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Abstract: River discharge is a critical variable in basin hydrological processes, playing a vital role in flood control and water
resource planning and management. Due to harsh natural environments and climatic conditions, discharge observation sta-
tions are scarce in the Yangtze River source region located on the eastern edge of the Qinghai-—Tibet Plateau, making it a typi-
cal data-deficient area. Therefore, estimating discharge in this region is of significant importance for ensuring water security
in the Yangtze River basin and protecting regional ecosystems. This study establishes virtual stations upstream and down-
stream of the Zhimenda hydrological station in the Yangtze headwaters (ZMD 1 and ZMD _2) as reference points, utilizing
Sentinel-2, Jason-3, and Sentinel-3 A satellite remote sensing data. A novel quantile matching approach was employed to fuse
remotely sensed water level and river width data. The Manning’s equation was modified based on generalized cross-section
profiles to conduct quantitative discharge estimation for the Yangtze headwaters. Results indicate that the new method
achieves high estimation accuracy at both virtual stations, with Nash—Sutcliffe efficiency coefficients (NSE) exceeding 0.74.
The root mean square error (RMSE) of estimated discharges was 302.13 m?/s and 316.46 m?/s, respectively, with relative root
mean square errors (RRMSE) of 30.0% and 32.8%. Overall, discharge estimation accuracy at the ZMD 1 virtual station out-
performed that at ZMD 2. The ZMD 2 virtual station results exhibited significant fluctuations, primarily due to the presence
of mid-channel bars within the ZMD_2 buffer zone, which compromised the accuracy of flow inversion at the virtual station.
This study, based on multi-source satellite remote sensing for estimating river flows in the Yangtze River source region, pro-
vides theoretical methods and technical references for flow estimation in data-scarce areas.

Keywords: Data-scarce areas; Sentinel-2; Sentinel-3A; Jason-3; Virtual station; Multi-source satellite remote sensing
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Fig.9 Accuracy Assessment of Water Level Extraction Using Satellite Remote Sensing

T mn
B = gasy 1 e s
RMSE = (1 48K fn » ERISE = 8.2 m
6F frse=emn 1
o Qi =
= =
<5 = 6
b B
& *x
Har ¥ 4 1
= |
ar z 1
2 : L L L ] o k L . £
1 1 L] 4 5 & 3 E} 4 5 f 7 B

S A ()

SR ()



Kl 10 ZMD_1 ffilili (a) 15 ZMD_2 FEdblit (b) ZKIRFRIURE FE Vi
Fig.10 Evaluation of Water Depth Extraction Accuracy for Virtual Station ZMD 1 (a) and Virtual Station

3.3 MEBMBRFEIT

T TR FH 207 B UG eV i 5 1 EOR AL SE 80, DERCSS R 11, S i 45 R 5 SR xS b
WK 12 Fis. 458REH, ZMD_1. ZMD_2 ksl 5 5 MEHR, NSE 435128 0.773 5 0.745,
R2 7159179 0.8 5 0.765 . [ e 7 41 AR a3 5 Sl RE A — B, (HAE S ER A T (7 AJRE
9 A%, TEANEAELE I BARGS, P BT RRMSE BIKT 30%, A THimK T, X0]Ree i e
FAF TR NIZHG TR Z AR 5R AR % R I .

140 e - - - 148 - 1

110 e 1360 / l R
: z E L
Rk ol 130
3 "
R " s J I

100 H81 1K b

i e e nn [H1] 1 [} nE XS i nn 1 N e R k- ]
L 1
(a) ZMD_1 V[ iM% (b) ZMD_1 /KAT i (¢) ZMD_1 KAz -] FEREHR

148 ;

=l

: £
130 o / I
a0 BO
n nn (H] 1 n4 1] 1 E MM R MEE BBED
Wi H AT m
(d) ZMD_2 i i g2 (&) ZMD_2 KPR () ZMD_2 7K Az -] SR
| A UN A
Fig.11 Schematic diagram of the quantile matching result
4 £5R

WEFT A Sentinel-2 Yo% P2 5 Jason3. Sentinel-3A FiAiE P EBES SUEIR/K 155, KM
P AV ECYE e AR AL &, MR B E 2 A, ST KITIR X AR R r 38 Bl . A5
IIEEE R R: ZMD 1 Fl ZMD 2 RIS & NSE {4518 0.773+ 0.745, RMSE 43514 302.13 m¥/s
M1 316.46 m¥/s.

