of GMI makes this

sensor the best candidate to study the diurnal TB signal over the rainforest scene.

Fig. 5 shows the excellent agreement between GMI observed and modeled 10 GHz TB
variations over the rainforest as a function of local time. The values for the total statistics are
listed in Table 5. All of the channel absolute biases are within 0.04 K except for 89 GHz
which has a value of 0.71 K. This is in part due to cloud contamination that is not caught by

the ERAS dataset. Cloud coverage is common over the Amazon rainforest. The cloud
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absorption for various frequencies is inversely related to wavelength, e.g., 89 GHz contains
2.5 times the amount of cloud absorption as compared to 37 GHz. Therefore, there is greater

potential for cloud contamination in the 89 GHz channel TB.

rain forest TB (V+H)/2 10 GHz

----- T, - 14.5 Kelvin
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Fig. 5. Diurnal variation of the 10 GHz for (V+H)/2 TB over the rainforest scene. The
curves show the GMI observations (full blue), the results of the RTM (dashed blue) and the
variation of the surface temperature (black dashed; decreased by 14.5 K in order to align with
the measured and modeled TB). The symbols indicate the results for the ascending (circle)
and descending (square) WindSat (red) and AMSR2 (green) TB.

Band 10 18 23 37 &9
Bias -0.01 | -0.04 | -0.04 | -0.01 | 0.71
Std.Dev. | 1.36 | 1.25 [ 096 |1.17 | 1.57

Table 5. Statistics for GMI measured minus RTM TB over the rainforest scene for
(V+H)/2. In case of the single-polarized 23 GHz channel, the V-pol value is used. All values
are in Kelvin.

e. TB adjustment for differences in channel configuration

When matching the TB measurements of GMI with the sensors that are going to be inter-
calibrated to GMI, it is necessary to account for small differences in the channel configura-
tions between GMI and these other sensors, which manifest themselves as slightly different
values for center frequency and EIA. This is particularly important for matching the TB over

open ocean scenes, where the frequency and EIA differences can result in TB differences of a
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few Kelvin. We adjust the GMI TB to the configuration of the other sensor, labelled S, using
the TB difference that is calculated from the ocean RTM:

TB,adj (GMI) = TB,meaS (GMI) + |:TB,RTM (S) - TB,RTM (GMI):I- (10)

This adjustment method is frequently referred to as the double difference (DD) method
(Kroodsma et al. 2012; Biswas et al. 2013).

We want to emphasize that the described method only uses the differences of the RTM
calculations between channels within a very limited center frequency (100—500 MHz) and
EIA range (49°-56°). The TB differences do not change significantly when a different RTM
is used for computing them, as long as common emission and atmospheric absorption models
are used. As the absolute GMI calibration does not use an RTM either, it follows that our pro-
posed absolute sensor intercalibration method of using adjusted TB for GMI does not signifi-
cantly depend on the choice of any specific RTM. Nonetheless, when comparing the abso-
lutely calibrated TB with RTM-calculated TB, the result will of course depend on the RTM

that is used in the comparison.

We note that for the WindSat and AMSR2 C-band channels (6 and 7 GHz) and the 23H
channels, there are no matching channels for GMI and therefore no absolute intercalibration
of their TB can be done. Rather, the calibration results presented in this manuscript were ob-
tained by performing a calibration to the RTM. We have included the results for these chan-

nels for completeness.
5. Absolute calibration of WindSat and AMSR2

a. Calibration parameters

As laid out in Section 2b, the absolute calibration parameters for WindSat and AMSR2
are found by a linear regression, which amounts to performing the least squares minimization
of the expression y° in Equation (6). The resulting values for I — 7, Cy;, and an; are listed in
Table 6 for WindSat and Table 7 for AMSR2. The values for the AMSR2 coefficients anz i
are listed in Table 13 in Appendix B.

