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O H A SRR 15 R IE S (Foster 55,
1997; Kelly, 2009; Derksen & 2010, Jiang S
2014), {H 38 1 56 UE & B i% S B 78 FRAR XA A
X 221 IR T ik 45%—180% (ENAR AL %, 2015;
GuZE, 2016; YangZ§, 2019), 3% J5 A2 Ak
iR 2%, TERBRRRE RMARRM S M 2ER, W
LM TR B 3 7 B S O L S R AR AR AR A
AT B ] 1 3 B4 3 e ARG

5tk )2 TN 375 3ok 2R ABE TR Ay AV i ST A% i A 7 4
B A SH, B IR RLIE . Kruopis 55
(1999) 7 55 2= b 18 i b JE 4 S 310 & B0 222 3R
Bifl AR PRORE B (R 38 it T i, PR e 2 03 i R
FEIR B R X B R . B AN AE GlobSnow
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(Pulliainen, 2006), HiF A& K Y& 5= 5 A
S8 MEATY SR Bl AR AR 5 B B 2 HR 4 BT (Takala
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(2012) 7 [FIFEAE & K b se A FH AL 2R 48 5 100
DU FIRE B -0 %8 SISO A0AS 21355 0 8 y AR
FRBE o, RIFETELRES M ENL R
A I35 Kruopis % (1999) Fl Langlois 5% (2011)
KRBT L5, & B T AS (Rl A0 o BA RIS
S BRSO - SR RO A, 1 T AN GR Y e )2
I RFHEER . Roy % (2014) FEhnE Kbt vk
— IR AR r—oo BERUFD 3 QHARAY | 3 4 2T
A I ki e W2 E T Ry, SRE LA T baE ot
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R ARTE B 7 1 Ry AR DGR 0.7 If Lk
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AU L A A 7— o AT FITAIL 2858 S 1 00 41 1k A5
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S P31 B A 2 B AR IR O BRI DA R AL R A i
TEE 2R, B2 IR B I 5 55 T Kruopis
4 (1999) FI Langlois 5% (2011) & J& By 5 AU .
Che %5 (2016) 7 FE AR AR X8 i A 8% 7o 1Y
AT R Pe Ak 15 B e J2 i i %, KIS Kruopis
25 (1999) Al Langlois 25 (2011) FEAILE 19 GHz A%
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] Ak A A B R B e S R Y 3 A
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Fig. 1 Spatial distribution of snow course and forest fraction in Northeast China est biomass in Northeast China
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Exploration Agency) 7E 20124 & 5119 GCOM-W1 1
S PEAT ) AMSR2 (Advanced Microwave Scanning
Radiometer 2) &R . AMSR2 & 845 1)
JEIEN (footprint) AHXF FY-3/MWRI 1 SSM/T Z /)N ,
] AR IR A o ok A E M. AMSR2 (045
6.9 GHz 3 89 GHz [y 7 WL BL . 14 /4~ i 18 (1% WL 1)
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o, AEARMGIC REMYE R ST (b
T+ R H ) W2>80%, HFRMAY) <5 t/hm’;
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MRAE Ay i B R T AR AR MG T A
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Fig. 2 Spatial distribution of adjacent pixels (forest vs. open)
in Northeast China
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Fig. 3 Comparison of forest biomass for adjacent pixels
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F1 HEBEETHHERER
Table 1 Basic metrics of adjacent pixels

ot SN ZBEECE WM % EYE (Vh?)

“ 47.75 130.75 PO 82 149
4750  131.00 gl 80 5
4 47.00  130.00 PN 81 146
46.75 130.25 251 89 0
45 47.00 133.75 FOTIN 47 38
4725  133.50 =gl 95 0
. 46.25  127.75 PO 31 74
46.50 127.50 S 93 6
8 46.25 133.00 FON 35 123
46.50  132.75 gl 98 0
4 46.25  133.75 FOZiN 74 124
46.00  133.50 254 95 0
#10 45.50 130.75 FOYN 53 87
45.75 130.75 25 93 1
i1l 4550  131.50 FOZiN 61 33
4525  131.75 gl 84 0
2 44.00 126.25 R 48 29
44.25 126.00 S 88 0