TERILYEIX, FET Jason3. Sentinel-3A T& FFZHUMIZK IR RIEHS BEFLLF, ZMD_1 Al ZMD_2 4l
¥ (%) RMSE 23724 0.488 m 1 0.302 m, I&RUF 1 %77 ELE TG SRk X SRR IR B 1 AT 54

AT T 25 TR RO, a7 KITEX X — A R IR A SESL . Shmi 2 2
BiTHUEREE . THLEREHERR. PESPHRBRSHEERY, REMENFELE—ERE. £R
AT KRB BRI IR PR TR, &K B SIRE 5k, s PR Em R .



oo |

SO0

100k

=oi

U] 0 1000 1500 J000 F500 OO0 35H 4

x| — M:ui —_ '.'a :
iy |
3" " M | 2 ﬂ\ ||
1) \ I='| &

12 ZMD_1 5 ZMD_2 LSRR B VAt (). (b) B imt 2 1B 7 FURE LBl (e) s (d)
Fig.12  Accuracy Assessment of Virtual Stations ZMD _1 and ZMD_2 (a), (b) and Flow Time Series Comparison (c), (d)

5 BE 3R

[1] Lin H, Cheng X, Liu J, et al. Estimating river discharge across scales with a novel regional gauging method driven by Sentinel
satellite data. Remote Sensing of Environment, 2024, 311114266-114266. DOI: 10.1016/J. rse.2024.114266.

[2] XuY, Lin K, Hu C, et al. Interpretable machine learning on large samples for supporting runoff estimation in ungauged basins.
Journal of Hydrology, 2024, 639131598-131598. DOLI: 10.1016/j. jhydrol.2024.131598.

[3] Sichangi AW, Wang L, Hu Z. Estimation of river discharge solely from remote-sensing derived data: An initial study over the
Yangtze river. Remote Sensing, 2018, 10(9): 1385.

[4] Zhang M, Nan Y, Wu Y et al. Streamflow and sediment change of major rivers in the Eastern Tibetan Plateau from 1960 to 2020.
Advances in Water Science, 2024, 35(2): 298-312. [Tk, HIkE, RAHESE. 1960—2020 4 8l e M AR 8 12 BT e A A2 LA
VUL AALRHE. KEHAHERE, 2024, 35(02): 298-312.]

[5] Vijaykumar B, Ashutosh S. Impact of climatic changes and anthropogenic activities on ecosystem net primary productivity in
India during 2001-2019. Ecological Informatics, 2022, 70. DOIL: 10.1016/j.ecoinf.2022.101732.

[6] CaolJ, Qin D, Luo Y et al. Discharge changes of the Yangtze River in source area during 1956-2000. Advances in Water Science,
2007, 18(1): 29-33. [M L, ZAIH, ¥ B KILIHX 1956-2000 E2F R . KBHEEBER, 2007, (01): 29-33.]

[7]1 Gleason JC, Durand TM. Remote Sensing of River Discharge: A Review and a Framing for the Discipline. Remote Sensing, 2020,
12(7): 1107-1107. DOIL: 10.3390/rs12071107.

[8] Sun WC, Wang XC, Xu ZX. Estimating streamflow using remote sensing: Progress and prospects. Acta Geographica Sinica,
2024, 79(3): 565-583. DOIL: 10.11821/d1xb202403002. [#h3CHE, FRM, 455 IMEREERGE RS RS, il
224%, 2024, 79(03): 565-583.]