Band 6 10 18 23 37
I —ny|0.97661 | 0.98571 | 0.98466 | 0.98460 | 0.98432
I —nu | 0.97613 | 0.98468 | 0.98409 | 0.98396 | 0.98387
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Cry ‘ 0.9935 ‘ 0.9961 ‘ 0.9939 ‘ 0.9870 ‘ 0.9953

ani ‘ 0.000 ‘ 0.018 ‘ 0.573 ‘ 0.613 ‘ 0.607

Table 6. Values for WindSat 1 — #, WindSat V/H cross-polarization matrix elements Cyy
=1 - Cyn and Cyy = Cyp, and WindSat non-linearity coefficients anz in Kelvin (Equation
(2)). Note, the an;. values for V- and H-pol are the same.

Band | 6 7 10 18 23 36 89AB
Pol VH | VH | VH | VH \Y H \Y H VH
I—n10.97510.972 1 0.978 | 0.981 | 0.980 | 0.979 | 0.977 | 0.976 | 0.980
Cyy 10.99710.99210.997 | 0.997 0.997 0.998 0.998

Table 7. Values for AMSR2 1 — # and AMSR2 V/H cross-polarization matrix elements
Cyyr=1-Cygand Cyy= Cpqp.

Fig. 6 shows the size of the NL term 47n; as function of TA for all AMSR2 channels.

The amplitudes of the AMSR2 NL are significantly larger than for the other sensors. The
AMSR?2 values reach 1-3 K, whereas for WindSat the NL varies between 0.0 and 0.6 K (Ta-
ble 6) and between 0.0 and 0.5 K for GMI (Wentz and Draper 2016). In addition, the AMSR2

NL terms differ for V-pol and H-pol at each band, and they can be positive or negative. We

can also see from Fig. 6 that the quadratic fit, Equation (2), would be inaccurate for the

AMSR2 NL term. As such, the higher order polynomial fit, Equation (3), is warranted.

AT, (Kelvin)
o

AMSR2 non-linearity V-pol

T
10‘18

T
36 89A 89B

TA (Kelvin)

Ll

g;umn\ml 1 | HHHH‘\ 1

0

AT, (Kelvin)
(=]

AMSR2 non-linearity H-pol

E 6 7

© [T

TT T[T 7T
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TT T T 17
36 89A 89B
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Fig. 6. Size of the NL terms 47y (Equation (3)) of the AMSR2 channels. Left: V-pol.
Right H-pol.
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b. Center frequencies of AMSR?2 18H and 23V passbands

As indicated in Table 3, we use passband center frequencies for the 18H and 23V chan-
nels that differ from the nominal values in the AMSR?2 absolute calibration. The 18H center
frequency is 100 MHz lower than the nominal value (18.7 GHz) and the 23V center fre-
quency is 70 MHz lower than the nominal value (23.8 GHz). The reason for doing this is that
using the nominal values for these channels would result in fits for the NL terms with very
unusual behaviors. The NL curves would switch sign over the dynamical TA range, which is
an unlikely scenario. We note that the 18.7 GHz and 23.8 GHz channels are in close proxim-
ity to the 22.234 GHz water vapor absorption resonance, which causes the atmospheric ab-
sorption coefficients, and thus the TOA TB, to be very sensitive to small changes in the chan-
nel frequencies. We have chosen to make small adjustments to the center frequencies rather
than using oddly shaped NL curves. Unlike WindSat, we have no detailed information about

the shape of the AMSR2 passband, which causes this ambiguity in the sensor calibration.

c. TB over the open ocean

Once the absolute calibration constants for WindSat and AMSR2 have been determined,
we can compare the intercalibrated sensor TB with the RTM TB. The results for the global
statistics over the open ocean are listed in Table 8 for WindSat and Table 9 for AMSR2.
From Table 8, it is apparent that the 10 and 18 GHz WindSat absolute biases are slightly
lower than for GMI, while at 37 GHz GMI performs better than WindSat (Table 4). AMSR2
exhibits the same pattern of performance relative to GMI (Table 9). Because of the large
AMSR2 NL term this result was not guaranteed. It indicates that our fits for the AMSR2 ATy,
were done accurately. WindSat and AMSR2 absolute biases are within 0.42 K for the 10, 18
and 37 GHz bands.

