Interferometric Infrared Sounder
technology based on satellite platform:
towards the era of real-time detection of
atmospheric characteristics

Infrared Remote Sensors for Meteorological Satellites

Shanghai Institute of Technical Physics, CAS
National Laboratory of Infrared Physics
CAS Key Laboratory of Infrared System Detection and Imaging Technology

October, 2021, Shanghai
AN = I il



)
5
= SO
-— —-/'
_,.-d__,
Bl ¢
{
=
["
S
1
L »
¥ =
/
%
S
>
B =
[}
N
e
\'i\
“‘I-‘,\ &

£ & Earthquake

Rif. {0 Landslide & Debris Flow o
# Flood & Walerlogging

A 3 Drought

bao

| Economic loss of

s AR * different disasters
- ¥ Hail Disaster )

W Freezing

ol ffi = & Plant Disease & Inssct Pest
- PR 0 Forest Fire
[0 =% E Drought Region
T ] —
[0 #=#%=[E Fiooa & Wateriogging Region v 2 S i s
- ' F - ¢ xe 4B ey

Major Natural disasters Map in China
AN = I il




Observation from space
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NWP: An initial value problem

Current data assimilation is able to better
constrain the growing error modes
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Reduction of initial state errors is driven by:

1. More accurate and more dense observations

2. Improved accuracy and resolution of forecast model |
A : ' From: Wei HAN, NWPC,CMA




Spectral Resolution
(visible to near infrared. infrared and mlcrowave)
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V|snble to near mfra red Each channel has its specific wavelength range and in
| the certain spectral band. the same target has
= m e 1 =l ' | different features in different channel, from this, we
SN can discern a target, like cloud, snow, fog and dust
storm.

The more narrow the wavelength is the more accurate

A 1 gpectrum features we can get from the target.
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More details with hyperspectral observation
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Surellere Tlprassectral Soavder Evolution

Nimbus-3 & -4 Nimbus-5 ITPR High Resolution Aircraft
IRIS/SIRS ITOS/VTPR Interferometer Nast-1/SHIS
(1969-1972) Nimbus-6/NOAA HIRS: Sounder (HIS) (1998- )

GOES-VAS & HIRS (1985 - 1999) P
(1972-2010) .
' Experimental
First Satellite High Horizontal Ultra-spectral Ultra-spectral A | r b 0 r n e
Sounder Experiments Resolution Resolution Resolution Imagers L E O
b
ADEOS Aqua-AIRS METOP-IAS]  'PP/IPSS/CrS (2011) GIIRS/IRS

FY3D/HIRAS (2017) (2016/2021)/2023
IMG [LEO] (2002) (2006/2012) [LEO] [LEO] [GEO]

(1996-1997) [LEO]

GEO, unique

'.r."-—-m 'a—--
FTS :
First Satellite 15 Operational 1°* US Operational Geostationary :gmgtov:.ul-r.}i\?:gti; Sr.
Ultra-spectral Resolution Ultra-spectral Ultra-spectral 4-d Imaging

Sounding Spectrometers Resolution Sounder  Resolution Sounder  Ultra-spectral _
Sounders



History of Space-born Sounder and models

First satellite with sounder ' Kaplan, sounding
IRIS: first sounder in space retrieval method

(1958
@ @ King: concept
@

| NOAA-K senes WIth

TIROS-N series
with TOVS
sounding
system

OE theory based 1D var GIIRS onboard FengYun-A first

(Zeng 1974; Rodger 1976) hyperspectral IR sounding
system from GEO orbit

CHAMP (CHAIllenging Aqua AIRS: first

_ Minisatellite Payload): first hyperspectral IR
(ATOVS), firs --advanced radio occultation mission sounder that are used
microwave sounder for soundings by weather operation

From: Wei HAN, NWPC.CMA




* AIRS

Interferometer

B Atmosphenc InfraRed Sounder ~ I\ | ks
Grating spectrometer % e
166 kg, 256 W T T s

13.5 km FOV at nadir, contiguous
Launched on NASA Aqua in 2002

AIRS with 2378 infrared channels

236 kg, 210 W
2x2 12 km FOVs at nadir, non-contiguous
Launched on Metop-A in 2006

