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Derivation and Validation of Sensor Brightness
Temperatures for Advanced Microwave
Sounding Unit-A Instruments

Banghua Yan and Khalil Ahmad

Abstract— In this study, we first present a generalized
methodology for deriving sensor brightness temperature data
records (SDR) from antenna temperatures data records (TDR)
applicable for Advanced Microwave Sounding Unit-A
(AMSU-A) instruments. It includes corrections for antenna
sidelobe contributions, antenna emission, and radiation
perturbation due to the difference of Earth radiance in the main
beam and that in the sidelobes that lie outside the main beam
but within the earth disc. For practical purposes, we simplify
the methodology by neglecting the components other than the
antenna sidelobe contributions to establish a consistent
formulation with the legacy AMSU-A antenna pattern
correction (APC) formula. The simplified formulation is then
applied to the final AMSU-A instrument onboard the Metop-C
satellite that was launched in November 2018, in order to
compute APC coefficients for deriving SDR from TDR data.
Further, the performance of the calculated correction
coefficients is validated by calculating the differences between
the daily averaged AMSU-A (TDR and SDR) observations
against radiative transfer model (O-B) simulations under clear
sky conditions, and over open oceans. The validation results
show that the derived temperature corrections are channel and
scan position dependent, and can add 0.2 to 1.6K to the antenna
temperatures. In addition, the derived SDR O-B simulation
results exhibit a reduced and more symmetric scan angle
dependent bias when compared with corresponding TDR
antenna temperatures.

Index Terms—Microwave Radiometry; AMSU-A Calibration;
AMSU-A Antenna Pattern Correction; Metop-C AMSU-A
Validation

I. INTRODUCTION

HE third satellite of the European Meteorological
Operational (Metop) satellite program, Metop-C, which
was successfully launched into low Earth orbit on
November 6, 2018, carries the NOAA Advanced Microwave
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Sounding Unit-A (AMSU-A) instrument. The AMSU-A
provides temperature soundings from the Earth's near-surface
to an altitude of about 42 km through measurements of antenna
Temperature Data Records (TDR) at 15 channels from 23.8 to
89 GHz.

Table I AMSU-A Instrument Specifications [1]

Cent Measured Mez d Temperature
enter Bandwidth - 3db casure pera

Ch Frequency (MHz) Polarization Beamwidth Main Beam Sensitivity
(MHz) )2 Efficiency®* | (K) NEAT

1 23800 270 \4 3.48 96.30 0.30

2 31400 180 A% 3.52 97.31 0.30

3 50300 180 \4 3.64 96.28 0.40

4 52800 400 \% 3.40 95.66 0.25
53596

5 £115 170 H 3.60 96.32 0.25

6 54400 400 H 3.44 96.84 0.25

7 54940 400 \% 3.44 96.44 0.25

8 55500 330 H 3.44 96.10 0.25

9 fo= 330 H 332 96.70 0.25
57290.344 ) : :

10 | fo£217 78 H 333 96.70 0.40
fo +322.2

11 £48 36 H 332 96.70 0.40
fo+322.2

12 £22 16 H 332 96.70 0.60
fo +322.2

13 £10 8 H 332 96.70 0.80
fo +322.2

14 145 3 H 3.32 96.70 1.20

15 89000 1500 A% 3.56 97.88 0.50

! Specification of 3dB beamwidth is within 3.3°+10%;

2 3-dB beamwidth data correspond to beam position 15;

3 Specification of main beam efficiency is > 95%;

4 Main beam efficiency is computed using Eq. (6d) with 6,,,,, equal to 2.50 x
the 3-dB beamwidth in the table.

Table I lists the AMSU-A main channel characteristics,
which include the channel frequency, bandwidth (specification
and measurements), and radiometric temperature sensitivity (or
NEAT) for each of the 15 channels [1][2]. After a series of
calibrations, the AMSU-A TDR data have been distributed to
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the user community through the NOAA OSPO Environmental
Satellite Processing and Distribution System (ESPDS) Product
Distribution Access (PDA) subsystem and the NOAA
Comprehensive Large Array-data Stewardship System
(CLASS).

Besides the TDR data, the user community also needs
brightness temperature Sensor Data Record (SDR) data, which
ideally represents the antenna temperature after corrections of
antenna sidelobe contributions [3]-[7], antenna emission [8]-
[10], and other radiation perturbations [11]. The conversion
from TDR to SDR data has been previously studied, and applied
to a number of space-borne radiometers. The radiometers
include the Advanced Technology Microwave Sounder
(ATMS) instruments onboard the Suomi National Polar-
orbiting Partnership (SNPP) and Joint Polar Satellite System
(JPSS-1) [8]-[10], and AMSU-A instruments onboard NOAA-
15 to 19, and Metop-A & B satellites. While the legacy AMSU-
A conversion algorithm [7], only accounted for sidelobe
contributions to antenna temperatures due to lack of on-orbit
maneuver measurements, the ATMS conversion algorithm
contained an additional correction for antenna emission
contributions, utilizing data available from deep space pitch-
over maneuvers to perform the TDR to SDR corrections [12].

In this study, we take advantage of previous studies and
adopt some of their approaches [7] — [13] to formulate a
generalized TDR to SDR conversion algorithm for the AMSU-
A instruments. In particular, the ATMS emissivity model is
utilized to construct the theoretical contribution of the emissive
AMSU-A antenna system. No polarized emission
measurements were made for the AMSU-A antenna reflector
on ground before launch, and there are currently no plans for
MetOp-C to perform on-orbit pitch-over maneuvers necessary
to derive actual polarized antenna emission. Therefore, we
further simplify the generalized theoretical algorithm by
ignoring the components other than the contribution from
sidelobe radiation, which results in a mathematical formula
consistent with the legacy AMSU-A approach. We also adopt
the simplified mathematical formula to compute the Antenna
Pattern Correction (APC) coefficients for the Metop-C AMSU-
A instrument. As was previously demonstrated in [14], we
assess the performance of the derived APC conversion
coefficients by comparing daily-averaged angular biases of
AMSU-A observations with/without APC against simulated
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brightness temperatures using the Joint Center for Satellite Data
Assimilation (JSCDA) Community Radiative Transfer Model
(CRTM) [15]-[17].