Band 6 10 18 23 37

Bias | 0.00 | 0.00 | -0.09 | -0.16 | -0.20
Std.Dev. | 0.19 | 0.23 | 0.26 | 0.29 | 0.30

Table 8. Global statistics for WindSat measured minus RTM TB over the open ocean us-
ing the combination 2V — H for the bias and (2V — H)/sqrt(5) for the standard deviation of the
error. All values are in Kelvin.

Band ‘6‘7‘10‘18‘23‘36‘89

23



596
597
598

599

600

601
602

603

604

605
606

607

608
609
610
611

Bias ‘ +0.09 ‘ +0.07 ‘ -0.04 ‘ +0.09 ‘ -0.18 ‘ -0.42 ‘ -1.00
Std.DeV.‘ 0.31 ‘ 0.32 ‘ 0.33 ‘ 0.29 ‘ 0.30 ‘ 0.32 ‘ 0.82

Table 9. Global statistics for AMSR2 measured minus RTM TB over the open ocean us-
ing the combination 2V — H for the bias and (2V — H)/sqrt(5) for the standard deviation of the

error. All values are in Kelvin.
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Fig. 7. Measured minus RTM TB 2V — H over the open ocean for the WindSat bands (6,

10, 18, 23, 37 GHz) shown over a wide range of SSTs (left) and wind speeds (right).
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Fig. 8. Measured minus RTM TB 2V — H over the open ocean for the AMSR2 bands (6,
7, 10, 18, 23, 36, 89 GHz) shown over a wide range of SSTs (left) and wind speeds (right).
The TB measured — RTM curves as functions of SST and wind speed are shown in Fig. 7

for WindSat and Fig. 8 for AMSR2. Note that the stratification with respect to wind speed in

the right panel is done versus the GMI wind speed. These figures indicate that there are no

significant cross-talk biases for WindSat or AMSR2. An exception to this is the AMSR2 89
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GHz channel where somewhat larger deviations between measured TB and the RTM values
are found, though they are still below 1.5 K. Similar to the GMI results, the undulating nature
of the TB errors when binned by wind speed is likely a result of uncertainty in the RTM sur-

face roughness model.

d. Wind speed and water vapor measurements over the open ocean

The next step in the open ocean intercalibration is a validation of the WindSat and
AMSR2 wind speed and water vapor retrievals versus in-situ ground truth measurements. As
we have done in the case of GMI (Section 3b), we compare the WindSat and AMSR2 wind
speed retrievals with buoy observations and the water vapor retrievals with GPS observa-
tions. Fig. 9 and Fig. 10 show results for the WindSat and AMSR?2 in-situ validation, respec-
tively. WindSat’s and AMSR2’s wind speed RMSEs are 0.87 m s™! and 0.84 m s™!, respec-
tively, and their water vapor RMSEs are 1.63 mm and 1.65 mm, respectively. These values
are similar to the GMI values of 0.92 m s! and 1.64 mm. Because GMI, WindSat, and
AMSR?2 use the same retrieval algorithm, these similarities suggest that WindSat and

AMSR?2 TB have reached an absolute calibration accuracy similar to GMI TB.

WindSat Wind Speed Validation: Years 2017 - 2019

WindSat Water Vapor Validation: Years 2017 - 2019

N = 59,615

WindSat Bias = -0.063 ms~*
WindSat Std.Dev. = 0.869 ms~!
WindSat RMSE = 0.872 ms~*

N = 765

WindSat Bias = 0.442 mm
WindSat Std.Dev. = 1.572 mm
WindSat RMSE = 1.633 mm

—— Binned Average
---- 1:1 Line

—— Binned Average
---- 1:1 Line

WindSat Wind Speed (ms™1)
WindSat Vapor (mm)

10 12 14 16 18
Buoy Wind Speed (ms™1) GPS Vapaor (mm)
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10t

Fig. 9. Scatterplots of WindSat versus buoy wind speeds (left) and WindSat versus GPS
columnar water vapor (right).
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Fig. 10. Scatterplots of AMSR2 versus buoy wind speeds (left) and AMSR2 versus GPS
columnar water vapor (right).

