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12l 1. CNN-based snowfall intensity estimation framework and performance evaluation. (a) Model

configuration of the CNN-based image-value model. (b) Estimated versus observed snowfall
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12l 2. Comparison of rainfall fields produced by different model topologies for four selected events: (a)
July 10, 2020, 12:00 LST; (b) July 29, 2020, 03:00 LST; (c) August 1, 2020, 07:00 LST; and (d) August
23,2021, 1500 LST
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12l 3. SHAP summary plots of feature contributions to predicted rainfall for four regions: (a) Great
Plains, (b) Amazon, (c) Northeast Asia (centered on the Korean Peninsula), and (d) Central
Australia. Dots denote individual samples, where color represents feature intensity (red: high,
blue: low) and horizontal displacement indicates the direction and magnitude of the impact on
the model output
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22l 4, Spatial distribution of total precipitation over Northeast Asia centered on the Korean Peninsula
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only the bottom 5 features; and (j) Case 9, using only the bottom 10 features.
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SH 7IBARE ol &3l A
A Hol, 7Hs AAI% &
A &5 e, Yoyt 7|eHiste] ©E
7] A Aol o] 271742 FEA 285
ATHRodell et al., 2004; Haddeland et al., 2014;
Emerton et al., 2016).

ot 2ol £ HAof] 7ukettial a4, 1
7b 2 AR Zokx]= AL ottt 714 ¢

@A, B HES

P
M
r

M
_>‘~_‘

B

i

2
r U
ol
—_

LY
L

o A I
o

A% 7] wj&olcH(Clark et al., 2015). A
=3}(Data Assimilation, DA)= o] 7H< =
Ag 2 BAsH= Atk (Evensen, 1994; Reichle,

fofoiT

22| Noah-MP X|EE2 32t GRACE 21 XIRE 283t ¢

- 2

re

R s
(Reichle et al., 2017).
NASA FttEFH|PAH (Goddard Space
Flight Center) $~23}8tedt
Sciences Laboratory) oA+
RO #F HeEY WsS metstr] sl
LIS(Land Information System, 18 1)& +=
sto] o] 85l ArhHKumar et al., 2006; Peters-
Lidard et al., 2007). LIS= thfet 714 433
AAE ABFEED S SYT AILH Qe
Al Adlsto] 58 4
YAt} LiSel+=
Parameterization Options; Niu et al., 2011),

CLM (Community Land Model; Bonan et al.,

of Aot

i

frAlskaL

slct

2 (Hydrological
AAT FR, o

AEE AAE =Y

Noah-MP(Noah with Multi-

2008). 20| o =3t Aelet #=H FHe 47kl 2002), VIC(Variable Infiltration Capacity;
S o] wle} 71Este] Adsto 24, E8]%  Liang et al., 1994), CLSM(Catchment Land
AL GAHHAME B= xp5et Belsl= Al Surface Model; Koster et al., 2000), SAC-

2 JH WS el Wtk Al @

=9 SMA (Sacramento Soil Moisture Accounting)/
253} Alxdol 914 BEAE

SNOW17(Burnash et al., 1973; Anderson, 1973)

o
i
=

=

Land Information System (LIS) modes of operation

LIS - OPT/UE

and Uncertainty Esti <

O
(LM, SCE-UA,GA, RW-MCMC, DEMC) @ Wat gement
’
LIS - DA 4 S
Data Assimilation (EnKF, EnKS)
e, < Weather and
= - i climate
G\
States (Soil Moisture, LIS - LSM | v s
Observations (Soil Awriciliaral
Moisture, Snow, Skin 8

Land Surface Models (Noah,
CLM,VIC, Catchment, JULES,
Sacramen to, CABLE), Lake
models (FLake)

Temperature, Terrestrial

Military/Mobility
applications

Public Health

21 1. NASA X|E™EA|AE(Land Information System, LIS)2| A K| B2 RS (LIS-LSM)Z} XIES
SHLIS-DA)2| &8t 71X (EX]: NASA 1CHERFH|MMIE], https://lis.gsfc.nasa.gov/software/lis)
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S ol AFFEEPo] BAE o] a1, thgt
ANEA 7VEAEE o A

T 5Aof ujet £ RES A AY o B
B A= Hlal FAE 5 Q.