This paper is organized as follows. After this introduction, the
next section provides a brief description of the Metop-C
AMSU-A instrument and its antenna pattern data. Section III
presents the conversion methodology including the generalized
and simplified versions for computing AMSU-A brightness
temperatures from measured antenna temperatures. Section [V
provides the derived Metop-C AMSU-A APC coefficients
along with validations of resultant brightness temperatures.
Summary and conclusions are given in the final section.

II. DESCRIPTION OF AMSU-A INSTRUMENT AND ANTENNA
PATTERN DATA

The Metop-C AMSU-A is composed of two units (Al & A2),
and has three antenna systems, Al-1, A1-2 & A2. The Al-1
system contains channels 6-7 and 9-15; the A1-2 contains
channels 3-5 and 8; the A2 system contains channels 1 & 2.
Each of these systems consists of an offset parabolic reflector
housed in a cylindrical shroud [1]. The antenna reflectors
complete one revolution about Y-axis every 8 seconds, during
which 30 earth scenes (also referred to as beam positions)
within +48.33° from nadir and each separated by 3.33° are
sampled in a stepped-scan fashion, as shown in Fig 1(a) below.

The instrument antenna pattern function (APF) data were
measured by the instrument’s vendor Northrop Grumman
Electronic Systems [1][2]. The APF data were measured at each
channel frequency except channels 9-14 that share the same
central frequency (57.29 GHz). A geometric sketch of the APF
measurement is given via a coordinate system UVW, as
displayed in Fig. 1(b). The APF is expressed as G(a,y), i.e., a
function of angles a (= 2ZW'SP ) and y (= £USP’) relative to
the antenna boresight changes with scan angle, where P’ is a
projection of vector P in the UV plane. For convenience, the a
and y are named as pseudo-view and pseudo-azimuthal angles
respectively. Measurements of the APF at each of the ten
channel frequencies refer to the determination of the radiation
pattern of the tested antenna at different view and azimuthal
angles. At each channel, the measured data of the antenna
pattern function consist of the following elements.

Define: g = ~PSEB

o= ,0SP
B=-0OSB

y = 2USP'
U (y=0°)

x

\, SE (boresight
'\, Peam pos.) a = 0°
\

B (w’)

——————— |

(b)

V (y = 90°)

Fig. 1. (a) AMSU-A cross-track scan geometry [2], (b) Geometric sketch of a coordinate system placed at the center of the instrument antenna, the satellite and
the earth (revised from [7]). In the figure, the angle oo (=2W'SP ) is defined as the angle from the antenna boresight direction while the angle y (= 2USP') is a
quasi- azimuthal angle, where the boresight is defined to be the central peak of the antenna pattern function.



TGRS-2019-01589

1) Four planes: at each frequency, antenna pattern data
were measured at four plane “cuts”. Each cut
corresponds to two azimuthal angles (referred to y), as
shown in Fig. 1(b), i.e., ¥ = 0°and 180", 45°, and
225°, 90° and 270°, 135°and 315°, respectively.
The plane cuts are hereinafter referred to as the 0, 45,
90, and 135 cuts, respectively.

2) Scanning angular range and interval: The scanning
angle (referred to ) extends from 0° to +180° from
each antenna boresight with 0.2° steps, as shown in
Fig. 1(b).

3) Fine-step data: For accurate determination of the
antenna beam widths, the central parts of the antenna
pattern (0° to +4.5°) were measured at steps of 0.05°.
These fine-step data were measured only at two plane
cuts, crosstrack (y = 0°) and downtrack (y = 90")
cuts, respectively.

4) Three beam positions: Data were taken under three
cases where the instrument antenna beam boresight
direction points to the beam position # 1, 15, and 30
respectively [see Fig. 1(a)], which were performed by
rotating the antenna boresight direction to the required
angles. Fig. 1(b) displays the beam position at the
beam position 15.

5) Two polarizations: Each set of these antenna patterns
was measured with two different polarizations: co-
polarizations with identical transmit and receive
polarization states and cross-polarizations with
transmitting in one polarization state and receiving in
the orthogonal polarization state such as VH and HV,
where ‘H’ denotes the horizontal polarization and ‘V’
the vertical polarization.

{n) Co—Polarization at 52.8 GHz (CUT #4)

Antenna Power
|
&+
)

L]
Sean Angle (deg, from boreaight)

(b) Cross—Folarization at 52.8 GHz {CUT #0)

Antenna Power

Fig. 2. Channel 4 antenna pattern functions of both co-polarization in (a) and
cross-polarization in (b) at the plane cut 0° (azimuthal angle of 0°) and for beam
position 1. Both co-polarized and cross-polarized data were normalized relative
to the boresight peak of co-polarization.

Figure 2 shows an example of the Metop-C AMSU-A channel
4 (52.8 GHz) APF data at the plane cut 0 and beam position 1
for both co-polarization in (a) and cross-polarization in (b). As
can be seen from the figure, the cross-polarization spectra are

approximately 20 dB smaller than the corresponding ones in co-
polarization in the main lobe. However, the cross- and co-
polarized power signals in the sidelobes at large scan angles
have about the same magnitudes:

In the following section, we describe the methodology utilized
for the deriving the AMSU-A SDR from the TDR data.

III. METHODOLOGY FOR DERIVING AMSU-A SDR FROM
TDR DATA

For an emissive microwave antenna with radiation
efficiency fgef, the antenna temperature T/, which is the
energy received by the antenna as it is used to observe
radiation from a target with brightness temperature of TEI,’ ,
consists of two parts, one representing the received energy by
the antenna through the main beam and sidelobes, the other
representing the noise power of the antenna [7] and [13]

Tp _ b ffmainbeam Tg (a,y) G(a,y)dQ
A T ERef
[y G(y)dQ

Jan-mainbeam Tg (@y) G(a,y)dQ v
+(1-— T, , 1
I\ 6(@y)dn ( SRe f) ants (1)

+

where the superscript ‘p’ denotes hereinafter vertical (‘V’) and
horizontal (“H”) polarization states unless otherwise described;
Tane 1s the physical temperature of the antenna. The parameter
G(a,y) denotes the antenna pattern function that varies with
angles @ and y relative to the antenna boresight changes with
scan angle at the coordinate placed at the center of the antenna
[see Fig. 1(b)]. The quantity Egef denotes the ratio of the total

power reflected by an antenna to the net power accepted by the
antenna [13]. Therefore, (1) implies that an emissive antenna
with fgef < 1 not only delivers less signal power to the

receiver, but also contributes noise power of its own.

