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Abstract This study evaluates the performance of various soil moisture reanalysis datasets
over the East Asian region to identify the most suitable product for climate and hydrological
studies. The analysis includes land reanalysis products generated by the Noah, VIC, and Catch-
ment land surface models (LSMs), driven by GLDAS2.0 near-surface atmospheric forcing,
alongsidle MERRA2 and ERAS5-land datasets. The 62 in-situ soil moisture measurements
observed from 1980 to 2014 are used to validate the modeled data across the entire study period,
while 58 of these measurements are used for the May to September (MJJAS) period. Results
indicate that, when driven by the same atmospheric forcing, the Noah and Catchment models
outperform VIC, and MERRA?2 shows lower errors compared to ERAS5-land. Seasonal soil
moisture variability, primarily driven by the East Asian monsoon, peaks in September, with
MERRAZ2 providing the most realistic simulation of seasonal phase and amplitude. Daily soil
moisture variations are better captured by MERRA2 and ERA5-land than by GLDAS2.0-based
products. Overall, MERRA2 emerges as the most reliable reanalysis dataset for evaluating both
the climatological mean and variability of soil moisture in East Asia. Additionally, multi-model
mean analysis reveals a long-term trend of drying soil moisture and enhanced land-atmosphere

coupling in northern East Asia.
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360 HAEAEE o] §8 Follol EFGE AR

o =
Ztel] Aol o= 7HEoly Y 2 S35 7|
g @] #Ae = o]ojF 4= 3ltk(Seo et al., 2020;
Dirmeyer et al., 2021).

ESTEE 75 S AlEHoME 8% 93-S
sty 53], EGTE WY wEert gi7HsETh
A7) Wz Ad W AIZHE] Al (Subseasonal-to-
Seasonal, S2S) A17} FROIA L] o= Aol & HTF
S v XthSeo et al., 2019; Seo and Dirmeyer, 2022a;
Richter et al., 2024). AH-T]7] F5 282 EGTE
Hslol] W X|FHE] oUx|e} & whol] o) Ao
"ot ol5 7+l AuiEed Al wel, ¢ A
(water-limited) | A2} olUA] A $H(energy-limited) |
A7F FEEY, dEG FE FHE 7Y B2 7}
7t B 7 W e vl o8] F
2 AREE & BAM 93 9EFES W=rh(Seo et
al., 2024). AT EFrwe] dA ol wet Fi&
At A FG3 oA A A o= R
o x| FY2 Fulo] tigk Al wkgo] E

2] el 7108 Ag-ole EXCA ti71=, 7]
7107 Aol vzl EXZS] At el 2

A7) FEAEE 7)ol gesh mge] A
zre] d|Em WAUSE S 9 /)4 Al 2
of JF TR 5 Yk g Sol, EFFRo| ¥

& 7Fe/de] =olxIti(Benson and Dirmeyer, 2023;
Hsu et al., 2024; Tak et al., 2024). ¥HH, Efo] T
3 Fae A, I FH2U Fkste] o7
U = JdoH, ol X4 r¢ ¥
ATt wEbA, EFRe] Fed &
o] AFHEE =ola, 7] o
= Al=Hlo] AsE /MAdsks ol A o]t Dirmeyer,
2003).
a2y, sokrlol A G ASARS] FHoR
el EGriEd ddE AW AR A5EY A
< AAHCRE HrrstAY s AF7E FESHA
24 TH(Dirmeyer et al., 2006; Guo and Dirmeyer, 2006;
Guo et al., 2006; Dirmeyer et al., 2018). Wz}A, &
ofalotoll A EFFEL] EAS A gsiA el ¢
Zote o= ofHds] 43t ojE ol stk A E
T AEA A8V RS AFAY 2 AR
of dadt 271 ARE ARGELL UANE AP A5
Ze] Keto] o] Fo || 2 Aol AREE L
o} ol BddA Rojdle EGEol tigk gt
ARE ogA 3y FRE 27138 Awste] e
Rdo] Q= Qlste ol AeE Adtshke 4
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mEbA], . AfA e FoRrlol X GoA 7185t
Ay #AEAEE EE3t] A AREHIL e EY
T AR AF5E] Aes I3tz gt ol &
F3ll FoMrlol Aol WA S EGTE AR
250 FARE Fetslal, % 7% g EA|2H 9
e Mol 714 &= = 71 ARE AlFstaat
gt} B2 Ae] A FolA|ol A H 9 o] 714
e & HEE =o|i, 7Y 2 A B A
2 Sl Fo% ARE AFT A= JgEn. &
ESH(Surface Soil Moisture, SSM) ZAZol A}
= AHBSAES} AEARAZES el A&
HE2 Section 2914 7143} T}. Section 3914
AR 7R EGFE ALY A5 A
%3, multi-model ensemble HS ©]-&3}
Eri A|-07] dszgdd gk 3
M E gkttt mix g o & Section 4904
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Foprlot A HoA 7R EGTE AR AR
THE S8 2 AFolA= Global Land Data
Assimilation System (GLDAS; Rodell et al., 2004) =X
ZAE ZF Princeton Global Meteorological Forcing
(Sheffield et al., 2006) AFEE 7IA|ste] AHEY ©
Zz}ol AL a3 version2.0 AHEES ARR-3ITH
43 7] AAEE ©]83k Variable Infiltration
Capacity (VIC; Liang et al., 1994), Noah (Chen et al.,
1996; Ek et al, 2003), Catchment (Koster et al.,
2000) Land Surface Model (LSM)llA Al4te Bk
i ARE st mde] Sy e EY
T B s gl fste] $Y3 £ s
E(1.0° AEE AHESHAAL, 7] A 717ke] H2
7HA ASE A ol A 67AE(1948~2014) A= 7F
7He-s)t.

