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Introduction

NOAA request a full radiance based calibration algorithm for consistent calibration
for historical, present and future microwave sounding instruments

® \Weather forecast application require continuous improving for satellite instrument
calibration accuracy

® Satellite climate study need to develop and implement a robust, sustainable and
scientifically defensible calibration system to producing and preserving climate records
from satellite data

Present microwave calibration system is derived in temperature space, which is not
consistent with historical full radiance calibration system developed in NOAA

® R-Japproximation corrected calibration algorithm will cause scene dependent
calibration error

® New sciences established from solid study of SNPP ATMS are need to be included to
improve the calibration accuracy

An Advanced Radiance Transformation System (ARTYS) is developed for microwave
sounding instruments in JPSS era

® Full radiance calibration system applicable to different sensors
® New science for improving the calibration accuracy



tem and Software Engineering
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Control in ARTS

Different level of Quality control with PCT as inputs makes system being
sustainable

QF11: Nonlinearity Correction

rQF1~10: Status of Health items
QF12~14: Warmload/Shelf PRT
Conversion quality
QF15~18: Out of range and consistency >
check for PRT temperature
QF19: Scan time/Data gap/PRT

. sufficiency check; Scan position error check)

—

C QF20: Moon in space view check;
Galin error check: insufficient
calibration counts check;

< QF21: Space view/Warmload view
| out of range check
QF22: Space view/Warmload view

. Inconsistency check

W,

N




pported Platforms

. Supports both big and little endian platforms
. Comparable processing efficiency with IDPS

OS C compiler C++ compiler Fortran 90 compiler
IBM XL C/C++ IBM XL C/C++ IBM XL Fortran
AIX 5.3.0.0 or later Enterprise Edition Enterprise Edition Enterprise Edition for
for AlX, V10.1 for AlX, V10.1 AlX, v12.1
LINUX (Red Hat Intel Fortran version 11
Enterprise 5) GCC4.3.2 GCC432 or later
Windows XP/Vista GCC 4.3.2 GCC 4.3.2 gfortran
running Cygwin




aln ARTS Modules

o Satellite geolocation/validation

o Full radiance calibration/validation
o Nonlinearity correction

e B-G remapping

o Coherent noise filtering

e Lunar contamination correction



Geolocation

Geolocation module includes GPS based and TLE based algorithms

Primary algorithm uses GPS measurements of satellite position/velocity
TLE is used as backup when no GPS data or large data gap exists in raw data
ATMS geolocation error relative to VIIRS is about 3-4km

Antenna Instrument Spacecraft
Coordinate System Coordinate System Coordinate System
Orbital
Coordinate System
Geodetic ] Jl
Coordinate System J ECI
/ Coordinate System

ECEF <
Coordinate System




Coordinate system

Description

Antenna,
Instrument and
Spacecraft
coordinate system

Z,,.: space bus down axis

X,pet space bus forward axis

Y qpe: space bus outboard axis

Z,m: antenna reflector down axis
Xan: same alignment with X, but
perpendicular to Z,,,

Y one: cross product of Z,,, and X,
Zins: instrument local down axis
Xijnsi: same alignment with X, but
perpendicular to Z;,,

Yins: cross product of Z;, and

inst

Orbit coordinate
system

Z.n: from satellite mass center
pointing to geodetic center of the
Earth

Kom: satellite velocity direction
Yom: cross product of Z,,, and X,

Earth Centered
Inertial (ECI)
coordinate system

Defined with the Earth's Mean
Equator and Equinox at 12:00
Terrestrial time on 1 January 2000
(J2000)

Xpepr  aligned with  the mean
equinox

Y ici: rotated by 90° East about the
celestial equator

Zger: aligned with the Earth's spin
axis or celestial North Pole

Earth Centered
Rotating Coordinate
system

Zgcpp: pointing towards the north
Xgcpr: intersects the sphere of the
Earth at 0° latitude (Equator) and
0° longitude (Greenwich).