FRARAE 35 8 2 52 ) 0L UL 5 YR AME s i 2

B R SR (Larue %, 2017; Letcher 4,

2021). BT HARRP ARG T, Kt
FRMAR TS IR R38Ry AR b 3y TC 1Y 2P A -

Tb e = (1 = S ) X T en + M X T (3)

Krp, 18, . FndEBGoTeiR, ht (1) 2

s FRRBMRBERE,; Tb,, ... 05~ MG T

AMSR2 WL 52k 5 T, 3% 7 21 AR K3 06 19 52 ik
n]PAFRIR N .
Thype = Y€ srounc ngr ‘‘‘‘‘‘ it

y(1 = w)(1 = y)(1 = e, +
(1 -0)1 =), +y (1 - e, )T, +
ol -y)T,
K, o FRPRREE IR, S5 50 AR
B4 0.05 (Roy 5§, 2014; Li%F, 2019); T, 3R
AR YBR[ SRR T, 05 R
DL L, AR 20 2 iE o oy .
33 BEMEETERE

PRI b I [E] e 4 A TR L = i T DL AR
B ) 7 50 056 2 e g A, (HR 2 Ry
LR MR IT R I S HOE — By, IR S
— 5 A AL G5 8 F [ 17 91 ) e i 3 5o )2 0 i R
RIE BOFHENE A MBI S H B R N T
SRR PRIE IR T BT IR S8 — B, E A
AL

“

Yisacis 2> V36561

SD{y = SD,, £ 5 cm
T, <2710K&T =T

air_forest air_open

+2K
error g ;on, < 1 K& errorygsqy, < 1K
RGP BRI, P, i A, ik
BOEMI (1) DU, 8 v i fE A
FHRS%, RIEABIFIT TR ZEFAE>5 em,
P BE B s (2) Z BRI & TR IR E &
FHORE WA, MHSMRERE e R,
T EURACRIRR M B IR AT AR 22 5, R NHEE 2 3
M AL B9 5 K B, DT 5 | A R T RS K 3 B R
PRI A [ 2000 2243l s 14 2 B 88 2 R (ELAE Sy
Z: 2 )R RO IEAIIR AR 00, EL Il 3T 45 e 1) Tk B 22
SARERIE 2 Ko M —IsZ WO Ry, SRR/
THSITRE R E AR, AR ZE R < K,
ABIFFE AT T I 3 R AR AR A P 1) R
IR B AR AR A HE FIAR Bl 3 A sy, 2 22
PR 2R e e B U S, TR 2R 1 25 S 4K

/I (Roy 5%, 2014) . JeJ= 0 #E 1 A5 BRAKAE W)
H YK FRE LB
Yeamapys = 1 — @ X biomass %)

VL LR TS 7 ¢ = 11 S A N DT = v U e
biomass /R MK T AW &5 a RS RE Y
Yo <ORF, MR AR K ERA R, 52
2 DUAR R 35 o T Rl O I S 5 K i e ST A
RIRA R IR EARI R (Kruopis 55, 1999; Cohen
8, 2015), HAEASCHBEE AL LR, EHE
JE B AR AR AR TT R v 3 IR AR AR A ) B SR R
149 t/hm®, FFAR AL RN BIE B
BRI, 20 o DR Sy R A, TRt
B RN HRTERE T RE (0.25°%0.257)
AU R 2 IR 5 180T, T BE G A M AL 4 5
0 WL 1 375 3k AR 22 57

N TR R E S LRI, AR SCPR
HHE—: (Leave—One—Out Cross Validation) #1738
S, B S8 A s R A, (R
LA SR RIEEAE , D63 9 R E 20 w6 B —1> A
34 RIKESEREAELNRE

F BN ARy BIE X2
b BTG T R B Uk S LU R RE Y, R A
F S BT 50 DS 1R A7) 38 X0 BB 3 o AR A R AT i
RIS L Gl 8 S A B RS AUU A S TR WL 7 Bl
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PRSI AR R ATEM AR RS A 398 1 4 A 2 1R
(ChenZ%, 2003); JH HUT B AR5 46 B2 1R
(Pulliainen %5, 1999); FAE# 7—o HAI L 2

