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Abstract: Rivers are links connecting the biogeochemical processes among terrestrial, oceanic, and atmospheric carbon pools,
and are important participants in the global water and carbon cycles. Riverine partial pressure of carbon dioxide (pCO,) is a key
indicator reflecting the CO, exchange process at the riverine water-air interface, which exhibits complex spatiotemporal variations
due to the co-impacts of various natural and anthropogenic factors. However, the current understanding of the main controlling

factors and their effects on riverine pCO; is still limited. In this study, the spatiotemporal distribution characteristics of riverine
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pCO, were identified, and the relative contributions and controlling effects of potential controlling factors were quantified and
revealed using an interpretable machine learning method (boost regression tree (BRT) and accumulated local effects (ALE)),
based on monthly datasets with high spatial resolution in the Hanjiang River Basin (HRB). Results indicated that multi-year
average riverine pCO, in the HRB showed an increasing trend from upstream to downstream, and was higher than the atmospheric
average. The fluctuation type of multi-year monthly average riverine pCO, in the HRB could be classified into three types based
on the k-Shape clustering algorithm, with stationary (T1), unimodal (T2), and bimodal (T3) structures, respectively. The BRT
model effectively simulated the multi-year average and multi-year monthly average values of riverine pCO2 in the HRB, showing
high performance (r > 0.86, NSE > 0.75) and acceptable errors (MAE < 212.18 patm, RMSE < 274.16 patm) in replicate
experiments. Multi-year average riverine pCO2 was primarily influenced by temperature factors, accounting for approximately
66.1% of the total relative contribution rate. The relative contributions of the controlling factors for multi-year monthly average
riverine pCO2 exhibited significant variation among each fluctuation type, while temperature continued to play a critical role
(approximately 26.6%-46.9%). The findings of the study demonstrated that vegetation and water quantity factors exerted a
significant influence on types T2 and T3, respectively. Conversely, the importance of water quality factors was found to be
comparatively negligible, with their contribution ranging below 20.1%. The non-linear and non-monotonic relationships between
riverine pCO2 and its potential controlling factors were revealed based on ALE analysis, and showed significant differences
between multi-year average and multi-year monthly average scales, as well as between different fluctuation types. The present
study revealed the complex spatiotemporal variations of the main controlling factors and their effects on riverine pCO2 in the
HRB, thus improving the understanding of riverine carbon cycle processes.
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Tab. 1 Simulation performance of the BRT model on multi-year average riverine pCO, in training and testing sets

PR RS S M
r 0.92+0.002 0.89+0.008
NSE 0.95+0.002 0.84+0.02
MAE / patm 94.13+1.79 146.46+6.19
RMSE / patm 131.2842.87 227.78+12.61

R PP ARARE DY 100 Y R S FBURCR I T E AR 2 .



@ 32000 o ) 3000 F T,
. .
£ 5 .
3 256001 i 25600 .
: ’ .
- 'i .
e * »
2 10200} ’ 19200 i
= ’ p
= - .
Fad : 4
& 12800f - 12800 F B
® 50 ‘ .
% siol S he1 40002 sa00l 1 0830004
= - R NSE = 0.9240,003 : R NSE =0.31£0.07
R MAE=107.19+ 114 R MAE=111.66+2.59
00k " RMSE = 160.98 +3.25 00k " RMSE = 164.66-8.46
00 6400 1280.0 1920.0 2560.0 3200.0 00 6400 1280.0 1920.0 2560.0 3200.0
¢ r d [
(©) 32000 ] ) 32000 ™.
. "
£ . s
g 25600 5 2560.0 "
. ¥
- ¥ 'S
g L .
Z 19200} I 19200 4
= ; o
B 4 ”
- .
& 12800 . 1280.0 - .
» .7 .7
= 5 ,
= . = 0,660,008 2 r=082£002
S | 4 = 0.6 | ,
& 600 L NSE = 0.86+0.01 640.0 Lt NSE=0.57+0.04
, MAE=T1.64%1.62 R MAE = 16876583
00" RMSE=1153145.24 00k” RMSE = 23123+ 10.70)
- 1 L L 1 1 1 B 1 L L 1 1 1
00 640.0 1280.0 1920.0 2560.0 3200.0 00 640.0 1280.0 1920.0 2560.0 3200.0
[0 % 457 #IpCO, / patm [0 % 457 #1pCO, / patm

b s Fea 1007 S £ R F R CO, N PRI, iR 2 AR 10025
B fipCO,MIbRAER . PO FRFRAAT A 1008 5L 8 S8 b B (R A BUUL A R P 1 i R4
i PEO)-(dyEr I 1 E ()R SR, T2RIT3 AN R A 4