By applying the above principle to a spaceborne instrument,
the energy received by the antenna, i.e., the items of the bracket
in (1), can consist of more components. In this study, we
consider the following four radiation components, i.c., the
contributions from the Earth radiation via the antenna main
beam, the Earth radiation via the antenna sidelobes that are out
of the main beam but within the Earth view sector, the cold
space radiation via the antenna sidelobes, the spacecraft
radiation via the antenna sidelobes. For clarity, in the following
analysis, the subscript ‘me’, ‘se’, ‘sc’, and ‘ss’ are employed to
distinguish similar parameters relating to the above four
sources, i.e., the main beam from the Earth (me), the sidelobes
from the Earth (se), the sidelobes from the cold space (sc), and
the sidelobes from the spacecraft (ss).

Additionally, for a cross-track scanning microwave
radiometer such as AMSU-A or ATMS, pure vertical or
horizontal polarization measurements (T) ) only occur at the
nadir direction. At the other beam positions (), the satellite
measurements actually represent a mixed contribution from
both V and H polarizations, which are defined as the quasi-
vertical and quasi-horizontal antenna brightness temperature



TGRS-2019-01589

respectively [10], i.e., TAQ” with p=v or h. The formulas of TAQ”
had been developed under certain approximations for either
AMSU-A or ATMS [7][8][10]. In this study, we take advantage
of these studies and adopt some of their results to establish the
generalized methodology for AMSU-A instruments, as
described below.

Following the convention in [7], also depicted in the
geometric sketch provided in Fig. 1(b), a number of coordinate
systems are introduced. The first is the XYZ system attached to
the Satellite (S) flying at height H (~ 832 km for Metop-C)
above the earth’s surface. A second coordinate system X'Y'Z',
which is parallel to the first system, is placed at the earth’s
center, where the AMSU-A antenna boresight is assumed to
scan crosstrack in the X'Z'—plane to acquire data at 30 earth
views, cold space, and the blackbody target, respectively. The
third system (UVW) which is also attached to the satellite and
useful for performing integrations involving antenna pattern
function data.

The TAQ”, with p = v or h, are expressed and computed in the
Cartesian coordinate system XY 'Z’ placed at the earth’s center.
By utilizing equation (1) and legacy studies [7]-[10], we derive
the formulas of TAQp and summarize them below (See Appendix
A for details).

T = 8o A[(%% + 0¥ + (% + nEDITE + (22 +
OTe+SE}+ (ATYY,  (2a)
T2 = &8, (LB + 1) + (B + nEDITE" + (B +nZ T, +
S+ (AT, (2b)

with
(AT = &G f[(A" = 1.OY(MEL + ENTE + (% + i) (ES —
TZ) + (A" — D2 (EZ — ), (3a)
(ATMY = &R, [(A% — 1.OY(mE + 2T + (i + nZy (B —

TE") + (A" = DSl (B - TZM],  (3b)
S¥ = ¢, + C, sin?6, (3¢)
S = €y + €, cos?6, (3d)

Co = [6€Eef(77§}’ +n)+(1- fgef)]TSAT» (3e)
Cy = {o(ERo it — &8, %) + o (ER it — &8, ) +
(ERer — Eher)} Tsar- 3f)

where brightness temperatures are assumed to be homogeneous
within relevant solid angles. The definitions of the various
variables in equations above are briefed in Table II. The scale
factor ¢ is introduced into nt¥ and 1 to account for the
approximation of near-field effect of the satellite platform
because of the use of the far-field pattern function data [7][18]

(also refer to Appendix A). Note that the TAQp and other radiation
variables in the expressions are functions of instrument channel
frequency v and scan angle 3, but these indices are typically
omitted for clarity.

Equations (2a) and (2b) represent the generalized formulas of
AMSU-A-measured antenna temperatures for a lossy antenna.
It includes Earth radiation entering into the receiver system
through the main beam and the sidelobes, the cold-space
radiation through the sidelobes, the radiation emitted from
satellite platform in the near-field through the sidelobes, as well

as antenna emission. It also contains the radiation perturbation
due to the difference of Earth radiance in the main beam and
that in the sidelobes that lie outside the main beam but within
the earth disc. The newly derived expressions are very similar
to those in [8] for ATMS except for the effect of antenna noise
radiation, i.e., the radiation with (1 — &%,;) in (3e).

Table II Explanations of the variable in (2a) through (3f)

Variable Explanations
79 Quasi-vertical (p=v) or -horizontal (p=h) brightness
B temperature of the Earth scene illuminated by the
main beam
g% Quasi-vertical (p=v) or quasi-horizontal (p=h)
B brightness temperature of the Earth seen by the
antenna sidelobes that are out of the main beam but
within the Earth view sector
Tc Brightness temperatures of the cold space seen by the
sidelobes
Tsar Brightness temperature of the antenna on the satellite
Sf'” Quasi-vertical (p=v) or quasi-horizontal (p=h)
radiation emitted from the satellite platform in the
near-field as well as antenna emission
AP An empirical parameter representing a correlation
between Tlg” and Tlg’l as a function of scan angle,
which is used in the cross-polarized efficiency item
nPP(x=me | Co-polarized antenna efficiencies respectively via a
, se, sc, or | specific solid angle €, subtended by the antenna
) main beam (m) or the sidelobes (s) that intersect with
Earth (e) or cold space (c) or spacecraft platform (s)
nﬁp Same as nﬁp except for cross-polarized antenna
efficiencies

