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(TWSA) is limited, which restricts its application potential in the study of regional water cycle and climate
change. The current machine learning downscaling methods have been effective in improving the spatial resolu-
tionof GRACE TWSA data, but further exploration is needed on the reasonable selection of predictive fac-
tors and their impacts on the performance of machine learning models, as well as the accurate evaluation of
downscaling results. Methods: A hydrological model downscaling method and three machine learning model
downscaling methods, including random forest (RF), extreme gradient boosting (XGBoost), and artificial
neural network (ANN), were adopted to downscale the TWSA data obtained from GRACE inversion of
the Yangtze River Basin with the spatial resolutions from 1° X 1° to 0.25°<0.25" and 0.1°X0.1°, respectively.
To evaluate different downscaling methods, a closed-loop simulation experiment was conducted using
TWSA data from global land data assimilation system hydrological model to evaluate the performance of
different downscaling methods. Subsequently, the TWSA data obtained from GRACE was downscaled,
and the performance and results of different downscaling methods were comprehensively evaluated using
measured water level data. Results: The performance of machine-learning—models—based downscaling
method is sensitive to the number of predictive factors. As the number of predictors increases, the overall
downscaling performance improves, although the magnitude of improvement varies among models. Partial
least squares regression analysis indicates that the six most important variables ,normalized difference vege-
tation index (NDVI), soil moisture, precipitation, temperature, runoff, and U-wind, are sufficient to
achieve robust performance, while the inclusion of additional predictors yields only marginal gains. Closed—
loop simulation experiments further reveal differences among models. Compared with RF and XGBoost
models, ANN model shows relatively lower performance metrics; however, it produces the most favorable
downscaled spatial patterns. When evaluated against water level observations in the Yangtze River Basin,
TWSA remains consistent with observed water levels both before and after downscaling. In particular, RF-
based results show a marked improvement in correlation, with all coefficients exceeding 0.7. Using Poyang
Lake as a representative case, the long—term trends of the machine learning downscaling results were com-
pared with those of the three predictors with the highest variable importance in projection scores, including ND-
VI, soil moisture, and precipitation. The results indicate that the downscaled outputs exhibit long—term
trends highly consistent with NDVTI and soil moisture, and their spatial variations closely correspond to the
extent of water—covered areas in Poyang L.ake. In contrast, precipitation does not display a similar trend pat-
tern. Conclusions: The best downscaling methods are RF and XGBoost, while the downscaling methods of
ANN and hydrological model perform poorly. Additionally, the results of hydrological model downscaling
depend on the correlation between the hydrological model and GRACE data. However, machine learning
downscaling methods can better integrate the changing characteristics of different auxiliary data such as hy-
drology, meteorology, and vegetation (especially important predictive factors), thus enabling better recovery
of detailed TWSA signals in the watershed.

Key words: GRACE; time-varying gravity field; the Yangtze River Basin; terrestrial water storage anomaly

(TWSA); machine learning; downscaling analysis
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XGBoost 0.906 0.822 20.791
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Table 4 R Between GRACE TWSA and Measured Water Levels in the Yangtze River Basin
e PR U BT F AL 59T BT ) 2 18 b BH Kyt
GRACE 17x1° 0.650 0.715 0.115 0.683 0.501 0.734 0.745 0.824
SWMX CLSM 0.25°X0.25° 0.633 0.748 0.173 0.655 0.549 0.703 0.795 0.847
SWMX Noah 0.25°X0.25° 0.629 0.740 0.160 0.662 0.553 0.712 0.799 0.847
ANN 0.25°X0.25° 0.635 0.730 0.160 0.660 0.553 0.688 0.789 0.829
ANN 0.1°X0.1° 0.642 0.719 0.149 0.656 0.551 0.681 0.786 0.819
RF 0.25°X0.25° 0.826 0.885 0.398 0.726 0.672 0.758 0.789 0.896
RF 0.1°X0.1° 0.834 0.879 0.395 0.729 0.675 0.760 0.786 0.895
XGBoost 0.25°X0.25° 0.824 0.898 0.352 0.703 0.648 0.754 0.784 0.890
XGBoost 0.1°X0.1° 0.841 0.860 0.347 0.706 0.645 0.753 0.781 0.886
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Table 5 RMSE Between GRACE TWSA and Measured Water Levels in the Yangtze River Basin/mm