; IASI T
Infrared Atmospheric Sounding Interferometer > e
Michelson interferometer > 26X =

ittt

. Full smfe-mod:'! at 2010 L4SI meening with 2275 inrrared
IASI with 8461 infrared channels  channels
BN CriS
y Cross-track Infrared Sounder Early SNO

Michelson interferometer compa risons

146 kg, 110 W i

3x3 14 km FOVs at nadir, contiguous with IASI and

Launched on Suomi NPP, 28 Oct 2011 - CrlIS are very
CrIS with 2211/1305 infrared promising

channels
Example of very uniform SNO shows good performance
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To increase the spectral and spatial resolution of
satellite based atmospheric sounding instruments
To provide the high spatial density temperature,
moisture and trace gas profiles with the high vertical
and temporal resolution from geosynchronous orbit.

Michelson interferometer




New era,Increasing Use of Satellite Data in NWP

120
Number of satellite data products operationally monitored at ECMWF: IFS and C-IFS
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_More data from space arniH
_More powerful computaj |
_NWP enhance'4_|1[|~L BE R
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Roughly 1/3 from American, 1/3 from European and 1/3 from Asian countries. i
o
—

M POES Suomi-NPP JPSS B Metop H FY3 CHAMP I GRACE
M COsSmIC COSMIC-2 B CNOFS B SAC-C B TERRASAR-X B TANDEM-X B DMSP
B TRMM B GCOM-W/C GPM Megha Tropiques Bl AQUA B AURA TERRA
M ERS-1/2 B QuikSCAT B Oceansat RapidSCAT B HY2 B ENVISAT H JASON
M Saral/Altika Cryosat N Meteosat B GOES B Himawari N FY2+4 B SMOS

SMAP " EarthCARE B ADM Aeolus @ GOSAT | Sentinel 3 I Sentinel 5p 2 0CO-2

. , ) ' From: Wei HAN, NWPC,CMA
D SITFDATA from Chinese satellites increase obviously




Observation Resolution
Satellite Capability

Improve Image ; High Spatial Resolution

Continued g High Temporal

Monitoring Resolution
What we
want ? oy
Quantitative High Radiometric
Remote Sensing Resolution

Difference Targets

e High Spectral

Resolution




More satellite platforms
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Polar orbltmg platform Geostationary orbiting platform, FY-4

Ad"?”tagei global coverage, _ « Three-axis stability, active attitude control, low stability
multlpl.e instruments, good spatlgl * High observation efficiency, can always face the earth
resolution, good spectral resolution Atmospheric vertical detection and lightning detection

Disadvantage: bad temporal * Technical implementation is difficult: pointing accuracy,stability
frequency
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Whv do we need GEO hvperspectral IR sounders?

Operational ECMWF system September to December 2008. Averaged over all model layers and
entire global atmosphere. % contribution of different observations to reduction in forecast error.

AMSU-A Adv MW Sounder A on Aqua and I‘:QAA POES (T)
IASI IR Atmos Irterfer n METOP (T, H)
AIRS: Atrr \usms m m&cmacTH

qpmtm wmr n-muu | i
L —— |
CulkSCAT sfc winds over oceans D 1

SYNOP: Sic P over land and oceans H. and winds over OCEans  I————
AMSL.B Adv MW Sounder B on NOAA POES s
GOES winds  —E—
METECSAT winds  iS—
Ocean buoys (Sic P, H and winds)  m—
PILOT Piict balloons and wind profilers (winds)  ——"
HIRS High-Resol IR Sounder on NOAA POES (T H) =
MSG. METEOSAT 2nd Generation IR rad (T H)
MHS, MW humidity sounder on NOAA POES and METOPR (H) s
AMSRE MW imager rackances (clouds and precip) =
SSMI: Special Sensor MW Imager (H and sfc winds)
GMS Japanese geosiationary satellite winds mm
MODIS Moderate Resolution imaging Spectromdiometer (winds) e
GOES IR rad (T,H) ==
MTSATIMG Japanese peostationary sal vis and IR imagery M
METECSATIRRad(TH) m
O3 Czone from satelites