For all radiation-related items except for the satellite cross-
radiation item in the above equations, approximately assume
that 73" =nz" =ngand NPt =Nz =%, with x =
me, se,sc and ss. Equations (2a) and (2b) are thus
standardized into the following expressions to provide a

connection to the legacy AMSU-A APC algorithm:

Q, Q, Q,
T, = [fsTy" + fcTc + fsar0Tsar] + AT,? (4
with
Q _ Qp Qp Qp
AT, P = (AT, Ppes + (AT, ") grem + (AT, ")gpor-  (52)
Q, Q,
(AT, Pger = (fgef -1) [fETBp + fcTe + ﬁS‘ATO-TSAT] +
Q,
(1 - E}la)ef)TSAT + (AT, ")ﬁZ‘,’r“, (5b)

(a7")
(50)
(AT gpor = €L (AT = LOVFTOSTE,  (5d)

Q, Q, Q Q,
= Shushie (B8 = T7) + (47 = DT B ~ 1),

ETem

(AT)§ress = €, cos?8, (Se)
(ATM5h9% = ¢, sin?6. (5D)

The variables in the above equations related to antenna
efficiencies are explained in Table III, but their calculation
formula are given in Section IV.B. Other variables are given in
Table II.

Notice that the items in the bracket in (4) are the same as that
in the legacy AMSU-A algorithm in [7]. The quantity

ATAQp represents the deviation in deriving brightness
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temperatures using the legacy APC algorithm from that using
the generalized algorithm in (4). It consists of three types of
radiation perturbations due to AMSU-A reflector emission

((ATB(,2 ")rer), Earth scene temperature heterogeneity effect
[(ATL;2 "Yerem), and Earth radiation polarization [(AT;2 MYepoll-

Table III Descriptions of several antenna efficiencies in (4) to (5f)

Variable Description

f& fme T fse, antenna efficiency subtended by earth

frme Niee + Naes, antenna main beam efficiency by earth

fee nse + NS, antenna sidelobe efficiency by earth

fc nse + nsr°ss, antenna sidelobe efficiency by cold space

fsar nse +nes 2%, antenna sidelobe efficiency by satellite
platform

As explained earlier, due to lack of sufficient information

about the AMSU-A instrument antenna to compute ATQ”, it is
difficult to accurate compute each component in (5b) through
(51). It is more vital to provide the user community with the
conversion coefficients for Metop-C AMSU-A instrument
consistent with the legacy AMSU-A instruments. Therefore, we
further make the following assumptions:
1) Earth radiation is non-polarized in the cross-polarized
antenna efficiency item, i.e., A" = A" = 1.0;
2) Earth radiation within viewing field via the antenna
main beam and sidelobes is uniform, i.e., E ,3” =
T and EZ" = T2",
3) AMSU-A antenna reflector is lossless, i.e., E},fef =
flgef =1.0;
4) For both far- and near-field radiations, n3° =17
nPP and nZt = nv = P9 with x = me, se, sc or ss.

hh _
X

With those assumptions, the quantity ATAQ” disappears, so (4)
is simplified to the formula consistent with the legacy AMSU-
A APC algorithm [7]. Through the normalization of the
efficiencies, we established the following simplified APC
algorithm.

1

TAQp B) == [fE(B)Tg” + fc(BITc + fsar(B)oTsar],  (6)

No

where the scan angle § is included to highlight the variation of

TAQP (B) with beam position. The contribution of energy by
each radiation component is normalized by a scale factor

Ng, where Ny = fz(B) + fc(B) + fsar (B)o.

In the next section, we use the simplified formulas to derive
brightness temperatures from antenna temperatures for
Metop-C AMSU-A instrument.

IV. TDR 1O SDR CONVERSION COEFFICIENTS FOR METOP-C
AMSU-A

In this section, we first utilize the measured antenna pattern
data to calculate the 3-dB beamwidths and main beam
efficiencies for the MetOp-C AMSU-A channels to ensure that
the instrument meets the design specifications [1][2]. Next, we
employ the antenna pattern data along with the formulation

developed in Section III to derive the antenna pattern correction
(APC) coefficients (also known as antenna efficiencies) to
perform the conversion from TDR measurements to sensor
brightness (SDR) temperatures. The calculation of antenna
efficiencies over three solid angle regions subtended at the
satellite by the earth, cold space, and satellite platform are
performed at 30 beam positions for all AMSU-A channels.
Finally, the accuracy of the derived brightness temperatures
using calculated coefficients is assessed through comparisons
to radiative transfer model simulations.

A. Beamwidths and Main Beam Efficiencies

For a given antenna pattern function at a given plane “cut”,
as displayed in Fig. 2, the 3-dB beamwidth is defined as the full
angular width between two antenna view angles (o), which are
prescribed by the points on the antenna pattern where its
magnitude drops to one-half of its peak value at boresight. For
a given beam position, each of the 3-dB beamwidths is the
average value of those obtained from the crosstrack cut (y =
0°) and downtrack cut (y = 90°) measurements of the fine-step
(0.05°) antenna pattern data. Specifically, the 3-dB beamwidths
of AMSU-A channels were calculated at three beam positions
(1, 15, and 30) using the fine step (0.05°) co-polarized antenna
pattern data measurements. These fine-step measurements were
taken near the central part (+4.5°) of the antenna pattern data at
the crosstrack (y=0°) and downtrack (y=90°) plane cuts. Linear
interpolation of fine step data was used to determine the exact
half-power (3-dB) locations for both cuts.

The results show that all calculated channel 3-dB beamwidths
at the three beam positions (1, 15 and 30) are within
specification (3.3° £10%). The channel 3-dB beamwidth values
reported in Table I represents the average value of those
obtained from the crosstrack and downtrack fine step
measurements at beam position 15. It should be noted that our
calculations of the AMSU-A channel 3-dB beamwidth values
were in very good agreement with values calculated by the
instrument vendor & reported in the calibration book [18]. In
Table I, the beamwidths at channels 10 to 14 are assumed to be
the same as that of channel 9, since they all share the same
antenna pattern data.