Yecpr: Cross product of Zgegr and
XECEF

Earth ellipsoid and
geoid with or
without a terrain
model coordinate
system

Xnez: local east

Y ey local north

Zniz: outward from earth center to
satellite nadir

Starting with the beam vector at observation time { and
position 5 1, » Inanienna coordinale sysiem

0
b = |sin#@
cos @

Based on the established transformation
matrixes, the unit vector of instrument
viewing beams can be transferred from
antenna coordinate system to ECEF
coordinate system by applying sequential
matrix multiplication:

EECEF = Tecef/eciTeci/orb Torb/scTsc/instTinstlantBant



Geolocation Accuracy Evaluation- Inflection Point
Detection Method

A * The coastline signature is modeled
using a cubic fit of four consecutive
2 A measurement samples along scan line:

y; =ax;? +bx? +cx; +d
(i=1234)

y; 1s the measurement

Inflection Point

x=-—b/3a

Brightness Temperature

! [ x; 1s the pixel position
X1X2XX3X4 > (longitude or latitude)

Pixel Geolocation

. . . . . . * Cocfficients are determined:
* The inflection point is considered to be the location
of the coastline if :
PR 2 17 -1
a X1 X1 X V1
x = —— falls between x, and x5 b X3 x5 xp 1 |»
3a cl=1.3 .2
x3 x5 x3 1 Y3
Ay = |y, — y.| exceeds a predefined threshold d %3 x2 x, 1 | Va |

Lawrence H. Hoffman, William L.Weaver and James F. kebler, 1987: Calculation and Accuray of ERBE Scanner Measurement Locations.




Geolocation Accuracy Evaluation- Land-Sea
Fraction Method

ST
= — —
s 4 |
@ I
o 1
g 1
pel e
7] I |
i i I
£ L
T |
5 S--?--1
Land ! : i
>
0 S 100

Water Fraction
Illustration of the method used to generate synthetic datasets to obtain the navigation

uncertainty. Here Tq and T are randomly generated using mean values and variances
derived from the data and are mixed according to the fraction of water found in the solid
footprint. The so-derived synthetic brightness temperature 1s assigned to the fraction of
water calculated from the dashed footprint, which is shifted x km from the solid one in a
along-track direction. So Ty may be written as

S
Tg =m(TS—TL)+TL

RALF BENNARTZ.1999: On the Use of SSM/I Measurements in Coastal Regions
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Full Radiance Calibration

» Calibrated space view scene brightness temperatures from IDPS are not equal to

the cosmic background temperature 2.73K
» Abnormal scan angle dependent feature existed in calibrated TDR products

ATMS TDR at Ch18 on February 20, 2012 Channel 1 Channel 2

3.4 ¥ polarizaion
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Near Field Radiation Modeling

«An analysis of the ATMS antenna gain Smile ==
measurements reveals that the efficiencies of
both ATMS antenna side lobes and cross
polarization are frequency-dependent.

*From the ATMS pitch-over maneuver data, it is
found that the contributions of spacecraft
radiation through the near-field side lobes are
significant and dominate the scan angle
dependent features in the ATMS antenna
temperatures.

*A theoretical model is developed for the 7
conversion from antenna to sensor brightness . Frown

temperatures, including the angular dependent JE s S ————
terms derived from the pitch-over maneuver O 5
data. AT*" =n, +n,-cos"0

F. Weng, H. Yang, and X. Zou, 2012, “On convertibility from antenna to sensor

brightness temperature for ATMS,” IEEE Geosci. Remote Sens. Lett. Vol.10,No.4
13



eflector Emissivity Model

From Vince Leslie, Kent Anderson, & Bill Blackwell, June 24, 2013

Flat Reflector Emissivity Model

ATMS scanning reflector is a gold-plated
beryllium flat plate, oriented 45 degrees relative to
the wavefront

Whadar 10 il §

— Ineplana Polarizats: Mo

B ™ iy 2
MHesmal Pelarigaticn: Vert

By Wiyl 2
+ Conductive gold surface is a thin layer composed e amiane
of microcrystalline granules, the emissivity can ba & recadvnr
expectad to significantly exceed the theoretical
iHagen-Ruikens] emissiviiy of a perfecily Nat buik
material

+  Walues of the two polarization components can be
expressed in terms of the normal emissivity
derived from _ﬂln Fresnel equations for raflactions - -
from a Fl'l-ﬂl'lﬂ' interface -E{,._.- — :&xsin_iiﬁ:lm"'] -EL:"_. — :I% KCDEI {qﬂw"-] |:-l']

+ Reflector is scanned relative to a fized linear
polarization feed horn, the resulting Quasi-Yertical
(Q%) and Quasi-Horizontal (@H) components of
amissions are scan angie-depandent (Eq. 1)

+ Resulting antenna temperature in Equation 2 T . ,[] & JKT FEXT . (D)
— &, 15 the guasi-V (V) or guasi-H (QH) erssiviny .

