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CocTtaB npubOpPOB annaparta cepuu Meteop-M

Conreuras Garapes

AHTEHHA DOPTOBOID PaAUCNOKaLUMCHEOID

romnnekea “CepepsiHne-M- Moaynb TemneparypHore

1 BNAKHOCTHOIO 30HANPOEaHMA
armocgeps

MHOro3oHansHoe CkarnpyrLLes
YCTPOKCTE0 MaNoro paspeLleHns

lenworeaduanyeckuin
AnNaparypHbin KOMNNEKC

AHTEHHE DBANONKUHUK
LSLIMMETPOBOIC AMana3cHa

AHTEHHBI DEAKONKUHAK
CaHTUMETDOBOID Ananasosa

KOMISIEKE MHECI020HaNEHOW
Cucrema chopa CBHEMKM CPEAHEND PA3PELLEHMs

W nepenayumn gaH-bix

Conreuras Garapes

Tun: meTeopoaoruyeckuin

[aTbl 3anycKa:

*Meteop-M 1: 17 ceHtabpa 2009
*MeTteop-M 2: 08 uiona 2014
*MeTteop-M 2-1: 28 HOA6pna 2017
*MeTteop-M 2-2: 05 uiona 2019
*MeTteop-M 2-3: 27 nioHa 2023
*MeTteop-M 2-4: 29 ¢peBpansa 2024
*Memeop-M 2-5 -- 2.6
3anaA0HUPOBAHbI K 3aMyCKY nocsne
2025 200a

OpbuTta: CONHEeYHO-CUHXPOHHaA
BbicoTa: 825 Km
HaknoHeHue: 98,8°

Bpemsa sutka: 101,41 muH



3anyck Meteop-M Nel

Kocmoapom bankoHyp, 17 ceHTtabps 2009 roaa



3anyck Meteop-M Ne 2-2

Kocmoapom BoctouHbin, 5 nona 2019 roaa



Meteor-M satellites and KMSS spectral cameras specifications

KMCC/MCY-100M
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Characteristic KMSS-M (Meteor-M- 2) KMSS-2 (Meteor-M- 2.2)
Technique Pushbroom Pushbroom
Altitude 832 km 820 km
Green: 0.535-0.575 pm Green: 0.520-0.590 pm
Spectral bands Red: 0.630-0.680 pm Red: 0.640-0.690 pm
NIR: 0.760-0.900 um NIR: 0.785-0.900 um
Spatial resolution at nadir 60 m 55m
Revisiting rate 5 days 5 days
Radiometric resolution 8 bit 10 bit
Total swath 960 km 1020 km

KMCC/MCY-100M
KMSS-M interband parralax is 8.6°

MSU-100M KMSS-M relative spectral response
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lMepuarn, p 3nsba
b Chemka KMCC KA "Metsop-M* Ne 2
16 wiorim 2021 1




Hunepnasi, rAncrapaas

Inopmayun npusama u o6pabomana Onepamopom KC 433 . ‘ ) Cuemea KMCC KA "Mereop-M" Ne 2
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[lokpbiTue Tepputopruu PO nanHsiMmu KMCC 3a
onuvH neHb (1 Hos6psa 2020 roga)
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Tepputopma Poccumn nonHOCTbIO NOKpPbIBaeTca n3obpaxkeHnamm KMCC-M 3a 3-5 aHen,
a coBmecTHO ¢ KMCC-2 —3a 1-2 gHa (pa3peweHune 60 meTpoB)



['eomeTpus HaoawaeHusa KMCC-M u KMCC-2
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XpoHoJiorus paboTsl annapatoB MeTeop-M
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«[Ipukiroyenue» c Meteop-M Ne2-2

>

POCCUNCKUIN TMOPOMETEOPOSIOTUYECKUM CNYTHUK «MeTeop-M» N2 2-
2, 3anyLWeHHbIN ¢ Kocmogpoma «BoctouHbin» 5 nrona 2019 roaa,
nepeHec BHeLIHee BO34ENCTBME, N3-3a YETO0 USMEHUINCH
napameTpbl ero opbumTbl, a cam annapat 3aKpPyTUIO.

CornacHo coobueHuto «Pockocmoca», MHUMAEHT Npoun3oLen

18 nekabpa 2019 roaa, a ero NPUYNHOMN, BEPOATHO, CTANO
CTONIKHOBEHME KOCMMYECKOro annapata C MUKPOMETEOPUTOM.

18 nekabpsa co cnytHMKa « MeTteop-M» Ne 2-2 nponanu Bce
CUrHanbl, a ero opbuTta CUNbHO U3MeHMNACcb. B YacTHOCTH, nepuren
annapara YMeHbLUMICA Ha 2 KUAoMeTpa.

CornacHo coobueHunto «Pockocmoca», Nocae BHELWHEro
Bo3gencteuna «Meteop-M» Ne 2-2 nepewen B sHeprocbeperatoLmm
PEXUM, OTKNHOUYMB BONbLIYIO YacTb OOPTOBbLIX cucTEM. B HacToAwee
BPeEMSA CO CNYTHMUKOM YCTaHOBJ/IEHA CBA3b, U CNEeLnasInCTbI
3aHUMaOTCA BOCCTAaHOB/IEHMEM ero pabotocnocobHocTw.



YTo panpuie?

» KaxkeTcs, AaHHble BNoaHe cebe cMmnaTuyHbie, YTO XKe
MeLLaeT ¢ HUMKM paboTtaTtb?