e. TB over the rainforest

Table 10 and Table 11 show the overall statistics for TB measured — RTM for WindSat
and AMSR2 over the Amazon rainforest. We have separated the results into ascending (ASC,
local time = 18:00 for WindSat and 13:30 for AMSR?2) and descending (DSC, local time =
6:00 for WindSat and 1:30 for AMSR2) swaths in order to validate retrievals at different
points in the diurnal cycle. In the 10 and 18 GHz bands, WindSat’s ASC absolute biases and
standard deviations are higher than the DSC values; however, the reverse is true for the 37
GHz band. Similarly, we find lower absolute bias and standard deviation values for the
AMSR?2 DSC passes as compared to the AMSR2 ASC passes over the 10, 18, and 37 GHz
bands. The difference between the ASC and DSC passes is larger for AMSR2 than for Wind-
Sat. The WindSat and AMSR2 absolute biases over the Amazon rainforest are within 0.45 K
for 10, 18, and 37 GHz.

Swath | Local Time | Band 6 10 18 23 37

ase | 18:00 Bias | +0.02 [ +0.33 | +0.32 | +0.36 | 0.02
Std.Dev. | 123 | 1.24 | 1.04 | 0.86 | L.11
psc | 600 Bias | +0.06 | -0.16 | -0.11 | +0.06 | -0.22

Std.Dev. | 1.01 | 1.14 | 1.03 | 0.77 | 1.05
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Table 10. Statistics for WindSat measured minus RTM over the rainforest scene for
(V+H)/2 TB. The results have been separated into ascending (ASC) and descending (DSC)
swaths. All values are in Kelvin.

Swath | Local Time Band 6 7 10 18 23 36 89

ASC 13:30 Bias -1.13 | -1.15 | -045 | -0.42 | -0.25 | -0.33 | -0.37
Std.Dev. 166 | 1.67 | 1.66 | 147 | 1.15 | 1.37 | 1.79

DSC 1:30 Bias +0.13 | +0.05 | +0.10 | +0.06 | +0.23 | +0.12 | -0.24
Std.Dev. 1.02 | 1.04 | 1.08 | 096 | 0.74 | 094 | 1.60

Table 11. Statistics for AMSR2 measured minus RTM over the rainforest scene for
(V+H)/2 TB. The results have been separated into ascending (ASC) and descending (DSC)
swaths. All values are in Kelvin.

Over the average diurnal cycle, the WindSat and AMSR2 TB in each pass agree very well
with the diurnal variation of the GMI TB (Fig. 5). This is expected, as the GMI and Wind-
Sat/AMSR2 TB have been matched to find the values of the WindSat and AMSR2 absolute
calibration parameters. An independent check of the TB over the rainforest scene can be ob-
tained by looking at their seasonal variation and how well it matches the RTM prediction
(Fig. 11, Fig. 12). Similar to the average statistics given in Table 10 and Table 11, we find
that the results for the descending night and early morning passes are slightly better than for
the ascending afternoon and early evening passes. This is likely caused by RTM error. More
specifically, the ERAS ancillary fields for surface temperature and atmospheric profiles are
more accurate at the local early morning time than at the local early evening time when cloud

and rain cover are more likely.
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Fig. 11. Seasonal variation of the WindSat TB for 10 GHz (V' + H)/2 over the rainforest
scene. The curves show the measured TB (blue), the results of the RTM (red), and the varia-
tion of the surface temperature (green), which has been decreased by 14.5 K in order to align

with the measured and modeled TB. The results have been separated into ascending (ASC)
and descending (DSC) swaths.
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Fig. 12. Seasonal variation of the AMSR2 TB for 10 GHz (V' + H)/2 over the rainforest

scene. The curves show the measured TB (blue), the results of the RTM (red), and the varia-
tion of the surface temperature (green), which has been decreased by 14.5 K in order to align

with the measured and modeled TB. The results have been separated into ascending (ASC)
and descending (DSC) swaths.
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6. Uncertainty assessment