IE3E, National Aeronautics and Space Administration
Global Modeling and Assimilation Office (NASA
GMAOPIA #|&3li= Modern-Era Retrospective analysis
for Research and Applications, Version 2 (MERRAZ2;
Gelaro et al, 2017) A &9} European Centre for
Medium-Range Weather Forecasts (ECMWF)ollA] A&
3= ECMWF Reanalysis 5th Generation Land (ERAS-
land; Mufioz-Sabater et al., 2021) A5E AZsA T}
MERRA2¢IA A8k ESF# AEE Goddard
Earth Observing System (GEOS)S /3= Catchment
(Koster et al., 2000) LSM©] MERRA2 th7] 7FA|g <
2 FEH AEE, ESTFE B4 o A
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A7) 739 GEOS Bde] A5 HAste] Ay
o AR&Eth. MERRA2:E 0.625° x 0.5° ¥7F s =
£ z'=th ERAS-land= Hydrology-Tiled ECMWF
Scheme for Surface Exchanges over Land (H-TESSEL)
ARG S AMEste R4S BYFHE U
ECMWFOI A ARg-al= AHwst 2718 4835 9
2l AW AEA AkZ |tk ERAS t7] A4 A=
of efa 7] Azl ZFAErt. ERAS-land= oF
0.1°2] 33 s’d=e] A|7HE A8 & A|-g$tel. ERAS-
land®] 27+ =S FAPA717] S8 AR wde
2 AREEE ERASS] AW 24 7] Wl 2%,
F&, 71%)= ERASS| B s molA] wAshe oL
T 2ol HA G ARE-g

Fobrjob Aol el RHloX Rejste EGTE
715 B3 MEAEE B8] 918k International
Soil Moisture Network (ISMN; Dorigo et al., 2021)
AEE AT FE BEF EFFES A
9138k 5 emolA 10 em HEloA S78% I+ ES
T ARE ARSI, AR FH A4S 9

45°N

35°N

30°N

25°N

sted AFF A A AlF= = quality flagel A “Good”
o2 BERE AETRE ARSIAY. FUH R b9
B 55 2 ZRE Bl #5d AEE AASE
7] 98t F7H8 42 #AEE YA A,
SNOwpack TELemetry (SNOTEL) WEZE & ¥
TE SHINEE A ESGTE F4 & 23
A2go] o] AYsIA. EAl, TL TS A - A
A " W oy ZHoldlx] #IZo] o] Rzl A,
5 cmdll 77k 3he ARSI ol Al AT
= ETstal, YT X9t AoloA tE AlME
EYrie] SAH AT, o8 AXe ©e Hao=R
A3l ESFTFE A 2] 54 #A REF shte] Al
AeE deisict, 9A AEAE F2 A5S A A
A FolA HA 717k tiE] 627 A - eA A3t
ESTE #ASAEE soMrlo A tigt HESAE
2 A3 e, 5~94] 7|7t 2 F 5879] A
A& AH3FATtHFig. 1). BotAoFA9 €] land cover
= th5E shrubland, forest, savannas®- & A= o] ¢l
o, A& cropland7} TEE JE ¥ HES

Fig. 1. Spatial distribution of MODIS IGBP landcover types of 2001 year (shaded) and observation sites measuring surface soil
moisture (marker) over East Asia (90~135°E, 21~50°N). Marker shapes indicate the starting year of observations for each
station and its size represents the available day sample of the observation data. The edge color of each mark indicates the
observed sample constructed by daily (white) or lower-frequency (black) temporal resolution.
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Edith B3, B ASAHS 2 SEA Y
A8 9lem, 19801 =

2A EEAL Atk & AFolx=
o]-§3te SSM AEAAEEC] FEFHLE Tt
19802014 7]7+-& Aeteglon, 3 BT
B ARG S Adehs 722 AAEE AL
RIL, BT AAE I A7 ERE
& WEAdo] &g 5~99 717kl ko] 48k
(Figs. 6, 7).