Utilizing the 3-dB beamwidths in Table I, we further
calculated the main beam efficiencies using formulations in [7]
that are also briefed in the following sub-section. The calculated
results at beam position 15 are listed in Table I. The AMSU-A
specification requires that the main beam efficiencies at least
95% for all channels. Thus, the results show that the Metop-C
AMSU-A instrument also meets the specifications regarding
main beam efficiency at all channels since all of calculated
values are above the 95% requirement.

B. Antenna Efficiencies

For consistency with the legacy AMSU-A formulation [9],
we calculate the antenna pattern efficiencies over three solid
angle regions subtended at the satellite by the earth (and
atmosphere below 20 km), cold space, the satellite platform,
which are denoted by fz(B), fc(B), and, fs4r (B), respectively.
For each antenna beam position (B), the three efficiencies are
computed by performing integrations of the channel antenna
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pattern co-polarized & cross-polarized data components over
appropriate solid angle limits corresponding to each region [7].

The co-polarized & cross-polarized antenna efficiencies are
defined in [7] and are briefed here:

i =~ 6@ y)d, (7a)

nd = <[, GO (a,p)d, (7b)

N= [, (G(a,y) + G(a,y)) dQ, (7c)

where the solid angle Q, (x =E, C, SAT) limits corresponds to
one for earth, cold space, or satellite platform, respectively. For
each beam position, the total antenna efficiency is computed as
the sum of the co-polarized & cross-polarized components

fo =md+ 0y, ®)
where we assume that nk¥ = 1<°, and nJ? = niross,

As noted previously, and shown in Fig. 1, the angles @ and y
constitutes the spherical angles around the boresight direction
in the UVW coordinate system. These values are used to
determine the antenna pattern function values in the
integrations, and they can be expressed as a function of 6, ¢,
and B in the XYZ coordinate system by using the following
formulas [7]:

a = cos™(sinp sin cosp + cospP cosH) (9a)
_ -1 sin@ sing
y = tan (Cosﬁ‘ sin6 cosp—sinf cos@) (9b)

For a given beam position (f), the above equations provide
a one-to-one correspondence between (a,y) and (6, ¢), so we
can write the corresponding antenna efficiencies as:

fe (B) =+ 5, 9(6)sinddo (10)

Where

98 = [77(6(a,y) + 6T (a,y))dp (1)

As noted earlier, for the calculation of the earth efficiency
term, fr(B), the legacy AMSU-A algorithm extends the
corresponding solid angle region to include the atmosphere
below 20km above the ecarth surface, therefore, the upper
integration limit 6,,,, is traditionally calculated using formula

Bmax = sin™? (520)  (12)
where R (~ 6371.2 km) is the earth’s radius, and h (~ 832 km)
is height of satellite. It should be noted that conservation of
energy requires frp(B) + f.(B) + foar(B) =1 for any given
beam position () value.
We use the above formulas to calculate the three efficiency
values at 30 beam positions for all AMSU-A channels, where

antenna pattern data are available. The calculated efficiency
values can be made available to interested users upon request.

According to the results of three efficiency computations, the
earth fz(B) efficiency term accounts for ~99% of the energy
reaching the antenna. In contrast, the total contribution from
both the cold space and satellite spacecraft radiation is on the
order of ~ 1%. The computation results also show that
efficiencies are also frequency and scan-angle dependent
somewhat asymmetric with respect to nadir. For example, the
efficiencies computed for the Earth region vary from near-nadir
to edge beam positions by 0.2% to 0.5%, depending on the
channel. The difference from the left to right margin beam
positions has a magnitude only up to 0.2%. The behavior of the
calculated efficiencies for cold space show an opposite
asymmetric feature, which is expected due to conservation of
energy, as discussed earlier.

This is expected since the summation of the

three efficiency components from Earth, cold space and
satellite

is unity, and the contribution from the satellite in the
simplified

algorithm is unity as mentioned above.

For demonstration, Fig. 3 displays f, f¢ and fssr at channel
4 as a function of beam position. Three antenna efficiencies
exhibit a slight dependency on beam position: channel 4 has the
largest antenna efficiency (0.9976) at the beam position 15
(close to the nadir direction); it decreases to 0.9927 and 0.9915
at the beam position 1 and 30 respectively, demonstrating
certain asymmetrical pattern. In the figure, the antenna
efficiency over the regions subtended by the satellite is not
weighted by the near-field effect (0). As it is taken into account,
the contribution of the satellite radiation via the sidelobes is
negligible since the magnitude of ¢ is less than 0.11 for all
channels [7].

{0) fe ot 52.8 GHz {Metop—C AMSU-4)

5 19 15 20 25
Beam Position Index

(b) fc ond fsat ot 52.8 GHz (Metop—C AMSU—A}

fc and fsat

e

o
g

5 19 15 20 25
Beam Position Index

Fig. 3. Metop-C AMSU-A Antenna efficiencies fz, fr and fgur vs. beam
position (index) for channel 4. (a) fg. (b) f¢ and fsar.

In addition, the efficiencies are slightly frequency-dependent,
but this dependency changes with the scan beam position (the
figure is omitted). For example, at the beam position 15 (close
to the nadir direction), the channel 7 exhibits the largest antenna
efficiency (0.9988) whereas the channel 15 has the smallest one
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(0.9896); at the beam position 30, the channel 15 exhibits the
largest antenna efficiency (0.9963) whereas the channels 3 and
7 have the smallest one (0.9929).

C. Derivations of Brightness Temperatures

Using the three antenna efficiency values fz(B), fc(B) and
foar(B) calculated in the previous section, we can determine

the conversion from Earth antenna (TAQ”) temperatures to sensor

brightness temperatures (T];2 P).-By re-arranging (6), we have

Q Q
TP (B) = ag(BT,P(B) — oy (B)  (13)
with
_ fcB) | ofsar(B) i
%o (h) _fl'?/; I +(B)fE(/3) (4
Tc+ T
a,(p) =P BT (14b)

The value of Ts,r or the temperature of the reflector is not
measured for Metop-C and other legacy AMSU-A instruments.
Usually it is replaced by Radio Frequency (RF) shelf
temperature that is measured onboard. For Metop-C AMSU-A,
three RF temperatures are measured corresponding to the sub-
systems Al-1 (channels 6-7, 9-15), A1-2 (the channels 3-5 and
8) and A2 (channels 1 and 2) respectively. The magnitudes for
the same antenna change with location and time, and their daily
means are monitored in the NOAA Integrated Calibration and
Validation System Icvs)
(https://www.star.nesdis.noaa.gov/icvs/status MetOPC_AMS
UA.php). In this study, we assume that T, = 286.5, 287.5,
294.5K for the three antennas respectively.