= Typhoon,-
1) Sounders on Polar Satellites Forecast error contribution (%)
reduce forecast error most

2) ﬂesu!&ara relevant for other NWP

Centers, including NWS/NCEP and Sean Healy, ECMWF

« Compared with LEO: Larger spatial
coverage and higher temporal
resolution for regional models

« Compared with microwave
sounders: finer vertical resolution

Water vapor,
Convection

AIRS Tb (K) at 10.9 pum 2012-10-27 00:00:00 UTC

. . i\ : T :
LEOC L

200 210 220 230 240 250 260 270 280 290 300 310

mﬂﬁ@&&“rain

Q: GEO high temporal
resolution observations GEO
provide critical information for
nowcasting, what is the impact
in NWP models, for example, on

I storm foroNN——



Why do we need GEO hyperspectral IR sounders ?
(a) :
AMSU-A | e | e dous sumershers. % comtiion o trea ssartion o educton miowcon o B a0 e .

Alrcraft - — I [/ // i
Radiosonde ———— 2 w [/ 250 { /
GEO-wind ——— i If/ - | { o |

e — e (| o= o |

SCAT | CE— | £w ) 2o ) € wl || —

s - —— e ([ fw | ul || ==
GPS-RO 1 — ® \\ S “ul A
GEO-Fad _= - - NG N\ o N\ ol o
AVHR n-::: | — adioint = | (e ot sl L S - L - ST
MODIS-wind _E;i%";_bol: = D|urna| CYCI99 Heavy ra[n ¢ Sommsom” Moo ? Mammsom
Ship - [ Ensemblo =
GB-GPS Advected Loc. ' Water Vapor’ ------ ‘ ‘ ,
OBE 0> ZOAB <04 <008 b ; Li, Z. L., and Coauthors, 2018: Value-added impact of geostationary
(Buehner et al., 2018) Impact per analysis (J kg™) Convection hyperspectral infrared sounders on local severe storm forecasts—via a
’ T\/Dhoon : quick regional OSSE. Adv. Atmos. Sci., 35(10), 1217- 1230
« Compared with microwave sounders: Q: GEO high temporal resolution
finer vertical resolution observations GEO provide critical
« Compared with LEO: Larger spatial information for nowcasting, what is
coverage and higher temporal the impact in NWP models, for
resolution for regional models - example, on storm forecasts?

" From: Jun LI, NSMC.CMA



FengYun Platform
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TaeLE 2. Spectral parameters of current and planned satellite-based hyperspectral IR sounders.

Menzel et al. 2018:
Satellite based infrared
sounder development
and applications,
Bulletin of American
Meteorological Society,
Vol.99, No.03, 583 —
603.

(6.25—4.60)

Spectral Subpoint Scan
Spectroscopic Spectral range resolution Channel resolution Sensitivity width
Satellite Sounder method cem”' (pm) (em™) No. (km) (NEAT) (km)
ADEOS IMG Interferometer I 2=3,029 0.1 ~60,000 8 0.1 K 827
(3.3—15.0)
LWV 649—1,136
(15.4-8.80) e
: MW [,212-1,612 0.15-0.35 K
EOS Agqua  AIRS Grating (8.22-6.2) 1.2 2,378 13 (at 280 K) 1,650
SW 2,169-2,673 2.0
(4.61-3.74) i
LV 640.2—1,210
(15.5-8.26)
MW |,210-2,100 0.2-0.35 K
MetOp IASI Interferometer (8.26—5.0) 0.25 8,460 12 (at 280 K) 2,052
SW 2,100-2,700
(5.0-3.62)
LW 650-1,095
" ) (15.38-9.13) CGeas
uoimi
NPP Cris Interferometer MV\; I2§I_(;-—?I[750 1.25 1,385 14 gul ;gosé 2,200
(and JPSS) & 71 )
SWV 2,155-2,550 2.5
§4.64—3.92i >
o 0.625 :
(15.00-8.80) (at 250 K)
MW |,210-1,750 0.2 K
FY-3 HIRAS Interferometer (8.26—5.71) 1225 1,343 16 (at 250 K) 2,300
SWV 2,155-2,550 2.5 0.3 K
4.64—3.92 = at 250 K
Lvw 700-1,130 .8 (tria p ‘
(14.28-8.85) 0.625 (op) 912 (trial) 16 (trial) * Reglonal/
Fr-4 GIIRS Interferometer . meso- and
SW/MWV |,650-2,250 1.6 (trial) 1,188 (op) 8 (op) G Tapssssla
6.06—4.45 1.2 (o )
MTG IRS Interf (14.28-8.26) 0.625 1,740 4 g2k Full disk
nterferometer MW 1.600-2,175 . ; (at 280 K) ull dis