YTo Takoe «YpOBHU 00pabOTKH JaHHBIX J[33»

YPOBeHb JAAHHBbIX

Onucanue

Boccranopnennsle HeoOpaboTaHHbIE JaHHbIE HAYYHBIX IPUOOPOB M 000PYI0BaHHS B
MIOJTHOM Pa3pelleHHUH C yaJIEHUEM YaCTH WINA BCeX KOMMYHUKALIMOHHBIX apTe(aKkToB
(HarpuMep, CHHXPOMETOK, KOMMYHHUKALIMOHHBIX 3ar0JIOBKOB, AYOIMPYIOLUINX JaHHBIX )
(B 6onpmmncTBO ciydaeB Cucrema ynpasieHus JaHHbIMU B onepanusiMu EOS EDOS
MPENOCTABISAET 3TH JaHHBIE B IEHTPHI JaHHBIX B BU/Ie HA0Opa UCXOHBIX JAHHBIX IS
reHepanuy NpoayKToB Oojee BLICOKOro ypoBHs B cermeHTe Science Data Processing
Segment (SDPS) unu B SIPS )

1A

BoccraHoBneHHble He0OpaboTaHHbIE JaHHbIE HAYYHBIX IPUOOPOB B MOJHOM Pa3pelIeHUH C
IPUBSA3KOH KO BpEMEHH, aHHOTHPOBAHHbIE BCIIOMOraTeJIbHON HH(pOpMaLHel, BKIIOYatoIei
JNaHHbIE, HEOOXOIMMBIE ISl PAJHOMETPHYECKOM U TeOMETPUYECKOH KaIuOpoBOK, U
JaHHbIE, HEOOXOAMMBIE JIUIsl reorpauuecKoil NpUBA3KYU (HarpuMep, HapaMeTpbl OpOUTHI),
pacCUUTaHHON U NPUCOEIUHEHHOM, HO HE NPUMEHEHHOM K 1aHHbIM ypoBHs Level 0

1B

Jlannblie HayuHbIX TpuOOpoB ypoBHs Level 1A, oOpaborannbie 10 MpeICTaBICHHS B BUJIE
(u3n4eCcKUX eIMHUI] (He BCe Hay4Hble IPUOOPBI UMEIOT ITOT YPOBEHb 00pabOTKH)

BoccraHoBneHHbIe reopu3UYECKHe TapaMeTphl B TOM JKE MECTE U C TEM JKE pa3pelieHHeM
4TO M MX UCXOJIHBIE J1aHHbIe ypoBHs Level 1

JlaHHble, IpUBsA3aHHbIE K PABHOMEPHOU IMPOCTPAHCTBEHHO-BPEMEHHOM LIKaJle, 0OBIYHO C
OIPE/IEJIEHHON CTENEHBIO MTOTHOTHI U HEIPOTUBOPEYHBOCTH

Pe3ynbraThl MOJCITMPOBAHUS UITH PE3YJIbTAaThl aHAIN3a JAHHBIX HUKHUX YPOBHEH
peACTaBlIeHus (HarpuMep, JaHHbIE COBOKYITHOCTH Pa3JIMYHBIX SKCIIEPUMEHTOB)

ypoBHU 06paboTkn B TepmuHonornn NASA EOS




CxeMa cbeMKH nnprubopom KMCC-M

&/
8,67°
Pa3smepbl U ouepTaHuA
o6nakKa B 3e1eHOM KaHane

GRN RED NIR

B KpacHom KaHane
B UK kaHane

e

Buammoe nonoxeHune\oveptaHusa\pasmepbl
061aK0B Ha My/IbTUKAHA/IbHOM

n3obpaxeHnn \

—Y




[Ipo6JieMBI

» WcxoaHble AaHHble He KannbpoBaHbl, HabAOAAOTCA OTKIOHEHUA
«anbbeno» B 1,5-2 pa3a oT 0)KMAAEMOro 3Ha4YeHMA, KOTOPble HOCAT
C/IY4aNHbIN XapaKTep, MEHAACb BO BPEMEHU U NPOCTPAHCTBE,;
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[Ipo6JieMBI

>

» lMorpewHoCcTN NPMUBA3KKU MOTYT MPEBbLILLATb KNWIOMETPbI (pa3mep
nukcena ~60 meTpoB), Npnyem NAoOXo NpmBA3aHHbIE JaHHbIe
npoxoaAT npoueaypy opToOpeKTUPUKALMU, Bbi3biBas 3HAYUTE/IbHbIE
N HEeYCTPaAHUMbIE A0 KOHLLA reOMETPUYECKUE UCKAXKEHNA BBUAY
CBOEW HEeNIMHENHOCTU;
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[Ipo6JieMBI
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» KaHanbl «CMOTPAT» B Ppa3Hble CTOPOHbI, BUA, 06/1a4HOCTU B COCEAHMUX
KaHanax MoKeT bbITb coBceM pPa3/InyHbIM (0cobeHHO B cniyyae
NoNYynpo3payHoim 061a4HOCTH), Npnyem 061a4HOCTb MEHSIETCA U 33 BPEMSA
MeXKaHabHOM 3a4ep»KKu cbemkmn (20-40 cek). 3aaencTsoBaThb
MY/IbTUCMEKTPAJIbHbIE MHAEKCHI ANA BblAeNeHnAa 06/1a4HOCTU He
NpeAcTaBAAETCA BO3MOXHbIM — B TOM YUC/IE TAKKe NO NMpUYnHe
HenpeacKkalyemomn KaimbpoBKu;



By 06J1a4HOCTH Ha pa3HOKaHaJbHbIX H300paXKeHUSIX

-~




[Ipo61eMBI

>

» BbIBpOCHI TUNA «CO/Mb U NEepeL», CNJIOLLIHbIE NOJIOCHI LLYMOB U Nopya
n306paxkeHnit No Apyrum NpUYUHam



CoJib M Ieperr




C 4ero HauaTp?