(a) Mean TA and TH at Chl
T T T T

(b} Mean TA and TB at Ch12
7 T T T T

=0

Ta
A TH j Z .
P & = El
=3 & maf,, A
¢ . "
= 4 = a
= ) - A A
Eaol & 2 1 Se=f w ot
] & # s *a A
=4 & & = vy
. & 2,
A o
E * ] E . %ﬁﬁ%"
g
190 I . . . . . \
= w 18 = =5 a0 s 1w 1 =2 =2 a0
Beam Position Index Beam Position (ndex
{c)} Daily Mean (TB — TA) v=. Channel
1z T T
[ +  Mean (TB - Ta)
el s e Mean + STD. b
= L
o
@ DB 4
g oor
5 f ]
: [ ]
sos- ! i
& *
= o4 + :
1 L
a L
= Dzl .
o0 .
0 5 ¢ 15

Channel Index

Fig. 4. Comparison of antenna (T,) and brightness (Tz) temperatures and the
differences by using the Metop-C AMSU-A SDR data on June 1, 2019. TB is
computed using the simplified APC algorithm as shown in Egs. (6) through (7).
(a) Comparison of Daily averaged TA and TB in the channel 1. (b) Same as (a)
except for the channel 2. (¢) Daily averages of (T — T,) vs. channel.

Using on Metop-C AMSU-A TDR data on June 1, 2019 as
an example, we computed Tz from T, via the above equations.
In view the computation results at all channels, both T, and Ty
at the 15 AMSU-A channels show a strong angle dependent
feature due to the limb effects towards the two ends of the
scanning swath resulting from changes in the optical path-
length through the Earth’s atmosphere between the Earth and
the satellite [19]. They also exhibit certain asymmetry features
with angle in the two sides relative to the nadir (beam position
15). Figs. 4(a) and 4(b) display daily averaged antenna and
brightness temperatures at the channels 1 (window) and 12
(upper sounding). Compared to T, T has reduced asymmetry
features with scan angle. This is understandable because the
asymmetrical integrated efficiencies from the Earth and cold
space components have partially mitigated the asymmetric
feature of antenna temperatures. In addition to the angle
dependence features of T, and Ty, the magnitudes of corrected
temperatures (i.e., Tg — T,) due to antenna efficiencies using
(7) are also important, varying approximately between 0.2 K
and 1.6K depending on channel and beam position with the
largest correction near end of swath. As an example, Fig. 4c
displays the averaged Tz — T, and the standard deviations vs.
channel using the same data sets as the above. The averaged
corrections range from 0.4 and 0.7 K with the standard
deviation of from 0.1 to 0.4K depending on channel. The
standard deviation is caused mainly due to changes in beam
position and antenna (brightness) temperature.

D. Comparison of Antenna and Brightness Temperatures
against CRTM Simulations

To further validate the performance of the derived APC
coefficients, we compare the angular distributions of AMSU-A
observations with/without APC against radiative transfer model
simulations. The AMSU-A observations represent either
antenna temperatures (TDR) or brightness temperatures (SDR)
derived using the calculated antenna efficiencies. The model
simulations are computed using the Joint Center of Satellite
Data Assimilation (JCSDA) Community Radiative Transfer
Model (CRTM) [15]-[17] along with collocated European
Centre for Medium-Range Weather Forecasts (ECMWF)
surface conditions and atmospheric profiles. We use the
ECMWF analysis data as they are well validated against
numbers of radiosonde measurements, with a bias within one
Kelvin at levels from 100 through 1000 hPa [20][21]. The
computed data is only over oceans under clear skies for both
window and sounding channels. A legacy algorithm for
estimating cloud liquid water over oceans [22] is employed to
calculate liquid water content (LWC) over oceans. The data
with LWC larger than 0.1 mm is considered under cloudy
conditions. To produce consistent data sets between the
observations and the simulations, the above mentioned cloud
filter is also applied to the simulated data set.

According to our computation results, at sounding channels
4 to 14, Metop-C AMSU-A brightness temperatures, compared
to uncorrected antenna temperatures, exhibit a reduced and
more uniform scan dependent bias across the measurement
swath (beam position) against CRTM simulations. However, at
three window channels, i.e., channels 1, 2 and 15, and dirty
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window channel 3, the angular dependent bias pattern with the
APC (brightness temperatures) remains similar as that without
APC (antenna temperatures). Such bias features are primarily
due to uncertainties of CRTM simulations since corresponding
simulation accuracies are extremely sensitive to the error of
surface emissivity errors [23].

Figure 5(a) and (b) show the daily-mean angular-dependent
differences between Metop-C AMSU-A observations (O) and
CRTM simulations (B) at channels 5 and 15 respectively. At
the sounding channel 5, brightness temperature biases are
within -0.5K except for the large beam positions close to the
cold space positions where the biases are around -1K. In
opposite to this, antenna temperature biases at the same channel
are beyond -0.5K. They also have strong satellite view angle
dependency and asymmetric feature where the biases vary from
-1.15K on the right margin side (small beam position Indies) to
-2.46K on the left margin side (large beam position indies).
Figs. 5(c) and 5(d) further display the daily averages (all
available locations and beam positions) of (O — B) and their
standard deviation vs. channel for T, in (¢) and T in (d).
Overall, smaller biases remain in brightness temperatures than
antenna temperatures for all channels except for window
channels where a similar bias is observed. Relativly large
standard deviations at window channels are primarily due to
uncertainties in CRTM simulations. Similar features are
observed by applying the APC coefficients to different days of
the AMSU-A TDR data
(https://www.star.nesdis.noaa.gov/icvs/).