China has hyper-
spectral
atmospheric
vertical detection
capability in polar
orbit and
geostationary orbit
simultaneously




FY-4 Technical Properties

Detectability

FY-4A
(China)

FY-4B
(China)

FY-2
(China)

GOES-R
(USA)

Himawari-8/9
(Japan)

Visible/Near Infrared:

Visible/Near Infrared:

Visible/Near Infrared:

Visible/Near Infrared:

Visible/Near Infrared:

Spatial resolution | 0.5-1Km 0.5-1Km ;pan: 250m | 1.25km 0.5-1km 0.5-1km
Infrared:  2-4km Infrared: 2-4km Infrared: 5km Infrared:  2km Infrared: 2km
15min;
Imager Temporal resolution 15min 1min@2000km X 30min (6min) 5m 10m
2000km
Band number 15 16+7 5 16 16
Precision 0.2K (Actual <0.1K) |0.2K (Actual <0.1K) 0.1K 0.1K
.85-14, 8.85-14.7ym
Spectial Rangs iiizozsgpur: 4.44-6‘065m
Sounder Band number 1650 1650
Spectral resolution 0.625cm-" 0.625cm-"
Spatial resolution 16km 12km
lightning Center 777.4nm 777 drm
mapping wavelength
imager Temporal resolution 2ms 2ms
target Particle/magnetic Particle/magnetic Particle/magnetic
Space field /X ray field /X ray field /imaging of

the sun




Era of Big Data
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Compared with FY-2, FY-4 could provide more observation data and useful
information in 3-D (spectral, spatial and temporal). It is a challenge to

effectively dig out the useful information from the big data.
AN = I il



GIIRS,for new era of detection of

atmospheric characteristics

Geostationary Interferometric InfraRed Sounder

Michelson interferometer based on the principle of
Fourier Transform

designed to measu
radiation from the .
spectral bands

located on the#




Requirements for pIatform
 micro-vibration 77 T

isolation

-.._"iii _ﬂ_g
=i 107/ T e
FIRN4E0.16Nm, BTFHNTHE MBI R: 0.450K, BIFNER: 1mg
> first platform loading hyper-spectral WEhAF50mghy, KiZiREH8ppmEI25ppm
sounder and scanning imager o .
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Requirements for platform
measured linear vibration < 0.1mg, angular vibration< 5mrad/s?2

* micro-vibration isolation

FGA1

4.5
4
[ a3k VR E
ol W 35
3
25
2

PN : p “0.008
g 4 % 008
E: .
a Eos
= 18 - 004
o Dc 5 10 20
B0 (had)
full frequency band vibration all low frequency band vibration all Micro-vibration response at
day three-dimensional day three-dimensional interferometer installation
spectrum data spectrum data interface (good effect)



Requirements for platform
* Adapting severe heat alternating environment
» Satellite image navigation and registration