H 7)Abol A= NASA LISO| F8 A FSFEE

Q1 Noah-MP¢} GRACE (Gravity Recovery and
Climate Experiment) $14 #= 2125 &2 A
HE ojojA 914 HSARE &
Aty 913 As5st 7IHe GAE AW A
I (Ensemble Kalman Smoother, EnKS)2] 7]
= a3 A8 He 2hs] AUl mRx|ete.
Z vl= i 99 & AfdS eE
GRACE #=215 ¢} Noah-MPE Z%st 255
st A AIE AAlste], ol&
A 3 29 A= g H’d% T AeA A
HET

2. Noah-MP X| B2 05

ste s ‘2 g AIZE o8 —??ﬂt} B4
olMe Za7t A} FEE WUkl U
A7V A, EGSE, Astd] HstE e B
EYT R 94 & ol g
éé'(Rlchards equation; Richards, 1931)
Fol ARt oUz|gA M= SEAPE &

TEE s S A AH
Z o] 22 sﬁlﬂ,?}} olg|gt AXtE Fal

surface runoff), 2] &3k

i
>
r
4
Hu
X
H:l
@f

66 =z0a

(subsurface runoff), EXH, A|5kr9], 24
V4% (Snow Water Equivalent, SWE) 5 Q.
=

gitol Alg7HA o & AEHT

oX

4

Noah-MP9| 7} & §4& olF IH& 't
% 748 multi-parameterization)' 3ol
ot &= }\ﬂ/ﬂ ZukAt /\}24 A5t B2 =
8 = IAnit} o e tighd 7SS
HFA] (parameterization scheme) < Al 5-3to], &

A9 715 EA9] & 4o §A =] 34
g =3

X

all

(supercooled liquid water) #2] 4] 5 1271 &
= 2+ 2~ e gAE A 4 gt

(% 1, Noah-MP Users’ Site, https://www.jsg.

27t

utexas.edu/noah-mp/scheme-options/). & 19j

el 127 £ A9 HAlE 2R XFsEA
ol24 07 276487149 A& T}E RE Ao
7bssitt. ol B2 FE A #2124
B34 FA0A 2 Aol AR wFed
F9E Yoz ot mHsst 23 ol 4&
4 AL B9l ol Ale I Bk A
T 434 v} QItH(Cho et al,, 2025)

3. GRACE 94 3=

GRACE (Gravity Recovery and Climate
Experiment) = NASAS =L FZEFAE
(Deutsches Zentrum fir Luft- und Raumfahrt,
DLR)7} &2 FX% 914 4985 dF
T}, 2002 EAFE GRACE: 2018W 4% ¢
/3 GRACE-FO(GRACE Follow-On) & ©]o]%]
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H 1. Noah-MP2| £2| 28 o7}t 43 parameterization) MEH HhAl

QI7140] Noah-MP X| B2 281t GRACE ?d A2 E &80t 7 A0

(&*: Noah-MP Users’ Site, Jackson

School of Geosciences, The University of Texas at Austin, https://www.jsg.utexas.edu/noah-mp/

scheme-options/; Niu et al., 2011)

No. Physical process

Available parameterization options

1 Dynamic vegetation

@ Off @ On (default)

2 Canopy stomatal resistance

(@ Ball-Berry (default) @ Jarvis

Soil moisture factor for stomatal
resistance

(D Noah, soil moisture (default) @ CLM, matric potential 3
SSiB, matric potential

4 | Runoffand groundwater

(» TOPMODEL with groundwater (default; Niu et al., 2007)

(2 TOPMODEL with equilibrium water table (Niu et al.,
2005) 3 Original Noah surface and subsurface runoff,
free drainage @ BATS surface and subsurface runoff, free
drainage

5 | Surface layer drag coefficient

(® Monin-Obukhov similarity (default) @ Original Noah
(Chenetal., 1997)

6 Supercooled liquid water

(@ No iteration (default; Niu & Yang, 2006) @ Koren’s
iteration

7 Frozen soil permeability

@ Linear effects, more permeable (default; Niu & Yang,
2006) @ Nonlinear effects, less permeable

8 Radiation transfer

(D Modified two-stream (default) @ Two-stream applied to
grid cell @ Two-stream applied to vegetated fraction

9 | Ground snow surface albedo (D BATS @ CLASS (default)

10 Partitioning of precipitation into (@ Jordan (1991) (default) @ BATS, SFCTMP < TFRZ+2.2K®
rainfall and snowfall SFCTMP <TFRZ

1 Lower boundary condition of soil @ Zero heat flux from bottom @ TBOT at 8 m depth read

temperature

from file (default)

12 | Snow/soil temperature time scheme

@ Semi-implicit (default) @ Full implicit

BATS: Biosphere-Atmosphere Transfer Scheme, CLASS: Canadian Land Surface Scheme, CLM: Community Land
Model, SSiB: Simplified Simple Biosphere Model, TOPMODEL: Topography-based Hydrological Model,
SFCTMP: surface air temperature, TFRZ: freezing point, TBOT: soil temperature at the lower boundary