» BblpaboTKa anroputma AencTBmm



bs1oK-cxeMa KaJIMOPOBKM 6€3 UCII0JIb30BAaHUS MeTalaHHbIX
(TOoJIbKO 6a30BbIe — KOOPAUHATBI U BPEMS ChbEMKH )

LT — Local Time || GMT — Greenwich Mean Time = ﬂ(d 81)
365

/

EoT =9.87sin(2B) — 7.53cos(B) — 1.5sin (B)

: 7
LSTM = 150@
TC = 4(LSTM — Longitude) + EoT
65“5111 [ﬂ (d — 81)]

ATemr=LT - GMT

LST = LT + !
60

Elevation = sin™*[sin § sin ¢ + cos & cos ¢ cos(HRA)]
sin & cos ¢p—cos § sin ¢b cos [HRA]]

COSs X

HRA = 15°(LST — 12)

Azimuth = cos 1 ’
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dopmaTt MMeHU panJoOB\IIPOAYKTOB

| [BAND][Sensor].A[YEAR][DoY]T[Hour][Min][Sec].[E/N][Lon][N/S][Lat]

NIR101.A2016138T070843.E036N46



Kak czienathb JOIIPUBA3KY ?

» MoxHOo nonpoboBaTb NPMUBA3ATLCA K NOAJ0KKe-onope,

HO HYXXeH OTHOCUTE/IbHO BbICTPbIN MeToA, He
Tpebyrowmnim npmeaedeHmna 60ablLnx 06 bEMOB OMOPHbIX

AAaHHbIX



MeTo/ aHaJ/iM3a rPaHUL, 00bEKTOB 3¢ MHOM MOBEPXHOCTH AJIs
JIOTIPUBSI3KU Y BbISIBJIEHUS MOTEHIIMAJIbHOU 00JIaYHOCTHU U
TeHeH (2B 1)

» 1. MoarotoBKka «noanoxku» Landsat. 3tanoHHas
NOANI0XKKA MMEET UAEa/IbHYI0 NPUBA3KY U COAEPHKUT
Hanbonee ycTton4mBsble rpaHULbl 0O HEKTOB 3EMHOM
NOBEPXHOCTU, €€ MOXKHO 0OHOBANATL, HaNpUmep, pa3 B
rosl, YTobbl y4MTbIBaTb NOAB/EHUE HOBbIX U
NCYE3HOBEHME CTapPbiX OOBEKTOB — HAaNpPUMep, NONEN,
BbIpybOOK, rapen, npocek, Aopor n ap.;

» 2. BbiaeneHue ycTomumBbIX rpaHuLL, Ha TEKYLLLEM
n3006parkeHnun HyXKHoro KaHana KMCC;

» 3.MNoncK Hanbonee oNTMMaNbHOIO NONOKEHUA FPaAHUL,
BHYTPW paccmaTpmBaemoro 6,10Ka n3obpaxeHuns ¢
PACYETOM XapPaKTEPUCTUKU KONTUMANIbHOCTUY» ITOTO
NOJIOXKEHMUS.



[Ipumep noa0xKM rpaHul, no Landsat




[IpuMep pacyeTa CJj10s1 ONITUMAJIBHOU CYMMbI




HcxopHoe nsoopaxxenue u OC




[IpuMep pacyeTa CJj10s1 ONITUMAJIBHOU CYMMbI




HcxopHoe nsoopaxxenue u OC




Nnes MeToa NPpUBSA3KU U300paKEHUS BBICOKOTO
pa3pelleHHs 10 OII0Ope HU3KOT0 pa3pelleHus

N
corr.

i+3 i+1 | i
i i+1 i+3 daX
N

\

CeTKa nukcene n3obpaxeHus CeTKa nuKcenen nsobparkeHuns UnnocTpaums AMHaAMKUKN
BbICOKOro pa3speweHuns (BP) — HU3Koro paspeweHums (HP) 3HaYeHUsA K-Ta Kopp.lnpcoHa
POBHO BYETBEPO AeTasibHee MeX 1y OKHamMm

1) 3arpybnenmne Bcex nnukcenen BP B ckoNb3ALEM OKHe C
nonoxeHuem |

2) cpaBHeHuMe 3arpybneHHoro BP c HP (pa3pelueHue B4ETBEPO XYKe)
N pacyeT K-Ta Kopp. lNMnpcoHa

3) casur ceTku 3arpybnaerHma BP Ha 1 nuKcenb



bJ10K ycTpaHeHHsI aHOMaJIMK reorpadpuyecKkou
[IPUBSA3KHU

T Pearson K

TouyHO NpUBA3aHHbIN U AonpusasbiBaemoe
aKTyal'lM3MpOBaHHblﬁ 3Ta/I0OH M306pa)KEHMe KMCC 3aBUCUMOCTb Koppenaumm ot B3aMMHOTO
MODIS

nonoxeHua nsobparkeHnin KMCC-MODIS
AByxaTanHaAa gonpuBA3Ka:

» TloMCK U YCTPaAHEHME CUCTEMATUYECKOTO CMELLEHMA BCEro
nsobpaxkeHna KMCC dX0,dYO oTtHocuTenbHo atanoHa MODIS; dX = dXO0 + dX,oc

» JIOKAanM30BaHHbIM MOUCK U YCTPAHEHUE MECTHbIX WCKaXKEeHUM dY =dYO0 + dY|oc
reorpapuyeckon npmeaskm dX,..dY,,. B y3nax cetn ¢ warom 100
nuKkcenem ~6 Km



JTaJiodH Ha ocHoBe MODIS MODO09

» B KayecTBe 3Ta/IOHA UCMONb3YIOTCA exxeAHeBHble be3061a4Hble
n3obparxkeHuna c npnbopa MODIS, nonyyeHHble B onepaTtBHOM
pexXnme NyTemM BOCCTAHOB/IEHUA MPONYLLEHHbIX N UCKaXKEHHbIX
namepeHunin Ha ocHose metoaga WLOESS (Cleveland, 1979)