Low temperature
area

Sy

high temperature
area

in the 24-hour cycle, the sun shines on

different surfaces of the satellite in turn, and ———— EASNGS $1May207UT Clora:t

the temperature range is + 150 °C heat deformation leads to image poirititig arror~=1060 ken
@ — I I e distortion and distortion
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* Physical model:

rigorous description
of the optical path

Equivalent model:
satellite in orbit
|dentification



q1 { IRS/MTG I E
340 ¢ I il —Specification:
330 - ¢ 1 —689——  amssmoun ——064— Lspectral resolution: 0.625cm-
320 - ¢ - \ cas/er  —IRASIFYSD - spatial resolution: 16km
o AS1/METOP , - FPA: 4*32 pixels
< - - Temporal resolution: 67min
o 300 3 —Line position uncertainty : 10
* 290 3 ~  ppm (30)
R P - NESR (mW/m2 sr cm-1):LW,
s - 0.5; MW, 0.1;
E - Calibration error :1.5 K (30)
260 E E
250 —

600 800D 1000 1200 1400 1600 1800 2000 2200 2400 2600 28O
Wavenumber lem™ 'l
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GIIRS Operational Concept

®* Space segment:

— At each dwell, GIIRS observes 8 g
Earth scenes with interferometer | ' 8
sweeps in forward and reverse spacecral T sl 2
direction g

. =
— Every 15 mins, GIIRS observes 16 -
calibration targets (8 Deep Space | | | y
L1b data Lla data 7
* 8 hOt bOdy Ta rget) spet:t.rllm - pig::is::g - intefermttrﬂ.m - plr‘:;:::ls::g §
* Ground segment: . : 2

— Transform GIIRS interferograms . -

into fully calibrated and 5

eolocated spectra | el (OO rofites
> i »>

_ Transform spectrainto | | ot
temperature, pressure and | . I
moisture profiles | From: Xuan FENG, NSMC,CMA
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Observation Error Estimation’

Sk —— O-B Std
= —— Obs Error L.
800 900 1000 1100

Wave Number (cm ')

hannel Blacklist based on NeDT

A{12°N 80"E
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. e
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,o5B8858838883883

(o] 900 1000 1100

— ' wave Nuni Erom: Wei HAN. NWPC.CMA

"fF i i W W WE & EF ub - B MW WEE Wy WwERWEF 2 00000




68 écosbians of FY-4A G9 IRS

annel channels
Jacobian_T Jacobian_q
10 . = 10 S S —

— Chan 001 — Chan 0690

— Chan 011 — Chan 0770

Chan 021 Chan 0850

Chan 031 Chan 0930

Chan 041 Chan 1010

——— Chan 051 — (CHan 1090

50 PR .. T
S il |..-] —l_-lf afl ‘_. e 10}
_o:j_ — Chan 081 § — Chan 1330
€ 100 i S 100

- s |
v w
v vy
o @
(=8 (=

200 Chan 121 N 200 Chan 1650

300 K . 300
- 500 |

500

700 § . 700 |

n 1000 |

1000

000 001 002 003 004 005 006 08 _ -06 04 0.2 0.0
dTb/dT(K/K) N G I LA+ [
From: Wei HAN, NWPC,.CMA




Potential for new application model innovation

ulated precipltation

lllll

as the first hyper- spectral sounder starlng at the Earth




Impact of assimilating high temporal GIIRS observations on analysis:
Warm core is enhanced

BG: 3K
AN: 5 K
100hP2 Vertical structure
24° N
500hPa
850hPa '°

123E 124E 125E 126E 127E 128E 129E 130E 131E 132E 133E
T I I e CONtour : Temp BG departure

SE e p———t 2 3 5 Color: Temp AN departure
0500 Z 10 Jul

2018 (Beijing TIMe) erom: Wei HAN, NWPC CVIA 52




GIIRS been assimilated in GRAPES  4D-Var

— Impacts on recent Typhoon analysis and forecasts

. Date:20180605015025-001(disk)
60 N[=

— = 280
= A
* > _,, } o 270

40" N 9 T i 77 BE

20" N “) & o
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20" S ‘.]’ ﬁ .-

1250

1240

4230

{220

210
<o
200
40 S
) o ) - ~ & 190
30 E 60 E 90" E 120" E 150 E 180 E

" From: Wei HAN, NWPC,.CMA



30 minutes temporal resolutinon

Date:20180912110000-001(regx)