Zolxjo} e AH-t)7] A5 7Ty 9
A717 EREE ER13}17] 913t Terrestrial Coupling
Index (TCI) 7I'@S AM8-3}H tH(Dirmeyer, 2011; Seo
and Dirmeyer, 2022b). TCl& AW ZYX7t EY
i Wt e wizkeA wREeteAlE UERl=

Aol o] Age Eook—/n“'ﬁr Hslol] wE AW &
gxo] vAEE Yelle 7 ¥ 7] At
AW 2] HEdE ‘/}E]r‘fH% BEEUAS] FoR
Aol & gtk & AFM s o] It 7HE &
5}"4 FoHg He] REE Uil &2 33 g
| &2 SSM3} < (Latent Heat flux, LH)Z ZHt 4
a}aL, A+t ’\]74103 A8 E o] &3t ALttt
2 AR Age ESTE BEdel 3 #st

oy

fm il

o(SSM, LHyS SSMe} LHe| a3t
EFHAxo|th. TClE= LHY EEFAxf
SSMe} LH Atole] AF 3]
AT

Gl o5 4

Ao R Eg
wol 3 A
el wet 3 At #=
A7 AEAE
stef ARE-ste] HEARS] AT AR
ERAS-land®] &7t a3 =e A
ARk, FopAlo} ke

2 9z

ol
s

PARIE

gl

sQlstyl F= F= deh ke %
2 4Hor B9
FA ] A A2 EGTFES UebAthFig. 7a).
Aol AH R Egs
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A7t 270 o)
T 713kl 7 A A e *da“
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Fig. 2. Scatter plots of the climatological mean of surface soil moisture simulated by the models (y-axis; a: ERAS-land, b:
MERRA2, c¢: VIC, d: Noah, e: Catchment) against in-situ observations (x-axis) where RMSE, bias, spatial correlation
coefficient, its p-value, and number of sites used in the validation is denoted at bottom-right corner in each panel.
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74t F& QAR HTel ARES ARA AR S
7 & o8 S YeRAthFig. 2a). =3F, MERRA2 A

A AEE AR =2 dxd B dHrt
A dept= AE & 5 Uth(Fig. 2b). GLDAS
version2.0 AR 5 59 X5 YR 9o, &
ofrlo} A ARgah= 7] ZdAlE ] whel e
e 3534 EAolgta olsld ¢ Uth(Figs. 2,
d, and e). 3IX 9t GLDAS AF&E0] Hutz ol oz 9}
TR AAAAE v wslE W) MERRA2, ERAS-
landAt=29} vl wste] FAFSEAL thd U2 e
Ebdth Catchment AHRH L FEZ O T AR SI=
MERRA2 AEA 2189} GLDAS A& 7o) vu s
S3te] ti7] AAHe g s ol 5 Utk
MERRA27} 7RI EE O AW EUFE 19

A Aty o g o U2 A5s HolA K=,
I ol 2= AWEY S ZAISHs GLDAS 7] 24l
o] 715 Aol MERRA2 7A1E Ho} &4
Al ARE AlFdhes AS ofn|gt.

FoMrlol N BESFFES] o gwnt ol A7k
TEAA UeEUE 8 HEAES dRls] flskd
power spectrum (3 = ER) £48 34313t &
SAR] A AMEol /M B2 gkl g
Seolmacheon-A2 (126.9°W, 37.9°N) A5E A}&-5}],
AREA Atz oA Yehve B W3 vlaLst
At 2 A, BEGeE AH ASAECNM d=et
A AIZE 710014 7Fe WEAd o] EATth(Fig. 3a).
MERRA2¢} ERAS-land A& At5e] ¢ F A&
25 AE 2 AF7](low-frequency) A ZHFENA E

KIHS-SMC Seolmacheon-A2 (W126.9,N37.9)

(a) ISMN (b) ERA5-land
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Fig. 3. Power spectrum of surface soil moisture from (a) ISMN, (b) ERAS5-land, (c¢) MERRA2, (d) VIC, (e) Noah, and (f)
Catchment at Seolmacheon-A2 station (126.9°W, 37.9°N) for 8-year (2007~2014). The shaded range in temporal frequency

indicates seasonal variability specifying 90~180 days.
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(e) Noah