» TaKoW 3Ta/IoH:

Coaep1T KannbpoBaHHble, aTMocPpepHO-
CKOppeKTupoBaHHble usmepeHua KCA
3eMHOM NOBEPXHOCTU B HEOBXOANMbIX
CNeKTpaabHbIX KaHaNax;

[Nlo3BoNAET KOMNEHCUPOBATb BAUAHME
reomeTpumn HabaaeHUA U 0CBeLLEeHUA Ha
3HavyeHunsa KCA;

XapaKkTepumsyeTca MakCMMaibHO NOAHbIM
NOKpbITUEM Ha Ntoboi aeHb roaa;

XapakTepun3yeTca TOYHOM reorpadpuyeckomn
npusaAsKoi (CKO cornacHo Senintel-2 B
cpegHem nydwe 30 meTpoB NpU pasmepe
nukcena ~250 meTpos)

N306parkeHne stanoHa MODIS B kpacHom KaHane Ha 1 anpensa 2020 roga
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OneHKa TOYHOCTH NPUBA3KU 3TasioHa MODIS
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Moaynb ownbKKW NPUBA3KK, M

» B pamKkax akcnepumeHTa 6b110 06paboTaHo 736 caydyamHO BbIOpaHHbIX Ha
Tepputopum Poccmnm ydactkos nsobpaxkenmm MODIS B HGpaKpaCHOM KaHane u
680 y4yacTKoB B KpacHOM KaHane. CpeagHee 3HayeHMe abCcontoTHOM OWNOKHU
npuBa3KKM aaHHbIX MODIS coctaBmno 18 meTpos B UHPpPaKpPacHOM KaHane u 19
METPOB B KPAaCHOM KaHane (meHee 8% pa3mepa NuKcena)



YcTpaHeHHe olIMOOK reorpadpruyeCcKou NPUBS3KU

. ERSS

MyNbTUCEHCOPHbIN cMHTE3 n306paxKeHnit KMCC-M\MODIS fno reorpaduyeckoi
JONPUBA3KK M NOCAe Heé ANs KpacHoro KaHana (cnesa) n BUK (cnpaBa)




Yucno ¢pparmeHTos, ThiC

OLieHKa TOYHOCTHU FeONPUBS3KHU U300parKeHU U
KMCC-M
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Yucno recTosbiX yHaCTKOB
o

Mogaynb ownbKM NPUBAIKK, M Moaynb oWwKnBKU NPUBAZKK, M
Pe3ynbTaTbl OLEHKM UCXOAHbIX N30b6parkeHnin KMCC-M OueHKa TOYHOCTU NPUBA3KKN 06paboTaHHbIX
(MeTteop-M Ne2) n3obpaxeHmit KMCC-M no aaHHbim Sentinel-2 (10

MeTpoB)

Plotnikov DE, Kolbudaev PA, Loupian EA. An automatic method for subpixel registration of KMSS-M imagery based on
coarse-resolution actualized reference. Computer Optics 2022; 46(5): 818-827. DOI: 10.18287/2412-6179-CO-1098.



bJyioK BbisIBJIEHUS 00J1Ia4HOCTU U TeHeH

ambego, 1074
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FMcTorpammbl « APKOCTU» YNCTOM
noBepxHOCTU (CUHAA) U 06nauHOM YacTU
n3obpaxkeHusa (KpacHas)

Pa3HOCTb ructorpamm

NIoKaNbHOE NoOporosoe
3HauyeHue AaNna otaeneHus
obnayHocTH

Yactb cueHbl KMCC-M (NIR) 3a 19 uiona 2020 r.



by10K BbISIBJIEHUS 00JIA4YHOCTH U TEHEH
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feomMeTpUA NONMOXEHNA TEHEMN .

X = H( cos(W)tg(6) — cos(B)tg(d) )
y = H( sin(¥)tg(6) — sin(B)tg(d) )

H - BbicOTa obnaka Haa 3emnen,

¥ — asmmyTanbHbI yron HabngeHus
6 — 3eHUTHbIN yron HabnaeHUs

B — asumyTaneHbIn yron CosnHua

O — 3eHUTHbIW yron CornHua



MackupoBaHUe 00J1a4HOCTH U TEHEH

19 niona 2020 ropa, BoctouHasa EBpona 10 mas 2020 ropga, Kpbim

15 man 2020 roaa, FOXHbIV depepanbHblii OKPYr



MackrpoBaHue 00JIAYHOCTH U TEHEU

KpacHbiit KaHan KMCC-M BavxHuii UK kaHan KMCC-M




bJ10K KOppeKLuKu BJAUSAHUA aTMOCPEPHI U
JOKaJINOPOBKU

e KMCC-M
w—MODIS

[o Koppekuumn

—KMCC-M
w—MODIS

Mocne KoppeKuumn

JlokanusoBaHHOeE NpuBeAeHUE CKOb3ALWMMU OKHAaMM TMCTOrPaMMbl APKOCTU YUCTOMU NOBEPXHOCTU K
AKTya/IM3UPOBAHHOMY CMEKTPA/IbHOMY 3TaJIOHY afaNnTUBHO KOMNEHCUPYeT BIMAHMUE HECKOJIbKUX
¢daKTOopOoB O4HOBPEMEHHO