The uncertainty values for TB measured — RTM listed in Table 4, Table 8, and Table 9 do
not solely reflect the TB calibration uncertainty, but are composed of several contributions:
(1) TB calibration uncertainty; (2) uncertainties in the RTM itself; (3) uncertainties in the an-
cillary input to the RTM computation including time mismatches between TB observations
and the time stamp of the ancillary field; and (4) noise in the radiometer measurements
(NEDT). The magnitude of the radiometer noise (4) after the OI resampling is performed is
about 0.1 K. The uncertainties in the ancillary input parameters (3) can be estimated from a
Monte-Carlo (MC) simulation that computes the RTM with and without typical RMS uncer-
tainty estimates for ocean surface wind speed (0.8 m s™), SST (0.5 K), water vapor (1.5 mm),
cloud liquid water (0.1 mm), and ocean surface wind direction (15°). The result of the MC
simulation shows that the contribution of these uncertainties to the total budget is at least 0.2
K for the 6-37 GHz bands and at least 0.4 K for the 89 GHz bands. The estimates for the un-
certainty sources (3) and (4) need to backed out in a root mean square sense from the stand-
ard deviations in Table 4, Table 8, and Table 9, which leaves us with an estimated uncertainty
solely caused by sources (1) and (2). The resulting values for systematic (biases) and random
(standard deviations) uncertainty estimates are summarized in Table 12 for the channels of
the GMI — WindSat — AMSR?2 intercalibration. We are not able to distinguish between uncer-
tainty sources (1) and (2), so the values in Table 12 comprise both residual uncertainties in

the absolute intercalibration and uncertainties in the ocean RTM.

We note that the values for the random components (standard deviations) of the uncer-
tainty estimates given in Table 12 include errors associated with neglecting the dependence
of AT, on the physical temperature of the receiver. We have neglected this temperature de-
pendence in this study, as it adds another level of complexity and would thus exceed the
scope of this paper. The values that are given in Table 7, Fig. 6 and Table 13 are all averages.
A detailed analysis of the dependence of A7, on the receiver temperature for AMSR2 was

performed by Wentz (2021).

Band 10 18 36/37 89

Sys ran SysS ran SysS ran SysS ran

GMI +0.09 | 0.23 | +0.31 | 0.13 | -0.02 | 0.05 | +0.22 | 0.27
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WindSat

0.00 ‘ 0.05 ‘ -0.09 ‘ 0.13 ‘ -0.20 ‘ 0.20 ‘ N/A

AMSR2 ‘ -0.04 ‘0.24

+0.09 ‘ 0.18 ‘ -0.42 ‘ 0.23 ‘ -1.00 ‘ 0.69

Table 12. Estimated systematic (sys) and random (ran) uncertainties of the intercalibrated
GMI — WindSat — AMSR2 TB measured — RTM for open ocean scenes using the combina-
tion 2V — H for the systematic bias and (2} — H)/sqrt(3) for the random standard deviation of
the error. All values are in Kelvin.

In regards to the Amazon rainforest TB, a comparison of land surface temperature meas-
urements made by the infrared MODIS sensor with in-situ data shows an RMSE of about 1.5
K (Gomis-Cebolla et al. 2018). We can assume that the RMSE of the ERAS surface tempera-
tures are at least as large. That means that the values for the standard deviations for TB meas-
ured — RTM over the rainforest for GMI (Table 5), WindSat (Table 10), and AMSR2 (Table
11) are largely if not entirely caused by errors in the ancillary surface temperature input and

not by the errors in the intercalibration.