— T, is the physical temperature of the flat reflector

ATLES Sfiomnd Erva - B

LIMCOLN LARORATORY 14
HWL 34013

Bl asml ST T DI T O i



When scene temperature is close to cold target, the nonlinear term can be ignored and
the scene radiance is simply determined from linear two-point calibration equation:

' ' R'W_R'C
Ry, =R c+ﬁ(cs_cw)

w C

where R', . R' R' are corrected scene, warm, and cold target radiance, in which the
correction term is modeled as function of emissivity, scan angle and reflector

temperature.
R'b,I = Rb,I -|-g(f,p)sin2 QS(RR _Rb,I) R'b,I = Rb,I +g(_f,p)cosz QS(RR _Rb,I)
For QV R', =R, +e(f,p)sin’0,(R,~R,)  For QH R',=R,+s(f, p)cos’ 0, (R, —R,)
R =R +&(f,p)sin® O.(R,—R) R' =R +&(f,p)cos’ 0. (R, —R)

where Ry is reflector thermal radiance, 6,, 6, 6;are scan angles for warm load, cold
target and scene target. In TVAC test, the physical temperature of warm, cold and
scene target is measured from PRTs with accuracy of 0.05K, the emissivity then can
be determined from equations above.

15



flector Emissivity Determined From Pitc
neuver and TVAC Measurements

» Antenna reflector emissivity derived from pitch maneuver and TVAC
measurements are consistent with each other;

o Emissivity of QV channels are higher than those of QH channels;

o Emissivity is increase with frequency

07 ! . ! .
— ; ; ; | s QVPM
) 0.6 : + QVTVYAC-mid
O DB [ o R RRIERRE _ A QVTYAC-high
) b : g
= 05 b oo | ¥ QVTVAC-low
g N o QH PM
@ 0.4 e QH TYAC-mid
é . _. ............................................................................................................................ - o QH TVAC-low
pu . 5 | ; e - QH T¥AC-high
8 03_ ......................... .......................... . .......................... ........................ , '.'-'_3"1”@ ..................... _
8 : : 'Io”” I il
= : o gogwow
L p2 _*I ......................................... FRRTRIS g B : ........ g& ................. -
& PSRRI TERTT . RRRY - -1 S : )

O 01k :;gif:ﬁ‘i..:ﬁ‘.”‘. ..... ?3&0.@ ......... G e _
‘ o -1 : ol :
< : :

0 l l i l
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Reflector Emissivity Value

Table.l Antenna Reflector Emissivity Derived From Pitch Maneuver and TVAC Test

; Meaﬁurementsl
Channel | Pitch Maneuver | TVAC CP-Mid | TVAC CP-High | TVAC CP-Low
1 0.0036 0.0023 0.0023 0.0023
4 0.0031 0.0022 0.0020 0.0023
3 0.0007 0.0015 0.0014 0.0007
! 0.0010 0.0010 0.0012 0.0012
2 0.0007 0.0011 0.0011 0.0013
b 0.0008 0.0009 0.0013 0.0014
7 0.0012 0.0012 0.0013 0.0013
] 0.0012 0.0011 0.0011 0.0015
4 0.0011 0.00049 0.0015 0.0013
10 0.0016 0.0014 0.0015 0.0019
11 0.0016 0.0016 0.0014 0.0011
12 0.0016 0.0013 0.0019 0.0015
13 0.0007 0.0004%9 0.0014 0.0012
14 0.0017 0.0010 0.0008 0.0015
15 0.00Z20 0.0010 0.0010 0.0017
16 0.0059 0.0049 0.0046 0.0057
17 0.0023 0.0014 0.0016 0.000%9
18 0.0027 0.0018 0.0023 0.0015
149 0.0027 0.0016 0.0023 0.0016
20 0.0029 0.0022 0.0023 0.0013
21 0.0031 0.0020 0.0023 0.0015
42 0.0032 0.0017 0.0025 0.0015