Pe3ysbTaThbl KCII0JIb30BAHMS TEXHOJIOTUM HA OOJIBIINX
TEPPUTOPUSIX
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BocctanoBsieHHbIM NDVI 1o aHHBIM pa3JIMYHbIX
CUCTEM Ha 1 Masl 2020 ro,qa
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TexHoJiorrss onmepaTuBHOM 00paboTKU JaHHbIX KMCC
ﬁm KannbposaHHbie m
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[IpuMep exkeJHEBHOT'0 6€300JIa4HOI0 U300paKEHUS
KMCC 3a 1 urosg 2022
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Nanpawadt cpeaHen nonocbl PO no agaHHbIm KMCC




Nanpawadt cpeaHen nonocbl PO no agaHHbIm KMCC




Nanpawadt cpeaHen nonocbl PP no gaHHbim KMCC




KapTUHKU KpacUBbIE

» HO HAaCKO/IbKO TOYHO NOIYYEHbI OTPaXKaTeNbHble
XapPaKTEPUCTUKU 3€MHOMN NOBEPXHOCTU (KO3PPULMEHTDI
CMEeKTPaNbHOM APKOCTU)?



OueHka aTMOChepHOU KOPPEKLIUU

» [Ina oueHKMN KavyectBa aTMochepHON KOppPEKL MM ODbIYHO
MCNONb3YIOT CeayoWmne METPUKMU:

1 A
Accuracy A=— (Z By )
A

i=1

o 1 SR 2

P = A — A

Precision J(HAI) Ei:l (Ap, —A)
Uncertaint U= |2 AoSRY2
y HAZ;( )

Ju, J.; Roy, D.P.; Vermote, E.; Masek, J.; Kovalskyy, V. Continental-scale validation of MODIS-based and LEDAPS
Landsat ETM+ atmospheric correction methods. Remote Sens. Environ. 2012, 122, 175-184.



e3yJIbTaThl OLleHKU KoppeKTopoB (RED) B
aMKax s3kcrepuMeHTa ACIX
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Doxani et al. Atmospheric Correction Inter-Comparison Exercise. Remote Sens. 2018, 10, 352.
https://doi.org/10.3390/rs10020352




PacrnoJsio’keHMe y4aCTKOB BepUPUKAILIMK OIlEPAaTUBHO

[IOJIYYE€HHBIX MPOAYKTOB 3a 2022 rof
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KMSS-2 AC assessment: Accuracy, Precision and Uncertainty over
Russian grain belt
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APU metrics (colored) and samples density (grey levels) aggregated from Russian
grain belt area for the whole season of 2022 for RED (left) and NIR (right) bands
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More details on KMSS data and AC accuracy assessment over Northern
Eurasia

: & remote sensing m\"ﬂ

Article

Accuracy Assessment of Atmospheric Correction of KMSS-2
Meteor-M #2.2 Data over Northern Eurasia

Dmitry Plotnikov *', Pavel Kolbudaev, Alexey Matveev, Andrey Proshin and Ivan Polyanskiy

Space Research Institute of Russian Academy of Sciences, 117997 Moscow, Russia
* Correspondence: dmitplot@d902.ikirssiru; Tel.: +7-333-53-13

Abstract: Atmospheric correction of satellite remote sensing data is a prerequisite for a large variety
of applications, including time series analysis and quantitative assessment of the Earth’s vegetation
cover. It was earlier reported that an atmospherically corrected KMSS-M (Meteor-M #2) dataset
was produced for Russia and neighboring countries. The methodology adopted for atmospheric
correction was based on localized histogram matching of target KMSS-M and MODIS reference
gap-free and date-matching imagery. In this paper, we further advanced the methodology and
quantitatively assessed Level-2 surface reflectance analysis-ready datasets, operatively produced
for KMSS-2 instruments over continental scales. Quantitative assessment was based on accuracy,
precision, and uncertainty (APU) metrics produced for red and near-infrared bands of the KMSS-2
instrument based on a reference derived from a MODIS MOD09 reconstructed surface reflectance.
We compared error distributions at 5%, 20%, and 50% levels of cloudiness and indicated that the
cloudiness factor has little impact on the robustness of the atmospheric correction regardless of the
band. Finally, the spatial and temporal gradients of accuracy metrics were investigated over northern
Eurasia and across different seasons. It was found that for the vast majority of observations, accuracy
falls within the —0.010-0.035 range, while precision and uncertainty were below 0.06 for any band.
With the successful launch of the most recent Meteor-M #2.3 with a new KMSS-2 instrument onboard,
the efficiency and interoperability of the constellation are expected to increase.

Plotnikov D.E., Kolbudaev P.A., Matveev A.M., Proshin A.A., Polyanskiy I.V. Accuracy Assessment of Atmospheric Correction of KMSS-2
Meteor-M #2.2 Data over Northern Eurasia // Remote sensing. 2023. Vol. 15. Issue 18. P. 4395. DOI: doi.org/10.3390/rs15184395.



BpeMeHHbIe cepvH BOCCTAHOBJIEHHBIX 3HAYEHUU
NDVI no gauubiMm KMCC 1 MODIS
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NDVI Haygrass MODIS
0,9 - ——Haygrass KMSS
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0,8 - ——\Winterwheat KMSS
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KonnuyectBeHHOe n KayecTtBeHHOoe coBnageHue anHammkn NDVI gna pasnmyHeix rpynn
KyNbTyp NO3BOAET MCNO/b30BaTb BOCCTAHOB/IEHHbIE BPEMEHHbIE CEPUN ANA
MOHUTOPUHIra BbICTPOMEHSAIOLWMXCA KAaCCOB PACTUTENbHOIO NOKPOBA



ABTOMaTH4YeCcKOe pOpPMHUPOBAHHE TEMATUYECKUX MPOAYKTOB JIJIsI
KOHTUHEHTAJIbHOT'O CEJIbCKOX03IMCTBEHHOIO MOHUTOPUHIA Ha
OCHOBe exXeJIHeBHbIX 6e300J1a4HbIX JaHHbIX KMCC ypoBHs L2A