[9] Peirong L, Dongmei F, J. C G et al. Inversion of river discharge from remotely sensed river widths: A critical assessment at
three-thousand global river gauges. Remote Sensing of Environment, 2023, 287. DOI: 10.1016/j.rse.2023.113489.

[10] Xu J, Wang L, Yao T et al. Totaling river discharge of the third pole from satellite imagery. Remote Sensing of Environment, 2024,
308114181-. DOI: 10.1016/j.rse.2024.114181.

[11] Ishitsuka Y, Gleason C J, Hagemann M W ef al. Combining Optical Remote Sensing, McFLI Discharge Estimation, Global Hy-
drologic Modeling, and Data Assimilation to Improve Daily Discharge Estimates Across an Entire Large Watershed. Water Re-
sources Research, 2021, 57(3):

[12] Wang B, Smith LC. Remote sensing of discharge ratios at river channel bifurcations. Geophysical Research Letters, 2025, 52(8):
€2024GL114045.

[13] Yang S, Li C, Lou H et al. Performance of an Unmanned Aerial Vehicle (UAV) in Calculating the Flood Peak Discharge of
Ephemeral Rivers Combined with the Incipient Motion of Moving Stones in Arid Ungauged Regions. Remote Sensing, 2020,
12(10): 1610. DOT: 10.3390/rs12101610.

[14] Li M, Zhao C, Huang Q ef al. Combining Landsat 5 TM and UAV images to estimate river discharge with limited ground-based
flow velocity and water level observations. Remote Sensing of Environment, 2025, 318114610-114610. DOLI:
10.1016/j.rse.2025.114610.

[15] Durand M, Dai C, Moortgat J et al. Using river hypsometry to improve remote sensing of river discharge. Remote Sensing of
Environment, 2024, 315114455-114455. DOI: 10.1016/j.rs¢.2024.114455.

[16] Gu P, Liao A, Wu Y et al. Integrating UAV and Multisource Satellite Remote Sensing to Estimate Long-Term River Discharge in
High-Mountain Basins. Hydrological Processes, 2025, 39(1): €70062-e70062.

[17] Zhao CS, Pan X, Yang S et al. Measuring streamflow with low-altitude UAV imagery. Acta Geographica Sinica. Sin, 2019,
74(07): 1392-1408. [ AR, 1M, MR 45 AR 25 JE I OE AN LS5 ST 3 i B 224, 2019, 74(07): 1392-1408.]

[18] Niroumand-Jadidi M, Bovolo F, Bruzzone L. SMART-SDB: Sample-specific multiple band ratio technique for satellite-derived
bathymetry. Remote Sensing of Environment, 2020, 251112091-. DOI: 10.1016/j.rse.2020.112091.



[19] Lou H, Zhang Y, Yang S et al. A new method for long-term river discharge estimation of small and medium-scale rivers by using
multisource remote sensing and RSHS: Application and validation. Remote Sensing, 2022, 14(8): 1798.

[20] Wu JP, Du HB, Li WIJ et al. Mountain river bathymetry inversion method based on remote sensing data and its application. Ad-
vances in Water Science, 2023, 34(5): 766-775. [ R8I, FLutih, 2 3CARSE. FET R AR 1 1L DX VATl R s i v 5 R
IKEFEERERE, 2023, 34(05): 766-775.]

[21] Jaclyn G, Bhavya D, Edward B. Deriving River Discharge Using Remotely Sensed Water Surface Characteristics and Satellite
Altimetry in the Mississippi River Basin. Remote Sensing, 2022, 14(15): 3541-3541. DOI: 10.3390/rs14153541.