7. Discussion and Conclusions

We have performed an on-orbit intercalibration of WindSat and AMSR2 to GMI over the
open ocean and the Amazon rainforest. The absolute calibration of the TOA TB of these sen-
sors consists of determining the values for antenna spillover, antenna cross-polarization, and
receiver non-linearity. An accurate knowledge of these parameters will result in accurately
calibrated TB over a wide dynamical range comprising ocean, ice, and land scenes. The sen-
sor intercalibration methodology does not depend on a specific RTM because the RTM is
only used for a minor adjustment to GMI TB. When compared to the RTM, the intercali-
brated TOA TB absolute biases (standard deviations) range from 0.00 — 0.42 K (0.05 — 0.24
K) and the RMSE is within 0.5 K for the 10, 18, and 37 GHz channels. Wind speed and water
vapor retrievals from all three satellite sensors were validated versus in-situ measurements
and show comparable levels of accuracy, i.e., a wind speed RMSE of 0.84 — 0.92 m s and a
water vapor RMSE of 1.63 — 1.65 mm for GMI, WindSat, and AMSR2. The biases between
the intercalibrated TB and the rainforest RTM range from 0.01 — 0.45 K for the 10, 18, and
37 GHz channels. The standard deviations for the rainforest RTM TB difference are largely
governed by the ERAS surface temperature input.

We want to mention that an accurate on-orbit calibration for any microwave radiometer

requires more than determining the absolute calibration parameters. It includes, for instance,
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(1) correction of sensor pointing errors; (2) correction of Earth, moon, or RFI radiation into
the cold sky mirror; (3) correction of along-scan biases that can be caused by intrusion of the
spacecraft or calibration loads into the Earth field of view; (4) correction of sun intrusion into
the hot calibration load; (5) correction for a finite emissivity of the reflector antenna; (6) cor-
rections for temporal drifts in the noise-diode injection temperatures or receiver non-lineari-
ties; (7) calibration of the polarimetric channels; (8) magnetic field sensitivity errors. All
known passive microwave sensors have experienced at least some of these problems to a cer-
tain extent. A comprehensive discussion of many of these issues was given in Meissner et al.

(2012).

The WindSat and AMSR2 TOA TB that have been absolutely intercalibrated to GMI dif-
fer significantly from TB that are obtained if pre-launch measurements of spillover, cross-po-
larization and non-linearities are used in the sensor calibration. Depending on the channel,
AMSR?2 TB based on pre-launch calibration parameters (JAXA, 2012b) are on average about
2.0 — 4.5 K higher over the open ocean and about 0.5 — 1.5 K higher over the rainforest
scenes than the ones intercalibrated to GMI. WindSat TB based on pre-launch calibration pa-
rameters (M. H. Bettenhausen, 2006, personal communication) are on average about 1 —2 K
higher over the open ocean and about 3 K over the rainforest scenes than the ones intercali-
brated to GMI. It follows that the TOA TB that are based on pre-launch calibration parame-
ters cannot be used directly in a physically-based ocean retrieval algorithm for W and V like
it was used in our study (Section 3b). Doing so would result in large biases for the ocean re-
trievals. These TOA TB could be used directly either in purely statistical regressions or ma-
chine-learning algorithms that do not use a physical RTM. In order to use them in a physi-
cally based retrieval it will be necessary to re-calibrate them over ocean targets to a specific
RTM. However, the resulting TOA TB will then depend on the specific RTM that has been
chosen and it is required to use this same RTM in both calibration and retrieval. As we have
pointed out (Section 4¢) the TOA TB intercalibration does not depend significantly on the
choice of the RTM. As a matter of fact, the absolutely intercalibrated TOA TB can actually
be used to assess the quality of different RTMs from the literature by comparing the biases
between intercalibrated TB and RTM computed TB, which should be small. That gives the
absolutely intercalibrated TB a clear advantage over the TB that are based on pre-launch cali-

bration parameters.

Once the absolute intercalibration for WindSat/AMSR2 to GMI has been performed and