ABTOMaTHnyeckoe PasHOBpemeHHOM CUHTE3 ABTOMaTMYECKaA cermeHTauus
pacno3HaBaHUe UCNONb3yemMoil eXXeaHeBHbIX 6e3061auHbIX ANA pacno3HaBaHuUA
nawHu no agaHHbim KMCC-M ¢ MYNbTUCNEKTPANIbHbIX Ce/IbCKOX03AUCTBEHHbIX
pa3peweHnem 60 metpos n3obpaxkeHuit KCA no aaHHbIM KYAbTyp
KMCC-M ypoBHa L2A




bJ1oYHBIM JOCTYI

» lMpeactaBneHHass MeToAMKa  Oblna  UCMonb3oBaHa Ans  Bblbopa

ONTMMaNbHbIX NAPaMeETPOB MPOCTPAHCTBEHHOro pas3bueHna Ha 610KM w©
KNnacTepbl AaHHbIX ANA 33[43a4n PagNOMETPUYECKON U FeoOMeTPUYECKOM
KoppeKumun AaHHbix npnbopa KMCC (cnyTHUKK cepumn MeTeop-M).

B kKauecTtBe AoNyCTUMbIX 3HA4YeHU 6a10Ka bbian BbibpaHbl 3HaveHus ot 0,5
Ao 3 rpagycos ¢ warom 0,25 rpaagyca. Huxke B Buae rpadpuKos
npeAcTaBaeHbl BbiAB/IEHHbIE MO OMNUCbIBAEMOWN METOAUKE 3aBUCUMOCTU
BPEMEHWU BbINOJHEHUA PA3/IMYHBIX ONepauum B CEKyHAaAX OT pa3mepa
6noKa a.

3aemcumocts T-proc(a) 3aeucumoctb T-prep(a). 3aencumoctn T-get(a), T-upl(a).
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bJ1oYHBIM JOCTYI

» OueHKa onTMMmanbHOro pasmepa 610Ka npoBoaMnach Ana 06paboTku
ydyacTKa naowagbto 40 Ha 40 rpaaycosB ¢ OAHOBPEMEHHbIM
ncnonbsosBaHnem 10 BblUUCAUTENbHBIX Y3/10B. na KaxKgoro ns
AONYCTUMbIX 3Ha4YeHMI pazmepa 610Ka bbin BbIbpaH pa3mep KnacTtepa
AAHHbIX, NO3BONAOWMI NPOBOAUTL 0O6PabOTKY € Tpebyembim YPOBHEM
pacnapannennBaHus, NOCAe Yero no nNpeacTtaBAeHHOW Bbile dopmyne
6bI10 OUEHEHO MHTErPanbHOE BPEMSA BbINOJIHEHMA 0OPabOTKN.

» Ha ocHOBaHWM NPUBEAEHHO HUXKE NOSIYYEHHOM 3aBUCUMOCTU Bbln caenaH
BbIBOZA, YTO AN NpoBeAeHMA 06paboTKM ONTUMAIbHbIM pa3zmepom 610Ka
ABNAETCA 2 rpajyca, a pasmep Kaactepa AaHHbIX — 7.

3aencumoctb T-area(a) npu duKecHpoBaHHbIX sHaveHnax $=1600,N=10
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EL, «HNL, «MNnaHeTa» (MockBa)
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HHCTpYMeHTbI MOHHTOPHHI'd HAJIM9YUA JAdHHBIX I10 O0JI0KaM

Task name : KMSS CORR 20206
Conditions :dt >= '2020-07-01' AND dt <= '2020-08-01'
Proc status ¢ red
Stat type : show _count
Diff tiles ;2105
Total blocks : 17883
Min-Max(Avg) : 1-22(8)
White-Black : 1-22
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YTo panpuie?

» MoXHO /in Ha ocHoBe AaHHbIX KMCC oueHuTb CNoXHble
brnodunsnyeckme XxapakTePUCTMKU, KaK NO AaHHbIM APYrmnX
CNYTHUKOBbIX CUCTEM?



Leaf Area Index

Leaf Area Index

The leaf area index (LAI) is measured in
square metres of leaf area per square
metre of ground. LAl is an important
measure in plant ecology, indicating
quantity of foliage and how much
photosynthesis i1s taking place. In
addition, LAl can also help determine
how much water will be stored and
released by an ecosystem.

-Source: Nasa Earth Observation




Leaf Area Index

GROUND AREA = 1m? GROUND AREA = Im*
LEAF AREA = 1m* LEAF AREA = 3m'*
LAl » LEAFAREA:GROUND AREA » 1:1 = LAl » LEAF AREA:GROUND AREA » 3:1 = 3

LAl aBnsetca pyHAaMEHTaNbHOM XapaKTEPUCTUKOM PACTUTENBHOCTU U BaXKHeENLLEN
KnumaTtnyeckoi nepemeHHol (Essential Climate Variable, ECV — 1o ectb
NepemMeHHOM, KOTopaa KPUTUYECKN BarKHA A1 ONMMCAHUA 3€MHOT0 KAMMaTa)



Leaf Area Index otHocuTtca k 55 ECV cornacHo
WMO u Global climate observing system

Essential Climate Variables

Upper-air Atmosphere
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AKTyaJsibHbIe MeTOo/ibl OlleHKU LAl ¥ npoayKThI

Products Version Sensor Spatial Temporal resolution Algorithms LAI T/E References
resolution

CYCLOPES V3.1 SPOT/VEGETATION 1/112° 10-day (1997-2007) NN (red, NIR, SWIR, and SZA) T