’ s o 7 ’
“Bias=-5.54 el /s el /1 [ Bias=0.02
Mean=2.60 h Mean=8.17

Maximum phase month

-6 -4 -2 0 2 4 6
Maximum phase bias

Fig. 4. Maximum phase month of (a) observation surface soil moisture (marker) over East Asia. For plots (b) VIC, (c) Noah,
(d) Catchment, (¢€) MERRA2, and (f) ERAS5-land, the spatial distribution of the maximum phase (shading) from each model is
shown with the circular mean bias compared with ISMN observational data (scatter). Additionally, the mean maximum phase
month and bias are displayed in the bottom right corner of each plot.

(a) ISMN ]

(b) ERA5-land _ (c) MERRA2

0.005 0.018 0.031 0.044 0.057 0.070
Amplitude

-0.04 -0.02 0.00 0.02 0.04
Bias of amplitude

Fig. 5. Same as in Fig. 4, but for surface soil moisture amplitude. The scatter denotes the amplitude bias compared with ISMN
observational data.
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FrE MEEs #5 vlaLste] Arire] a9l
. @71 (high-frequency) A 7HTEoA4 ERA5-land
735 A5 Hlaste] gk WEAdS EsA|RE,
MERRA2E #&3 fAKSE W AlI71E 2o ghth(Figs.
3b, ¢). GLDAS A& 52 5U3 ti7] ZFAH 23
A AEE ESTE AEAT 7F 2kge] AlZF s
2 Mz g=2A JebdthFigs. 3d, e, and f). <& £
o], VIC Bd9] A9 A AZtElA 71 7t
HE5AS YeERJE], Noah, Catchment 24 oA+ 7|
ARtk A57] AltRA Wsdol o A v
Eht #53 Boh AR Wy SA4S 2ogith
kA H238H power spectrum EA] oA EGE 2}
59 A FA ] Ath= Aol Fjtste], Rdo] A
AR ErEe] AdHse] 33 A7l 2 29
sh=A] gl 7 AR wi, 7F nftt EGSE
o] FFe Fate] 1270l g AAE S 7INke
2 Hdigte] o= 4S5 Al e E Fosta 1
Z5 o]g3te AFHEETY AlVIE ¥astdth 4
23 #SAFANA Fotrol A9 Hit EFTFE
Hd 91730l oF 690l SRIETH(Fig. 4a). T T
A F2 oF 9gol Ao 917de] vehted, ole
FFA AN 6~7E TU Bo] st AT AT
Fo] tiito]l oFdo] Yehti, EYrie A5

L g

o, i

E A WA wE) dede] 74 ghel o8 o
g wong Jrpigo]l JFH o)F EYsE Hu
ol Yepdtiar ola e 4= Q. o] Bt A
A Qg e md 7k 2o Ao 2ol IA
Ebdtt. GLDAS 299 7% tf7] ZAge= At
He A5 e AR Add el gig FHo)
$73 =Fo]7t ATH(Figs. 44, e, and f). &, ZHA]
ol3te Eokriol tigk Eulagd wet 2 AEA
Rolof| FA JFE mRITkaL oJs|E 4= St Catchment
Rdo] VIC, Noah B3} H|wale] ESFFE AEA
of gl SR dAdHor roH, Ymzx] F
2o 7% #ZH vwste] Ho9 S Jeil=

Ado] tha =glA BeojHd. ol & A WA
oM FEF FEHF BoUt Folst MR bE EY
T A7 WS Rojsly| wjEo|tl. MERRA2
AN Ag5e] AS AS5H FAR ALWES 9 7
< Rojslo], TS AHEH S ARGl Catchment
BdsE §ASE EYLRE A 42 YeRd th(Fig
4c). °]= BOMAo} X H 2] Aol 2dl EZ]Fg o
o3 & FFgFS wevl o T F JoH, T &
T A9 74 Catchment 22| 2dxfo]7t 2
A Uehts AL dlE 9] A-Y = 7]
A E ol & FaFo] Udrhal oJs e 4+ Ut ERAS-
land= #Z3 FARRE EYFEe] A S 29|34
o IS H|wEle] 0.5E HAE o8 EYFE U

o.
d

o

2

1o Hz

A4S JeRATHFig. 4b). RE AEAAE Ao A
FTEHORE FF w A9 AT 5H
A A4S e JEd, ols & X w4
of 23 W Ad WEAHS Tl FAT &
Utk T EF Ay g G A YGoA= 2€ o]
T AT F7tel viEl g S 2A veRd
ot WA, EF GEA G o] Al7]ol] EkrR
o] &9l FHE YeRl7] witel BF B ¢
ol A Yehe AR oldlE = 3l