50 N

40° NJ

30 N

20° NI

10 N

75 E 90 E 105 E 120 E 135 E 150 E

280

270

260

1250
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=220
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200
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" From: Wei HAN, NWPC.CMA



GRAPES 4D-Var +GIIRS, sensitive area

GIIRS, densified observation every 30 min
201847 H23 H100f (- FEy)
T R e T RN '}‘/ = +h &l BY N2 in 8% 30T il

Date:20180723100000 001(regx)

K \\ "o .|1;‘:;_;km
R U

72°E 84 E 96 E 1TE 120E 132 E 144 E

0.2 0.4 0.6 0.8 1 1.2 1.4

30min temporal resolutinon , assimilated in GRAPES 4D-Var
7 SIT “From: Wei HAN. NWPC.CMA




(adaptive observation or target observation)

Target Obsing Area Based on SV(GRAPES)
55N a

y - 568045 T o
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40N - o . ’ 5?20//
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35N A
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ha 2% )

- \\5840
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J & L)
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Assimilation of GIIRS in GRAPES 4D-Var:
Typhoon Ambil case

CH3,200hPa
O - B - Bias longwave (3) l‘IJTg
201807190300
R Ty

(=N |
:Z)
o]
N
N

30

Brigpfness Temperature (K)

b ] 200

-1.20 -0.80




Impact of assimilating high temporal GIIRS observations on

AMBIL analysis: Position is more.closer to realit
Typhoon center position:20.6N, 131.7E

= —

—v——

e
55

50 F
454

300 hPa @

color: 15
GRAPES_4DVAR+GIIRS 10

Contour: 141E  144FE
GRAPES_4DVAR = ==

' From: Wei HAN, NWPC.CMA |



Impact on Precipitation Prediction
(24—125, July 2018 )

Without GIIRS With GIIRS

54N - .ol 54N
S2N A > 52N
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Target observing using GIIRS, Typhoon Mangkhut 2018

Date:20180912110000 20180912112212(GIIRS:Ch993)
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' From: Wei HAN, NWPC . CMA



Real time Assimilation of GIIRS for Typhoon
Mangkhut forecast (2018091212)

2018091212UTC MANGKHUT
o> { 'Trﬁ-‘ ~ ,_»»"*"‘cf‘ ~”

A ——OBS

~ +<+—<GRAPES_ OPER
o Ju«"ﬂp} \;’\—4«; A ~——EC OPER
a-—-—-GRAPES_GuRS

' From: Wei HAN, NWPC.CMA



Real time Assimilation of GIIRS for Typhoon
Mangkhut forecast (2018091300)

20180921300U0TC MANGKHUT

3 % ¥ +——~—<GRAPES OPER
s f’”“"*f::} - T ~——EC_OPER
v g - . ¢{ /—==GRAPES_GIIRS
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GIIRS

internal temperature and humidity information of typhoon Maria
2018-07-10-0330

O - B - Bias longwave (3)

201807100000

in the world, the
temperature and
humidity data in the
vertical direction of
the subtropical high in
the center of the
typhoon eye and
around the typhoon
eye are detected once

every 15
minutes




FY-4B launched on 3 June 2021
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Modules enhanced of GIIRS in FY-4B
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GIIRS for FY-4C

Spectral range 700 -1130 680 — 1130 650 - 1130
(cm-1) 1650 -2250 1650 —2250 1650 -2250
Spectral resolution 0.625 0.625 0.625
(cm-1) 0.625 0.625 0.625
Sensitivity@280K 0.4-0.8 0.4 0.2

(K) 0.8-1.2 0.8 0.1
Spatial resolution

(ke 16 12 4-8
'(I';l}rr\]?oral resolution 67(China area) 45(China area) 45(China area)
Planned Launch 2016 2021 2024
Status R&D / Op. Op. Op
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Impact

* GIIRS, the first hyperspectral IR payload in the
world working in geostationary orbit

* Opening an era of real-time detection of
atmospheric characteristics

* GIIRS onFY-4B, better specification, new
applications
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Thanks for your attention
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SAST, Zhiging Zhang, Qiang Guo,Xuan Feng from NSMC.
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