17



Antenna emission is modeled as function of scan angle and reflector
temperature. Cold space observations from pitch maneuver operation are used
to derive model parameters for different channels

Revised Two Point Calibration Equation in ARTS

For Vertical Polarization Channels:

1 ! ! ! 9
R, = T ¢, 5in?6, [6(R,, — R) + R — & sin?6;]
For Horizontal Polarization Channels:
1 ! ! !
R, = T— 20576, [6(Ry, — R.) + R — &rcos?6;]

Rs: Calibrated antenna radiance
R*,: Corrected Warm load radiance,  pr —p +1
R’.. Corrected Cold s di g0
. pace radiance
Scan angles of warm load measurements
Scan angles of space view
Scan angles of Earth view (i.e., each FOV)
Defined as (Cs - Cc) /(Ch - Cc), where Ch/Cc/Cs are receiver output counts of

warm load, cold space and earth view, respectively

efsin®04(Ry1-Rg), QV pol
sfcoszeg(erl—Rg), QH pol

, 8=h,c

D D
=

TP

18



T Calibrated by ARTS

Channel ;2

pace View Tb from IDPS
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ependent in TDR from ARTS

For space view BT corrected by ARTS: No scan angle dependent feature,
and close to cosmic background 2.73K

3 T T T T 3 T T T T T
ARTS Th (K) — ARTS Tb (K}
| - IDPS Th (K) — IDPS Th (K)
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of Nonlinearity Correction Parameters

— Taken PRT measurements of scene temperature T as truth, nonlinearity at 11 different scene
temperature are computed as Qb = Ts - T,

— For Q, computed without antenna radiation correction, nonlinearity errors in cold end are
not converged to zero, indicate the possible contamination of receiver output counts

— Correction of antenna radiation term can reduce the nonlinearity error in a certain degree,
especially for measurements at cold end. Correction quantity is depend on temperature
difference between reflector and scene target

Nonlinearity Without Correction Nonlinearity With Correction

0.4F

03

0z2r

1=}
o

01

[=]

Nonlinearity (K)

r L 1 L L 1 1 - - 1 1 1
0'550 100 150 200 250 300 a5 50 100 150 200 250 300 350

Scene Temperature
21



n Parameter Based
linearity Correction Equations

The two-point calibration is derived in brightness temperature form as

-1
R,=R,+G, (C,-C,)+0, :Rb,I +0,
where the linear and nonlinear terms are expressed as

R,,=R,+G(C,-C)

[4

RW _RC RW_RC

G;,ZC“’_C“ x:R"”’_R

The maximum nonlinearity value can be derived by performing the derivative with respect to x.
Using Taylor’s expansion for f(x) = x(x-1) at x,=0.5

0, =G, (C,~CXC,—C,)=p(R,—R.) x(x~1)
0, =0™[4-(x—0.57 ~1]
0™ =-u-(R,~RY

F. Weng et al. "Calibration of Suomi national polar-orbiting partnership advanced technology
microwave sounder." Journal of Geophysical Research: Atmospheres 118.19 (2013): 11-187.
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ediction of n from Receiver Temperature

¢ “W”is a function of instrument temperature [ = a2T2 + alT +a, (Unit of Tis °C)

Channel a2 al a0

1 9.51E-09 4.68E-08 1.50E-05
2 3.36E-08 4.46E-07 -6.15E-07
3 -4.64E-09 3.99E-07 9.05E-06
4 4.93E-09 5.09E-08 1.37E-05
5 -6.64E-11 1.94E-07 1.35E-05
6 -2.23E-09 2.64E-07 7.61E-06
7 4.71E-09 2.88E-08 7.02E-06
8 2.63E-09 6.90E-08 1.39E-05
9 5.07E-09 9.45E-09 3.46E-06
10 1.07E-08 1.96E-08 1.03E-05
11 4.87E-09 -1.97E-09 1.65E-05
12 8.30E-09 -1.43E-08 1.30E-05
13 -9.06E-09 4.45E-07 9.81E-06
14 -1.20E-08 1.88E-08 1.35E-05
15 -2.10E-08 4.71E-07 3.04E-05
16 -1.80E-08 1.01E-06 2.30E-05
17 -1.78E-08 9.82E-07 2.38E-05
18 -3.60E-08 1.29E-06 2.19E-05
19 -4.24E-08 1.43E-06 2.43E-05
20 -3.15E-08 1.22E-06 2.42E-05
21 -2.40E-08 1.00E-06 2.34E-05
22 -4.37E-08 1.23E-06 2.80E-05 23




nonlinearity (K)
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Maximum Nonlinearity