A A B 5 R 6 A% S B ALL K

TR TR . K2

SESBOAER AR

®2 TEHE-AE-HHR—KRSEHERNXBSHALIERE

Table 2 Key inputs of soil-snow—forest—atmosphere model and the data sources

SR & ¥ L BIIPS

TR 1EH KHESHL HE AR VA
AN Lt A S 1 b - e [ Tk A o FRE B IR G, HEERE AR ISR R
: A ES i R MR - .
AIEM RSPRGS-S MR SRR B A (rms=3 . c1=10)  HET (Che 45.2016)
HUT  BHUREES R H[RFEE R SR E TR FHRAR A A BT R AR
s s S e LI 1 km (9 land cover H(4 K H
BERAGE  REd R gk, O DURRRRICRRREORIREG | e s iR
-7 PR WHEL A1 R RYE 1 km ¥ land cover Gt ; 2= SEURC LRI s B B
: Wik B i EMOIL R B At 240,05 ’ -
L i N
KARS RS KB % Ol KT ;;ii§§i§2;$;ﬁg§§ ERAS-land $CHEK F1 hitps: /
iU Rk Bt L VRS TR " cds.climate.copernicus.eu/

45,2021)

FHS SLM6 TLAME S (20174-—20184F
F12018 4E—2019 4F ) LI fr) 50 s 9% 20 L 8 v S A6
R, SR AR R A S RO R AR (Che
85, 2016), Ml A R 2 el PHRSCHR
4 (http://www.resde.en[2021-11-20]), 3R
K& N EM (rms=3, cl=10). )2k %
BN RN ISRl S (R B2 4 XL Y S N K /52
7 A R AT FEGHRLOR (Qiu4F, 2021)
Hip RA K ZERK A ERAS-land  (https://cds.
climate.copernicus.eu/[ 2021-11-20]) .

AR SCR A C R B (corr.coe) . 477 MR 1R 2
(RMSE) . Jefi A5 k2 (unRMSE) | “FH%
X2 (MAE) FPFXIR2E (bias) PEANROAR ST
BEAY | el 2 3 ok 38 2 B AR N T R S T R R Y
ANH A

corr.coe = — (6)
(Ve = Vo) [ 2 (Veus = Vo)
i=1 i=1
(Vs = V) = (Ve - V)|
unRMSE = | = m (7
bias = -3V, - Vi) ®)
i=1
MAE = %i‘vesl,i - Vref.,i‘ (9)
i=1

X, mFRBEARANRG VBN GEE; VR
ZHAH ., AR VI FORSE . B R E R,

4 GRG0

BEMKETEFLHRERRE
Kl 4 78 T 78 2015 4F—2016 4 F1 2016 4F —
2017 AE P B ES Z A I ) 7 9] 0 12 15 3 B AR SBAR
TURS ) T 2 35 o AR AR B R RIS He, AR A
KIrP LR FIME, AT LU e )2 0 i3 %
BEAE AR R AR R 18] 4 TP Us R AN ]
BT Y e 235 3k - (R A A= o ) 40 pRERC
Yeanopraszcr: = 1 = 0.0022 X biomass (11)
Y eamopssescn: = 1 = 0.0033 X biomass (12)
A, biomass R M T AW FFIR XN
ARl TR I SR TP AR AR A ) B B R R
149 t/hm®, PRGBS R AL s i A v 45
AR B DR T I DL
42 EEENE DR

E 5 6 4r ol Wos TR E A S S fe6 5
2 b AR DX AR I A AR R AR 481 5 AMSR2 LB 1)
XF Lo A 21 60,52 5 F R B v R SR ARG
M 8 €8, 5 A5 N R 2 8 T AR s2m . v LUE
% B AR MR S 52 e S ) 00 A S B R 7E 18.7 GH
H136.5 GHz AR AELAE AR X AMSR2 XL 18 14 i 2 B
B REAR . RR AR X T A 36.5 GHz, TR &
B RO 58, BRI AR A SR AR . R AN AR
ARESEA AR % G A TR A L (2 P A O
HH; mEEEMEm S, hTEZENA SR