3, 20281 WALE ExE M 7<) GRACE-
C(GRACE-Continuity) 7} &H] Zo]th(Tapley
et al., 2004; Landerer et al., 2020; NASA JPL,
https://science.nasa.gov/mission/grace-c/). 3
e 5ol 14de] oF 220 km 7+
Fil YR ALE HIPsHHA, A% ofef A
Hsto] w2t nlAlstA Bt Zk
2 who]A 23t ZMiA (GRACE-FOFH & 2]

o
o
rir

o o

MK

)

oo
o
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)

3
=
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5
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2. GRACE ¥50| 2142 44z (&)t XI& H 2

2ol w2t £ 21l 2t A2t Hatsts SHEE fl2|(R

(ZA: NASA/JPL-Caltech, https://grace.jpl.nasa.gov/)

+ WA (mascon) WA 02 7hgE| o] viEHCH
(Watkins et al., 2015; Save et al., 2016; Loomis
et al., 2019).

GRACE #=9] 714 2 742 A =1

of IEFA LT ThE L 5 FRAM TWS
o WSHE A3 AR 4 Qlrkes ol ARl
o

GRACE Zt&= Hl= ZgxYol, e &7, &
& S AA oA A =
Ao 2 va]: ol 7|3l $hrh(Famiglietti et al,
2011; Rodell et al., 2018).

4. GRACE X2 531E 3t Noah-MP
Dol s 1M o+t

4.1 YAHE 2t ADE(Ensemble Kalman

Smoother)

68 =20

Evensen & van Leeuwen, 2000) 2= Xh?—. 53t 7|
HOE o] FAAE QAT EN MRS TAE
HeHsh 4 gl

GRACE 2t&538h= thadh 22 ¥AleR o
Fo]%It}h, WA Noah-MP7} Eolgt EGE,

Azt 5 A8 AR R ARPEE Fbstel

_

Yol BtgER| = g #= ZHzto] B
w2t 24 =, g9 S dEAEY
e W] 854 A% (perturbation) & 7}



NASA £~E2f8to3 714 O] Noah-MP X|E4-2 281t GRACE 218 A2 S E8% o7 491

B A ke TS0 BYsles JgAlsith. A 20119 0 2 Al

% GRACE:= B3 ZA9] A7} #53 of 3 A2 A5 A 8okA] 2 71E 2o 2

S Al 3HOpen Loop, OL)9}, ¢ HofA] Aggt EnKSE

Ok A3l BT 5 NE AROE UFol:  GRACE & AFHES 5813t 29 Z3HDA)E M
oJghg WH=T}(Zaitchik et al., 2008; Girottoet ~ mdH= WA o2 $3)53ith 3t Noah-MP&

al., 2016; Kumar et al., 2016; Li et al., 2019). e

;

R}
r
e/

O
)
==
Jo
i
i)
)
kKl

sHES AETE B
s RS AR Al et wEta F

4.2 0fd| A& Z1k Encampment River % Adojx] AF2H $22k8 HyMAP3(Hydrological
GRACE A1g§53p7F AA|Z A F-ERYE 7/l Modeling and Analysis Platform, version 3;
Aat=A] =2Qlstr] 918l ml= 2ol

F 98 Getirana et al, 2025) st=53% 2go] U3}
9] Encampment River 5% (USGS #3854 #52 A4 sk fFo.2 Flst 5, USGS &

06623800) 2 THAIC.Z ojn

R\

(preliminary) &4 g Hlasith Alstaro] 73 AUgho]

m_

& 7RIt o] Y2 F7AH SAPHY AF opd 7|7 Fatol Tt |AY, & Alske ofidE
o S0 7 AL B =AY A EYFE-  (groundwater anomaly)E Bl 1l T O E Attt
Aste7t 3 fEe Sethe oA AR 4 A A= O9 33 2t} o] %S B8l
eo] 2o HEwrt R 1ol L2 AAEE GRACE A55387} sk ohde] ot 43 5.9
Xolth. B4 717+ fYolA ti#R 7S o of# = HIAEA| FIF 5 k. ST

— OL — DA o USGS streamflow

100

50

GW anomaly (mm)
(=]

Mar Apr May Jun Jul Aug Sep

o
=)

Streamflow (m?/s)
N w
[=] (=]
e}

-
o

0
Mar Apr May Jun Jul Aug Sep
Date

12! 3, Encampment River $=(USGS 06623800)2| 20111 X|8}4= ob= 22| ()2t 5 f2F(ot2H)
29o| Z1}, 7|= 29| Z1HOL), GRACE A2 S53HDA), USGS 25242 H|w
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