(a}Paily Mean (0- B} at Ch 5
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Fig. 5. Daily mean differences between Metop-C AMSU-A observations (O)
(T4 or Tg) and RTM simulations (B) under clear skies over oceans by using the
SDR data on June 1, 2019. Ty is computed from T, using the simplified APC
algorithm as shown in Egs. (6) through (7). (a) Angular dependent daily mean
(O — B) in the channel 5 vs. beam position. (b) Same as (a) except for the
channel 15. (c) Daily averages of O (T,,) — B vs. channel. (d) Daily averages of
O (T) — B vs. channel.

Overall, the derived APC coefficients have demonstrated
good performance in both deriving brightness temperatures and
improving the asymmetrical bias features at the most of the
channels against the CRTM simulations. Currently, the derived
APC coefficients have been delivered to a series of operational
users, including but not limited to the NOAA Microwave

Integrated Retrieval System (MIRS)
(https://www .star.nesdis.noaa.gov/mirs/), the NOAA Unique
Combined Atmospheric Processing System (NUCAPS),
NOAA Environmental Modeling Center (EMC), European
Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT), USA Naval Research Laboratory (NRL),
European Centre for Medium-Range Weather Forecasts
(ECMWF), and ATOVS and AVHRR Pre-processing Package
(AAPP).

V. SUMMARY AND CONCLUSIONS

In this study, we have established a generalized
methodology for deriving Earth sensor brightness temperature
(SDR) from antenna temperature (TDR) data for AMSU-A
instruments by taking advantage of previous studies [7]-[13].
This methodology takes into the account corrections of several
major perturbation radiation components resulting from the
following mechanisms: cold space and satellite platform
radiation sensed by the antenna sidelobes; direct antenna
radiance emission; radiation due to Earth scene radiance
heterogeneity between the regions inside the antenna main
beam and the sidelobe regions outside the main beam but within
the Earth view sector; and window channel radiation associated
with cross-polarized antenna efficiencies due to vital Earth
radiation polarization differences.

To comply with the legacy AMSU-A SDR method [7] and
also due to lack of sufficient measurements, however, we
further simplify the generalized algorithm by disregarding the
influences of the components other than the cold space and
spacecraft antenna sidelobe contributions to establish a
conversion procedure determined only by the APC coefficients
for Metop-C AMSU-A. This simplified formula is employed to
compute APC coefficients for the Metop-C AMSU-A
instrument. The performance of the derived coefficients has
been validated by applying them to the Metop-C AMSU-A
TDR data on June 1, 2019. Compared to antenna temperatures
in the TDR data, the resulting brightness temperatures
demonstrate reduced scan angle dependent artifacts. The
magnitudes of corrected temperatures (i.e., Tp — T4) vary
approximately between 0.2 K and 1.6K depending on channel
and beam position with the largest correction near end of swath
beam positions. This feature is also observed in the daily
averaged biases of brightness temperatures against the CRTM
simulated brightness temperatures. The brightness temperatures
(with APC) typically exhibit a more uniform scan-dependent
bias compared to antenna temperatures (no APC). At the
sounding channel 5, brightness temperature biases are within -
0.5K except for the large beam positions close to the cold space
positions where the biases are around -1.0K. In opposite to this,
antenna temperature biases at the same channel are typically —
below -1.0K, where the biases vary from -1.15K on the right
margin side to -2.46K on the left margin side (large beam
position indies). Further results from additional days can be
found on the STAR ICVS website
(https://www.star.nesdis.noaa.gov/icvs/).

Metop-C AMSU-A SDR data that are converted from TDR
data via the APC coefficients display a good quality and have
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passed the final STAR internal calibration and validation
review [24], declaring the Metop-C AMSU-A data ready for
operational use. However, residual biases remain at all channels
in the brightness temperatures against the CRTM simulated
values. Particularly, the biases are strongly asymmetric angle
dependence and those towards the two ends of the scanning
swath are low as -2.0 K at some sounding channels. CRTM
simulations have relatively large uncertainties at window
channels and lower sounding channels. A few radiation
perturbation components could contribute to the residual biases,
which are neglected in the simplified algorithm, e.g., antenna
emission and heterogeneity effect due to the difference of Earth
radiation in the different viewing solid angles. In addition,
possible instrument polarization misalignment might be an
additional cause for the asymmetric feature [25]. Impacts of
those uncertainties on the accuracy of derived brightness
temperatures will be examined by using the generalized
methodology in a separate study to further improve the SDR
data quality.

APPENDIX A DERIVATION OF GENERALIZED AMSU-A APC
FORMULAS

For a lossy microwave antenna with radiation efficiency
f};’e s the antenna temperature Ty, which is the energy received
by the antenna as it is used to observe radiation from a target
with brightness temperature of Ty, consists of two parts, one
representing the received energy by the antenna through the
main beam and sidelobes, the other representing the noise
power of the antenna [7][13]

TAp = Egef [ﬂmainbeamTB(a'V) G(a,y)dQ n
[y Glay)dQ

ffz}n—mainbeam Tp(ay) G(a,y)dQ v
+1- Tpner (Al
[y G (@) a2 ( fRef) ants (Al)

where Ty, is the physical temperature of the antenna; the
superscript ‘p’ denotes vertical (referred to “V’) and horizontal
(referred to ‘H’) polarization states unless otherwise described.
The G(a,y) denotes the antenna pattern function that varies
with the zenith angle @ and azimuthal angle y of the antenna
boresight direction relative to the nadir at the coordinate placed
at the center of the antenna (see Fig. 2). The quantity
Eﬁe  denotes the ratio of the total power radiated by an antenna

to the net power accepted by the antenna [13]. For a lossy
antenna with fgef < 1, it not only delivers less signal power

to the receiver, but also contributes noise power of its own.