FolAoIA Y B A Al7ISHAAM
AE FPAnh AHASAEANAN UEhe EY
FE AEA HEAe M7 AGER 2o)7t A
AT, AR Age] A, AHgE Rdvid 37t
2 57o] thFatAl Vebdth(Fig. 5a). ERAS-land®}
MERRA2 &4 289 74¢ 5ZF, A9 v
slo] TR oA A- HEAHS TA Eo3TH(Figs.
5b, ¢). GLDASIA #Alg€ Al 74 B4 A9 &
A3t 7] forcinge ARESHAITE 943 w7 IR| =
HE A7 A2 b2 Rojdt). VIC Rd 732
Ad AEAFol 5 HAF AYH 555 AY, &
Z 53 oA ZA RoHM JUFoz UF
Aol ZA YEPIGTHFig. 5d). Noah 2de] 7
Aoz ESFE AdAol IA veht #=3
Hlwste] AldEe] A71E Fore] ShFig. Se).
Catchment 22 2] 79 MERRA2 &4 279 &
Agh A 2 ARSSHARE AR 25| Azle}
Hlwsle] ARkH o2 FF AAdA ALHES A
RO, S A FM e FA Bolste] tl7] A
ol m zpolE VERATth(Fig. 5f). A RD 4 7]
A wel Jehe B Ad HsAS
THHoE AdeS W MERRA2 AlZA =7 &
=3 7P AR 23S JeRdTh

SHA power spectrum A1 A oA EFFRO] A
A F7] 5ol &) R WEegdRt 7] wiE
o], Al o] BESGE AAIE dHAgde & JFE A
A F AtkFig. 3). WA AE W15 5ol
2 Zolrole] EUFR 1o %S FHste] A
AAZ AHsIAth(Fig. 6a). ERA5-land®t MERRA2
= A4 HEA §5o e ESFE 2o f2n
e}

k

Ho XN, of

F4o] ©F7] AZFRELT AdFo] £91, ERAS-
land®} MERRA2 A&l ARg-3t= di7] ZAAIEH Y
73S dF7] A7 FRANE A-ATEIY Aol
=5 AL oujdtt 72e AW rdS AgEE

Catchment 233} MERRA2 A|&4] A 55 ¥]23}%]

Atmosphere, Vol. 34, No. 4. (2024)
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(a)

81 =3 original

[ Exclude seasonal cycle

0.6

0.4

0.2

0.0

vIC Noah Catchment MERRA2 ERA5-land

(d) vIC

Fig. 6. (a) Box plot of temporal correlation coefficients from SSM products, where left and right boxes are calculated with
including and excluding seasonal cycle, respectively. Special distribution of the temporal correlation coefficient of SSM from
(b) ERAS-land, (c¢) MERRA2, (d) VIC, (e) Noah, and (f) Catchment against in-situ measurements and area-averaged
correlation coefficient value is displayed in the bottom-right corner of each plot.

S o, Asatel7t A Yehted ol F2E ti7]
A F4e wE At olsid = vk ERAS-
land AFF9] A$olE AA 2d F &= X b
3 EFTE ABATIE 07 oo R 2ol ATl
7V A YEbg o, Mukd o g #Es fAKSE 4
= YepAth(Fig. 6b). 53], st x| dox AS
of AMES EGSE ARMAE Tl M =2 A
FAT 7S Yekrdth. MERRA29] 7% ERA5-land
o} fAket AAlS SRS Holr, FolAlol A
ool 0519 AHAFE UERATHFig. 6¢). W,
GLDAS #& R5F dwrdo® o F= A&H A7
oh vlatste] FAAFTE 02 A= W2 EGFE 2
o] A%5S YePAth(Figs. 6d, e, and f). ©]&= GLDAS
o] t)7] AAE FHo| EdFEe] AdEY diE
2o Aol 9% nAe A BT H2 AR
A5 9} Bt Ao ATo] 4 & AS
RaRl=

U] Rekel] ARg-gE 5709 AwA ARE et
SoAlol Ao SSMe F7F e} o] mE AWH-

7188 7] A347 45 (2024)

5ol B2 gl fx|gk aHjAbE A GeflA 0.1
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Fig. 7. Spatial pattern of multi-model (5 reanalysis products) mean climatology (upper row) and long-term trend (bottom row)
of (a, ¢) SSM and (b, d) TCI(SSM, LH) for 35 years (1980~2014). In the trend maps, the dotted areas indicate that the linear

trend is statistically significant at a 95% confidence level.
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