Fi 7Y PR UG T BV A BT 5T BT i I 1) 0 BH 9] Kt
GRACE 17X 1° 29.23 20.60 38.38 59.78 50.49 62.23 57.06 28.55
SWMX CLSM  0.25°<0.25° 29.86 24.14 33.60 57.44 48.54 62.67 57.50 25.32
SWMX Noah  0.25°X0.25° 30.03 24.07 32.56 56.86 47.41 62.33 56.93 25.07
ANN 0.25°X0.25° 30.06 24.89 33.57 58.27 49.28 64.00 58.84 26.57
ANN 0.1°X0.1° 30.17 25.00 33.78 57.92 49.78 63.66 58.89 26.65
RF 0.25°X0.25° 19.74 20.59 24.22 45.52 32.21 51.50 49.93 21.16
RF 0.1°X0.1° 19.40 20.09 24.04 44.21 31.97 50.44 49.28 20.95
XGBoost 0.25°X0.25° 19.86 20.04 25.14 44.59 32.72 51.68 49.10 20.93
XGBoost 0.1°x0.1° 19.56 20.94 24.97 44.31 32.66 50.35 48.23 20.51
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Fig. 11 Spatial Distribution of Long—Term Trends in TWSA Before and After Downscaling in the Yangtze River Basin



%51 %5 6

7 B4 GRACE S8 K VL 37 3o i b 7 i A8 A A ML 2 2 B U T i R 5T 1151

DA 0 BE K AR DXk 9], T8 12 25 1 T 2002-04
—2017-06 12 DX 38 78 8 RUBE if I < 0 8 A A e 4
LN RAH IR SC MR SR K G Ak,
12(a)~12(c) AT LAFE i, 7E 1" X 1771 0.25°X0.25°
T T DX 30 H I K A R it DX TW S A FFAIE
SWMX Noah(0.25°%0.25°) 5 GRACE TWSA ()
45 AR —F, i SWMX CLSM(0.25°<0.25°) iy
KA A8 K, 5 GRACE TWSA 25147
TE— 8 I 25 5 X5 55 1 SCAH G 1S 45 (9 TP Al 45 5
M—2, E12(d)~1200) H, 3 FRE 45 5 1 K 1

A5 Ak kB 5B A K A AR U R RE ORI
XGBoost ## , E 12())~12(D % T 3% VIP 1%
30 e 1 TIUI DAL A R R AR A R L S LR 2
2 W RUBEE 11 3 P AR A0 28 BE R A7 6 e mT L H L 3
R TR 2% L 4 5L P 5 NDVT AT - 48 0 2 4 1L 4 1 39
HEHARACRFAE , I FLS R AR (0 R AE (4 3 FE5 90 BH 39
IR DI A — 3, 3 Fe 7 AL A8 2 2] A o R 7
PRFEIF I GRACE B R IE 04 [R] B, B 6% 438 412 21 4
P TR MRS, JUHJE PLSR B R & 2 5
) T A

29°30'N
29°00'N
28°30'N 4
(a) GRACE (1°%1°)  (b) SWMX CLSM(025°%025°) (c) SWMX Noah(025°x0.25°)
— TWSAZZ L/
(mma ')
29°30'N 15
12
29°00'N 9
6
28°30'N 3
0
29°30'N
29°00'N
28°30'N ‘ o
116°00'E 116°30E  116°00E 116°30°E 116°00E  116°30'E
(2) ANN(0.1°%0.1°) (h) RF(0.1°0.1°) (i) XGBoost(0.1°x0.1°) .
[;%7}(5@;1%/ NDVI?Z{J(. it%%;ﬁ':)%’?é{t/
(mm-a ') 7 /fa) (m™m~a )
6 | 0.02 15
29°30'N 5 .
< 0.01 12
4 2T ;
29°00'N 30 | 0
2 - 6
28°30'N 1 L : 001 3
0 0 = — — 0

() FEZKHE(0.1°%0.1°)

116°00E 116°30E
(k) NDVI(0.1°%0.1°)

(1) - HER L 0.1°%0.1°)

P12 BB K A X B ROEE RIS TW SA Bk SC b o 5 (19 43 [ i 528 1k
Fig. 12 Spatial Trend Variations of TWSA Before and After Downscaling, Along with Hydrological and Vegetation Data,

in the Poyang Lake Water Body Region

Pl 13 A 88 PH I 7K AR X dsk 28 RIF A58 o S i i
TWSA B[] 75 A8 4k, B RUBE T /) 858 5 Sk
PASACTE MW A o 3 6 S Z P A 25 5 15 90 BH 8 7K
LI B 1) R \RMSE F NSE [ 48 1145 5, 9 41

SWMX H£5 F 2L K ANN A 0.25° < 0.25°F1 0.1° X
0.1° 145 A4 T GRACE TWSA 347 W i 2% .

RE I XGBoost B 0.25° < 0.25 1 0.1° X 0.1°4% 54
Gt S BT B RE A 45 58, R 0.1° < 0.1°



1152 B K A (R D

2026 46 H

A — KA — B RBERT — U
'l

m 1 1 1 1 1

2002 2004 2006 2008 2010 2012 2014
A

113 76 B K A DX RE B R i I 1 [0 ) 47 25 1k
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