By applying (A1) to a spaceborne instrument such as AMSU-
A, the first item of this equation can consist of radiative energies
from the Earth and other targets via the antenna within the main
beam and sidelobes. These targets include spillover directly
from space, spillover emission from the spacecraft, reflector
emission, sensor emission, etc., through either the antenna main
beam or the sidelobes. In this study, we only consider the
following four sources, i.e., the contributions from the Earth
radiation via the antenna main beam, the Earth radiation via the
antenna sidelobes that lie out of the main beam but within the

Earth view sector, the cold space radiation via the antenna
sidelobes, and the spacecraft radiation via the antenna
sidelobes. For clarity, in the following analysis, the subscript
‘me’, ‘se’, ‘sc’, and ‘ss’ are employed to distinguish similar
parameters relating to the above four sources, i.e., the main
beam from the Earth, the sidelobes from the Earth, the sidelobes
from the cold space, and the sidelobes from the spacecraft
respectively. In addition, we assume that brightness
temperatures are homogeneous within relevant solid angles. By
adopting the expressions in [8] and [10], the satellite measured
antenna temperature can be expressed to be

T4 = SRep[Mme Tg + Mme Tg + 15t Eg +158 Eg + (5 +
M9 Te + (G5 + S ) Tsar] + (L= &go) Toar,  (A2)

where the instrument channel frequency v and scan angle 5 are
omitted in the equations for clarity; the superscript ‘p’ and °q’
represent the polarization status of the radiance or the antenna
efficiencies, with p = ‘v’ for vertical polarization and ‘h’ for
horizontal polarization. The explanation of each variable in
(A2) is given in Table Al and the computation formulae of
nPP,nIP ¢PP and {IP are provided in [7] and are briefed in
Section IV.B. In (A2), we assume that the temperature of the

spacecraft associated with the item of (1 — Ege f) equal to that

of the reflector with the item of (&7 + ¢IF), named to be T,
for clarity.

Table Al Explanations of variable used in (A2)

Variable | Explanations
TA” Antenna temperature of the Earth scene at p-
polarization illuminated by the main beam
Té’ Brightness temperature of the Earth scene at p-

polarization illuminated by the main beam
EP Brightness temperatures of the Earth seen by the

sidelobes
Tc Brightness temperatures of the cold space seen by the
sidelobes
Tsar Brightness temperature of the antenna on the satellite
nbP Co-polarized antenna efficienciesvia a specific

integration limit (), subtended by the Earth (x=me or
se) or cold space (x=sc)
Ny Cross-polarized antenna efficiencies via a specific
integration limit ), subtended by the Earth (x=me or
se) or cold space (x=sc)

i Co-polarized antenna efficiencies via a specific
integration limit (., subtended by the spacecraft
an Cross-polarized antenna efficiencies via a specific

SS
integration limit Q. subtended by the spacecraft

The equation (A2) provides the formula of antenna
temperature at vertical- or horizontal- polarization at a
spaceborne microwave instrument. In practice, for a cross-track
scanning microwave radiometer such as ATMS or AMSU-A,
pure vertical- or horizontal- measurements only occur at the
nadir direction. At the other scan angles (), the measurements
represent a mixed contribution from both V and H polarizations
that is defined as the quasi-vertical and quasi-horizontal

antenna brightness temperature respectively [8], i.e., TaQ” and
Qn
T, "
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For the convenience to derive Tf” and Tf’l, we re-arrange
(A2) as

Ty = Sher[ime Ty +me Tg + 156 Ep +1de Eg + (sd +
NeTcl +S5. (A3)
with

Sk =08k, (nEF + 0¥ )Tsar + (1.0 — &p, )Tsar  (A4)

By inserting (A3) and (A4) into the following two equations
for quasi-vertical and quasi-horizontal antenna brightness
temperatures [8]

(A5)
(A6)

T = Tfcos?6 + T}sin?6,
T" = Tlcos?6 + T sin?6),
we have
T = Shep Mt TS + i T + neES +niPEQ" +
M + 1T+ 5, (A7)
T = ERopIMsT " + mine T3 + nERES" + S EQ” +

(B + T + S (A8)
with
S¥ =, +C, sin?6, (A9)
S = ¢, + C, cos?6, (A10)

Co = [08Fe; ¥ + ) + (1.0 = &Xof ) Tsar,
(A11)
¢ = {O-(fgefngsh - s‘gefnf!;’) + O'(f}’-}efn;’f — fgefn?;}) +
(fgef - fgef)} Tsar- (A12)

In the derivation of (A7) through (A12), we have &g, = f{zlef

and %’ ~ n™ with x = me or se or sc [8] for some of the
simplifications.
Additionally, we defined the following relations [10]:

Tr(B) = AMBTE (B),
T (B) = A" (BT (B),

(A13)
(Al4)

where A"(f) and AY(B) are empirical parameters describing
the correlation between vertically and horizontally polarized
Earth radiations.

Therefore, (A7) and (A8) are re-written to be
T, = &8, A(ns + AT + (22 + AMI)ESY +
M +1EDT+SEY,  (AL9)
T = &R, A + APnE )T + (i + AP nPES +
(B8 + S T+SEM, (A16)

Alternatively,

T2 = &8, ALME% + n%2) + M + DT + (2 +
MTA+SEY+ (ATLY, (A7)

TR0 = &8 A + 0ty + (28 + TS + (i +
T + S+ (ATYY,  (A18)

with

10
(AT2)' = &8of[(A" — LOY(MAL, + VT + (22 +
MYEF — T + (A" — 1.0 (EZ — T3], (A19)

(AT2M)' = &R, [(AY = 1.0) (il + nZTE + (i +
MY (ES — T + (AY — 1O ((EZ — TIM),
(A20)

Equation (A17) through (A20) represent generalized
formulae of AMSU-A-measured antenna temperatures for a
lossy antenna. It includes Earth radiation entering into the
receiver system through the main beam and the sidelobes, the
cold-space radiation through the sidelobes, the radiation
emitted from satellite platform in the near-field through the
sidelobes, as well as antenna emission. Additionally, it also
contains the radiation perturbation due to the difference of Earth
radiance in the main beam, and that in the sidelobes that lie
outside the main beam but within the earth disc.
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