validated, these sensors themselves can serve as absolute calibration references for the
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channels of other passive sensors that overlap in time. In order to avoid the accumulation of
systematic errors from one sensor to the next, each intercalibrated sensor will need to be as-
sessed with the RTM and in-situ data similar to the validation procedures given in this paper.
In the past, these other passive sensors included TMI, AMSR-E, and the series of SSM/I and
SSMIS going back to the first SSM/I that was launched in 1987. Going forward, we can in-
clude the U.S. Airforce Compact Ocean Wind Vector Radiometer (COWVR) that was
launched in 2021 (Brown et al. 2017), the JAXA AMSR3 onboard GOSAT-GW that is
scheduled to launch in 2024 (Kachi et al. 2023), the U.S. DoD Weather System Follow on
MicroWave Imager (WSF-M MWI) launched in 2024 (Draper et al. 2023; Lindsley et al.
2023), the EUMETSAT 2" generation Microwave Imager (MWI) that is scheduled to launch
in 2026 (Lupi et al. 2020), and, ultimately, the ESA Copernicus Imaging Microwave Radiom-
eter (CIMR), that is anticipated to launch in or after 2029 (Donlon et al. 2023). The succes-
sive intercalibration of these radiometers will enable the creation of a consistent long-term

climate data record.
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Updated Model for Atmospheric Water Vapor Absorption

This appendix briefly summarizes the small updates and adjustment that have been made

to the water vapor absorption model of Wentz and Meissner (2016).

1.

The half-width y of the air-broadened 22.234 GHz water vapor line has been reduced by
4%.

The scaling factor 1.01 in Equation (1) of Wentz and Meissner (2016) has been rescinded.
That means that §* = S.

The wings of the 22.234 GHz water vapor line have been adjusted. Equation (13) in
Wentz and Meissner (2016) has been changed to:

7=007-7+0.93-7-x" -(3—2x)

Y27 hs<r<19

16.5

1

x={ 0 f>19 , (b
1 f<25

where f denotes the frequency in GHz.

4.

The half-width y of the air-broadened 183.81 GHz water vapor line has been increased by
3%.

For the foreign-broadened (FB) water vapor continuum we use the expression given by

Rosenkranz (2017).

For the self-broadened (SB) water vapor continuum we use the expression given by

Rosenkranz (2017) reduced by 7%.

These changes and adjustments were based on recent analysis of satellite observations.

They also bring the water vapor absorption coefficients into better agreement with the recent

literature (Liljegren et al. 2005; Payne et al. 2008; Rosenkranz 2017).

APPENDIX B

Values for the AMSR2 Non-Linearity Coefficients

For reference, we list the numerical values of the AMSR2 NL coefficients anz,; that are

used in Equation (3) for computing 47x; in Table 13.
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channel | anr,; anr,2 anL,3 anL 4 anL,s

6V -9.986E+00 | 9.569E+00 | 6.637E-02 | 1.425E-01 | 2.079E-01
6H -6.811E+00 | 7.174E+00 | -8.310E-02 | -1.300E-01 | -1.499E-01
A% -1.166E+01 | 1.136E+01 | 4.666E-02 | 1.009E-01 | 1.479E-01
TH -8.049E+00 | 8.929E+00 | -2.008E-01 | -3.150E-01 | -3.637E-01
10V 3.031E+00 | -1.491E+00 | -2.432E-01 | -5.256E-01 | -7.719E-01
10H 1.788E+00 | -1.263E+00 | -1.135E-01 | -1.877E-01 | -2.240E-01
18V 1.240E+01 | -1.185E+01 | -8.044E-02 | -1.852E-01 | -2.871E-01
18H 6.378E+00 | -8.447E+00 | 3.917E-01 | 7.288E-01 | 9.489E-01
23V 7.710E+00 | -5.649E+00 | -2.860E-01 | -6.822E-01 | -1.093E+00
23H 1.039E+01 | -9.538E+00 | -1.884E-03 | -2.050E-01 | -6.444E-01
36V 4.994E+00 | -3.938E+00 | -1.285E-01 | -3.373E-01 | -5.899E-01
36H 6.462E+00 | -9.237E-01 | -9.138E-01 | -1.907E+00 | -2.717E+00
89AV | 8.342E+00 | -8.342E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
89AH | 6.206E+00 | -6.206E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
89BV | 6.203E+00 | -6.203E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00
89BH | 4.383E+00 | -4.383E+00 | 0.000E+00 | 0.000E+00 | 0.000E+00

Table 13. Values of the NL coefficients anz,;, i=1,...5 of the AMSR2 channels. All values

are in Kelvin.
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