Predicted On Orbit Maximum nonlinearity of NPP ATMS
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TDR Remapping

: f?x‘v’“xvf\ " « Explore the potential of the
5:_(();4\% st oversampling  characteristic  of
. {3& 3? ATMS observations and generate
LA observations at different
(B o = frequencies with consistent FOV
T o e size
andini bl

FOV 2.2° » Backus-Gilbert observation

reconstruction algorithm is used for
remapping TDR to expected spatial
resolution

» Remapping coefficients are tuned
to ensure the remapped TDR
products are in best balance
between noise and  spatial
resolution

Hu Yang and Xiaolei Zou, “OPTIMAL ATMS REMAPPING ALGORITHM FOR CLIMATE RESEARCH?”, IEEE
TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL.52 NO. 11. NOVEMBER 2014



oherent Noise Filtering

Based on frequency spectrum analysis of the receiver output calibration counts, a
low-pass filter with sinc window function is developed to effectively remove the
high-frequency components (rapid fluctuations) while keep the low-frequency
components (gain variations) unchanged.

Calibrated Tb with and without

Sinc Window Function calibration counts noise filtering

252

- 25
250 E
i = 2
s 1314 5: 15
K g — —
> UL fa e H1
- ; —
t b -0
9 242 i
L 05
7% 15

A kS

i I . I I I 236 [ L [ f:.!.:‘.:. ; L 1 1 1 1 B
0 20 30 40 50 80 70 0 40 60 8 0 40 60 80 20 40 60 &0
number of filter order
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unar Contamination Correction

Brightness temperature increment arising
from lunar contamination is modeled as
function of lunar solid angle, antenna
response and radiation from the Moon

Sketch plot of lunar contamination
In space view

— A
ﬁTmr:rnn =G * = I'moon )" (8 .
Y —-180°180

G: Antenna response function

Q. .onVWeights of the Moon in
antenna pattern:

T 0on: Brightness temperature of
the Moon

« LI happens when

e Lunar contaminatign Eacts 0 gh 2
four space view codnts g] Scforer % 3dB

 The iIncreased brightness temperature
due to the lunar contamination can be Moon vector ¥
accurately identified and quantified Space View vector

from the model.

Hu Yang and Fuzhong Weng, 2014, “On-Orbit ATMS Lunar Contamination Corrections”, Submitted to
IEEE Transaction on Geoscience and Remote Sensing



S SDR Lunar Intrusion Identification
nd Correction Activities and Results

Activities

ATMS RDR dataset was re-processed using the
latest ATMS SDR algorithm code and PCT to
evaluate lunar intrusion (LI) detection and
correction performance

* The potential impact of current TDR with LI on
NWP model was evaluated in GSI

* New metrics and physical model was developed
for LI identification and correction

» Different approaches for LI correction was
compared and tested in ARTS, optimal algorithm
was selected and implemented in current
operational calibration system

Results

e Lunar intrusion was accurately identified and
correctly flagged in SDR datasets

» Data gap was removed after LI correction, residual
correction error is below the instrument noise

*  New scheme for LI detection and correction was

developed for future improvement of current IDPS

ICVS Monitoring Results of Lunar Intrusion
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Ch. 1 Space View Count #1 (48 Hours)
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Conclusions and Future Works

e ARTS is a full radiance -calibration system designed for
microwave sounding instruments. With new sciences developed
from solid study of SNPP ATMS, the calibration accuracy of TDR
products from future JPSS satellite will be improved

e ARTS Is designed as a robust, sustainable and scientifically
defensible operational calibration system for future JPSS satellite,
and also can be used as test bed for developing new algorithm.

o Future work will focus on reprocessing SNPP ATMS data using
ARTS, generating 2.2° resolution TDR products for use in weather
and climate study
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