EUMETSAT Polar System Vi MetOp/AVHRR 1.1 km 10-day (2015-) Gaussian process regression T

GA-TIP Vi SPOT/VEGETATION and 1km 8-day (2002-2011) Data assimilation retrieval from albedo E

EnviSAT/MERIS (GlobAlbedo)

GEOV2 \ SPOT/VEGETATION, MODIS 1/112° 10-day (1999-) NN (red, NIR, SWIR, and SZA) T

GLASS V3 SPOT/VEGETATION, MODIS 1km 8-day (2000-) NN (red and NIR) T

GLOBCARBON V2 SPOT/VEGETATION, 1km Monthly (1998-2006) Empirical VI-LAI relationship T

ENVISAT/ATSR

GLOBMAP V2 MODIS 500 m 8-day (2000-) Empirical VI-LAI relationship T

JRC-TIP Vi MODIS 0.01° 16-day (2000-) Data assimilation retrieval from albedo E
(MODIS)

MERIS Vi EnviSAT/MERIS 300 m 10-day (2003-2011) NN (13 bands, observation geometry, and T
atmosphere characteristics)

MISR V2 MISR 1.1 km Daily (2000-) LUT (red and NIR) T

MODIS cé MODIS 500 m 4-day (2000-) LUT (red and NIR) T

PROBA-V V1 PROBA-V 300 m 10-day (2014-) NN (blue, red, NIR, and observation T
geometry)

University of Toronto (UofT) V2 MODIS, MISR 250 m 10-day (2003) Empirical VI-LAI relationship T

VIIRS Vi SNPP/VIIRS 500 m 8-day (2012-) LUT (red and NIR) T

» Imnupuyeckme cootHoweHuna VI-LAI
» LUT n metoabl onTummnsaumm

» UnBepcmna RT-mogenn c nomowbio NN


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018RG000608

Kakue ObIBAalOT MO/Ie/IU IIEPEHOCA U3JIyYEHUS

Radiative Transfer Models

Regularization and inversion v B

Radiative Transfer
Model (LUT, iterative Cost function . P
optimization) -

@ w

Turbid medium* Geometric optics* Hybrid model (GO + TM)* Computer graphic model**
(e.g. SAIL, Verhoef 1984) (e.g. Chen & Leblanc 1997) (e.g. DART, INFORM) (e.g. drat, Raytran, FLIGHT)




PROSPECT-D + SAIL

OontTuyeckue
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OgHomMepHas AByHanpaBAeHHas MOAEAb MyTHOM
cpeabl C NOAJIOXKKOM B BUAE MOYBbI




[losieBbIE pabOTHI PHO

» ToyeyHble (1m x 1m) NpnbOpPHbIE HA3EMHbIE NU3MEPEHUS C
MHOTFOKPATHOM B Te4YEeHUE Ce30Ha MNOBTOPAEMOCTbIO:
LANFAPAR, Bpems nsmepeHus, BbicotTa pacTeHui,
YCNOBUA OCBELLLEHUA (NPAMOE COMHLE NN PaCCeAHHbIN
CBET);

» TouKkM 3amepoB pacnoaarajancb Ha TPaHCEKTe Nons

obwen annHon go 500 meTpos C LWarom mexay ToOYKamu
30-40 meTpoOB;



CentomeTp Accupar LP-80
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ApXUTEeKTypa HEUPOCETH

N

NMonHocBA3HasA HenpoceTb ¢ Npobpocom ceazein (Skip connection)

ObyuyeHune npounssoannocb ana KMCC-2 (6e3 napannakca) ¢ BXoaHbIMK NapameTpamu:
ViewZen, SunZen, RelAzimuth, Red, NIR



3.2

2.8
2.6
2.4
2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Ob6y4yeHHEe HEUPOCETU: TUIIOTETUYECKAS TOYHOCTD
onpeneneHus LAI

LAl mean absolute error

1k

2k

3k

4k

Ymcno anox

5k

6k

7k



LAl retrieval from KMSS nadir-view and multi-angular data
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Errors of LAl estimation

10-

LAl predicted
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LAl MCDIS
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LAI
Metric KMSS Nadir K'V'aisg:l‘:r't" MCD15A3H (4-
view day MODIS LAI)
scheme
RMSE 1,00428 1,00051 1,065
MAE 0,7102 0,7053 0,669
R? 0,7203 0,7227 0,668



PaspafoTia ¥ oneHEa HEIERCE THCTOECE nosepxeccTH LAT pacTHTemnBOTe moEposa Poccen [Lotemos JE. v op.

PaipadoTka H olleHKA HHAeKCA JIHCTOROI moBepxHocTH LAl pacTHTe IbHOT 0
noKpoea PoccHH HA 0CHOBe PA3SHOVTIOBBIX Hadmogennit KMCC (Meteop-M) 1
HelipoceTeroli HHBepcHH MoJean PROSAIL

A.E ITomuuxes 1, I] Ywcoy 2, [T A. Kordyoaes !, E4 Jhman !, A M Mameeee !, MB. Jumun i, B.C JKyxoe 1,
T.B. Koudpameesa !, CB. Jlebedes ?