[22] Lei X, Ke LH, Yong B et al. Evaluation of river water level monitoring accuracy using satellite radar altimetry products over
China. Remote Sensing Technology and Application, 2022, 37(01): 61-72. [T, fR 2, M. TEFHEN KL=
sty E P DCRTAL I MRS BP0, JBIREOR 5 B2, 2022, 37(01): 61-72.]

[23] Xiong S, Zhang X, Wang H et al. Mapping the first dataset of global urban land uses with Sentinel-2 imagery and POI prompt.
Remote Sensing of Environment, 2025, 327114824-114824.

[24] Huang Q, Long D, Du M et al. Discharge estimation in high-mountain regions with improved methods using multisource remote
sensing: A case study of the Upper Brahmaputra River. Remote sensing of environment, 2018, 219: 115-134.

[25] Lui ZL, Yang JG, Zhang J et al. Jason-3 global statistical assessment based on Jason-2. Acta Oceanologica Sinica, 2020,42(03):
129-139. [XI6 P MR AW, 5K ASE JE T 55 Jason-2 B4 LU ST F) Jason-3 HA2 & FE T A BRER L& P 244, 2020, 42(03):
129-139.]

[26] Shu S, Liu H, Beck RA et al. Analysis of Sentinel-3 SAR altimetry waveform retracking algorithms for deriving temporally
consistent water levels over ice-covered lakes. Remote Sensing of Environment, 2020, 239: 111643.

[27] Jiang L, Nielsen K, Dinardo S ef al. Evaluation of Sentinel-3 SRAL SAR altimetry over Chinese rivers. Remote Sensing of Envi-
ronment, 2020, 237111546-111546.

[28] 3R FTHIL S LRI K RO TE AR ST, A BERL A (B R A7 e 8 IR S5 R - R BT JT ), 2017.

[29] Mo DL, Zhao YJ, Chen GQ et al. Research on adaptive waveform retracking algorithm based on main peak. Journal of Geodesy
and Geodynamics, 2021, 41(10): 1051-1056. DOL: 10.14075/j.jgg.2021.10.012. [SL48FN, #XRZE, MHEES. £TFEgmnE
&R IR SIAT A, KRS M Bk S 772, 2021, 41(10): 1051-1056. DOIL: 10.14075/j.jgg.2021.10.012]

[30] Elena Z, Svetlana A, Claude D et al. River ice phenology and thickness from satellite altimetry: potential for ice bridge road
operation and climate studies. The Cryosphere, 2021, 15(12): 5387-5407.

[31] Xu H. Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery.
International Journal of Remote Sensing, 2006, 27(14): 3025-3033.

[32] Bjerklie MD, Dingman LS, Vorosmarty JC et al. Evaluating the potential for measuring river discharge from space. Journal of
Hydrology, 2003, 278(1-4): 17-38.

[33] Scherer D, Schwatke C, Dettmering D et al. Long-term discharge estimation for the lower Mississippi River using satellite altim-
etry and remote sensing images. Remote Sensing, 2020, 12(17): 2693.

[34] Chen Z, Zhou J, Chen Q. Research and Application of the Calculation Method of River Roughness Coefficient with Vegetation.
Water, 2023, 15(14):

[35] Rt T RAI AR rhinERE R B IT. AKFIRHE 540, 2010, 16(11): 1253-1256.

[36] Xu F, Liu Y, Zhang G et al. Recent large-inland-lake outbursts on the Tibetan Plateau: processes, causes, and mechanisms. Natu-
ral Hazards and Earth System Sciences, 2025, 25(3): 1187-1206.

[37] Tourian J M, Sneeuw N, Bardossy A. A quantile function approach to discharge estimation from satellite altimetry (ENVISAT).
Water Resources Research, 2013, 49(7): 4174-4186.

[38] Zirui W, Fei X, Feng L et al. Monitoring Surface Water Inundation of Poyang Lake and Dongting Lake in China UsingSentinel-1
SAR Images. Remote Sensing, 2022, 14(14): 3473-3473.