41
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22

KFX GG =08, W2 A ERm T
R, X5 Z AT SEE I —208 (Kruopis
&5 1999; Cohen %, 2015). X 7T 18.7 GHz, H

>N

ZE B MBI T 36.5 GHz, [R5 /2 5 I 148 5 7
TE—E RIS RN, NI 18.7 GHz 52 FR AR 52 i
B AKX T 36.5 GHz.

1.2 — T T T T T T T T 1.0 =< T T T T T T T T T
L1 4 it \A\ corr.coe=—0.87
' 091 sy y=1-0.0022x
10}F 4 8
T T e 08 By, T
7 T b 707 Sl 5
®osrH— L B i i * . il A ey
I i e B E E Woe A
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(a) 18.7 GHz T )2 & 1l R A &
(a) Boxplots of transmissivity at 18.7 GHz

(b) 18.7 GHz T i JZ 15 1k R F A= W i 0 R

(b) Scatter plots between transmissivity and biomass at 18.7 GHz

12 T T T T T T T T T 10 ~ T T T T T T T T T
11k | \\ corr.coe=—0.83
' 0 e y=1-0.0033x
10+ g ol m S |
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(¢) Boxplots of transmissivity at 36.5 GHz

4

(d) Scatter plots between transmissivity and biomass at 36.5 GHz
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Fig. 4 The relationship between microwave transmissivity and forest biomass at 18.7 GHz and 36.5 GHz
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Fig.9 Comparison between station measurements and snow depth estimates
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Abstract: Spaceborne passive microwave remote sensing is a crucial technique for monitoring the global spatiotemporal distribution of

snow depth. The forest canopy not only attenuates microwave radiation from the soil but also emits radiation into the sensor. Therefore,

forest canopies increase the uncertainty of snow depth retrievals via passive microwave sensing. This research aimed to develop a

microwave transmissivity model at the scale of satellite observations (0.25°%0.25°) to realize forest correction via satellite observations. The
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proposed novel method (hereafter referred to as the adjacent pixel approach) for estimating canopy transmissivity combines the radiative
transfer functions of adjacent forests and open pixels. A semi-empirical transmissivity model based on forest biomass was built to correct
satellite-observed brightness temperatures. The modeling brightness temperature data were compared with the AMSR2 observations in
Northeast China to demonstrate the ability of the proposed transmissivity model to retrieve snow depth.

As forest canopy effects were ignored by the microwave emission model, the brightness temperature was somewhat underestimated
with respect to the satellite observations. By contrast, the proposed method corrected the information by using AMSR2 observations; hence,
the model simulations were much closer to the AMSR2 observations. Then, the proposed semi-empirical microwave transmissivity model
was further verified via the leave-one-out cross-validation method. The correlation coefficient between the estimates and reference values
reached 0.7, and the RMSEs were 0.0589 and 0.0787 at 18.7 GHz and 36.5 GHz, respectively. The relationship between the brightness
temperature spectral difference (7b, ,,, — Th, 5,,) and ground-based snow depth improved after forest correction, from 0.26 before correction
to 0.46 after correction. An empirical retrieval algorithm was subsequently selected for testing to demonstrate the improvement in snow
depth retrieval via forest radiation correction. The RMSE was 7.8 cm with forest radiation correction, whereas it was 8.9 cm without
correction. Moreover, the correlation coefficient increased from 0.32 to 0.49.

The proposed semi-empirical transmissivity method can significantly improve the performance of microwave radiative transfer models
in forested areas. Moreover, this method can directly correct satellite-based brightness temperatures, thereby reducing the uncertainty of
estimated snow depth values. This study provides a reference and guideline for improving snow depth under forest canopies.

Key words: passive microwave remote sensing, forest canopy, adjacent pixel approach, microwave transmissivity, snow depth
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