I Fucmumym xocmuseckux uccredoeanuti PAH, 117997, 2. Mocxea, yu. Hpodeowsuan, 84/32, Mockea, Poccus
IMocroeckuli socydapemeennsiil Veusepcumem us. Jomonocoea, 119991, Jenuncrue zopwl, d. 1, Mockea, Poccua
¥ PadeparvHplil HAVHHBI YeHMP DUOTOZLHEC KUY CUCMEM U azpomextotozul PAH, 460000, yn. 9 Ausaps, 4. 29, Open-

tvps, Poccua

Arnomauyus

B pa®oTe BOepERIE OMHCAH MeTO JHCTAHNHOHHOH ONeHEH HEISKCA THCTOBOH IOBEPXHOCTH
LATIno gassem nprdopa KMCC poccHiickoH coyTHEEE0EOH cHcTeMEl Meteop-M ¢ mpocTtpas-
CTEEHHEIM paspemeHHes 60 xeTpoE. B 0CHOBe MeTOa MeEHT penleHHe 00paTHOH 333a9H IIe-
PEHOCA H3TVIEHHR B PACTHTEIEHOM ITONOTE ¢ 33JaHHEIMHE EPacBEIME VCIOBHAME HA OCHOBE MO-
JenH nepeHoca HanydeHHA PROSAIL, DHCTAaHIIHOHHEIX HIMEpPEHHH CHEKTPanbHOH ZpHOCTH
mpuoopoM KMCC H H3BeCTHEIX VCIOEHH HaONMKJIEHHA H OCBeMeHHA. B KaTecTEe anTOpHTMA
HHEEPCHH OBLTA HCIONB30BAHA MAPaMeTPHIOBAHHAA H 00VIeHHAR MOJelhb Ha OCHOEE TIOIHO-
cEZ3HOH HeHpoHHOH ceTH. [IpH coz0aHlH 00yiaromeil ERIO OpEH HCIIONIE20BAICA NOIHEIH 0pTo-
TOHATEHEI ITAH 1% ONHCAHHE KOMOHHANHE BXOJHEIX NApaMeTPOE MOIENH, IPH 3TOM ORLTH
VHTEHE PACTPeIeIeHER H COpPACTpeIeIeHHA XapakT ePHCTHE 10 Pe3yIETATaM MEeTaaHATHIA %
OTpakeHHT HMEIOMEECA B OPHpPOAe Bzamvoceasel. B padote Opuia HocnegopaHa shderTHE-
HOCTE JEVX PA3THIHEIX CXeM HaOMHIeHHR — KIaCCHIeckoH HaTHpHOH H XapakTepHOH 111 npE-
oopa KMCC-M pazHovrnoBo#H ¢ yraams =8,67° brina moxazaHa JOCTATOYHO BEICOKAR MOJETE-
Hag TouHOCTE omeHEH LAL RMSE=1, MAFE=0705 u R?=0,722. Ha ocHoee paspaboTaHHOTO
MeT0Ja DRI paccUHTaH H HecneJosaH NpoaveT LAT mo gammemg KMCC-2 ¢ pazpemerseM 60
MeTpOE Ha TeppHTOopH: PoccHHE 2a 2022 rog. IlonHEKCceIRHOE CPABHEHHE PE3VIETATORE OIEHEH
LATImo gamseny KMCC-2 ¢ mpogveTon NASA TAT(MODIS MCD15A3H) za SeccHe#HEH me-
pEox 2022 roja TasHe VEA3REAST HA JOCTATOUHO BEICOKHE XaPaKTePHCTHEH NONVISHHOTO B Pe-
3yneTaTe padoTa mpogyeTa: RMSE=1.065, MAFE=0 66% u R?=0 668 PazpadoTaHHLIH B paMEax
HacToRm el padoTel MeTon cozganng npoavera LAT no gapmen: npudopa KMCC noesicHT 3¢-
DEKTHEHOCTE H ONEPATHEHOCTE MPHIOMKEHHH, CBA3AHHEIX ¢ BEICOKOIETANBHEIM THCTAHITHOH-
HEIM 3EOIOTHIECEHM MOHHTOPHHTOM Ha OCHOEE JAaHHEIX POCCHECKHX CIVTHHEOEBRIX CHCTEM.

moqessle croea; LAT KMCC, PROSAIL, Meteop-M, pazHoVIIOEE: HAOMIOOCHHR, Hel-
pOCeTeEad HHEEPCHY, OPTOTOHANLHEN IUIAH, PACTHTENLHEN HOKPOE, OHOMHIETECKHe Xapak-
TEpHCTHEH
Humupoearue: Tl aoramsoe [[.E. PaspadoTia H ONEHEA HHISKCA THC TOBOH noeepxHOCTH LAT pac-
THT &IBHOT0 MOKpoEa POCCHE Ha OCHOBS pa sHOVTIOERDE Hadmogernrd KMCC (Meteop-M) myvTéEm Hefipo-




KMSS LAI seasonal time series
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Daily KMSS granulated coverage
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BeiBOZIbI M 3aKJIFOYEHH E

» B HacToswee Bpema B8 UKN PAH aencrtesyeT onepatmBHas
TexHonorma o6paboTKM AaHHbIX ¢ npmnbopos cepun KMCC

» TexHoN10rnA NO3BONAET B peXKMME PeasibHOro BpeMeHMU
co34aBaTb NPOAYKTbI A8 ONEepPaTUBHOIO MOHUTOPUHTA
pacTUTeNbHOro NoKposa Poccuu: KaptorpadmnpoBaHme c\x
PacTUTENbHOCTU, OLUEHKa NocneAcTBUA NaBOAKOB U
NnoXapos

» MNMonyyaemblie NPOAYKTbI NO3BONAOT 0becneymnTb
Nnoay4eHme N KoM4ecTBeHHOM OLUEHKU NoKa3aTenen
COCTOAHUA PaCTUTENIbHOCTHU



BeiBOZIbI M 3aKJIFOYEHH E

» [aHHble KMCC B HEKOTOpOM CMbIC/1e OKa3anUCb
«CTEHAO0M» W NO3BO/INAM OTPaboTaTb HECKO/IbKO HOBbIX
noaxoA0B U TEXHOIOMMIN, KOTOPblE OKa3a/nCh
CaMOAOCTAaTOYHbIMU N YHUBEPCA/IbHbIMU