L EPNEA
ka1

4 BRT B0 2 AF-F- 2T pCO, HIBTUBR
Fig. 4 Simulation performance of the BRT model on multi-year average riverine pCO,

MG BRT BEREZE R EAL 7RI 7 HIOAHDS Otk R, 100 RE R S M- F EHEMbRdEZ Qa5
FT7R o PULIRIRZ AF-F 2T pC O fie H () =Mzl K 5733 J9 LST+ AirT A1 TDS, S STk 2
75.0%. HEIE SR T R EZMEBAR, M TR DT 6.0%. BARM S, EBEERTES T IULRK
ZART A pCO2 (K23 I0) 4341, Rl LST, /K& AR At 2 36 1 /6 FH AR 2 A BR

ssol s1at24
500 F 1
< 00t
i 47£2.1
= -
= n2+13
£ I
100
52407 57405
2t -
T2k 15403 41404
00 L . . . .
PR AWT IST NPP NDVI BOD TDS
FE T

Sl 4 1000 S 9280 MR TR A L%
B 5 Pl 70 2 4 P IR pCO, AR Tk A<

Fig. 5 Relative contribution of controlling factors to multi-year average riverine pCO,

BT ALE 5l E# i Bl e ULk 2 4E P33T pCO2 FEmIET, 45 Rk B 2 45-F 883
it pCO2 5BTEREHIF T 2 AR R 2L RN (B 6). 24T pCO2 ffi AirT. LST
BOD W34 ELe 34K, i NPP. NDVI A1 TDS (34 1T 5638 K59/ o AirT A1 LST 48 MIFEZ) 13.0 °C
A 11.9 °CLA_ESt 2 AP pCO2 RAFRRISEAVEM, BOD 1£47 50.3 mg-L' LA ER{EH#GE. NPP
I NDVI I TFHE 4> BIEZ) 14.6 gC-m2 F1 0.45 DL EIHE3E, 12 26.3 gC-m2 fl 0.58 W R A FHT I 2
TS B SR B B ] o 7E TDS KT 5578.7 mg L I 2HLIRTHE, B I BRET . 244



Y pCO2 5 P AN R R A 00 2%, BRI BERAFLIER R,
2.3 ZERFINAR pCO: MIZHIEFRHEAER

FIASIRI 3 28 B0 2 X ISR pCO2 AN E F] PR)1- (K 22 48 P 2948 3 ) 2 37 BRT AR, SR A6
R AR 2 ME 7 PR SRR DL Z 1 LI pCO2 IRURHLE, AR I35l
BER 77 38T T BRT BB AIRBHSCR, Rl 288 T1 (NSE H9IN% 0.44). AR, BRT B HIAEE M
B, 8 MNEBAESE I T AU A RN 2 4F H P E9IR pCO2. BRT FEAYXS MY T2 R R el 2K
M T1 ) NSE $8b5/N TR T2, KM T3 MAAERHBIIRZE . $8h5 NSE X i AU AR BOS UK
91, SR T1 W24 H P EITAR pCO2 AR b EEAEXT BN (18] 3D, AIRESRE T BRT BRI KM T1 & {H
DR R A 22 o X TR T3 T H, AR ZZ B S R 7T B A A AR R B A 22 4 1 P
I pCO2 HYE BN MBS HIURE R

(a) 400 7 (b) 800 7 (€) 800.0 ] (d) 800.0 =T
% 0.0 400 f 600.0 600.0
? 400 F 0.0
® 4000 + 400.0
i}: =800 F =400
= 2000 2000 |
L:_.LAIZ(),() o -80.0
-160.0 L L L S1200 1 L I L 0.0 I 1 L L 0.0 1 I L
570 690 810 930 1050 180 33.0 480 63.0 78.0 93.0 30060 90 120 150 180 58 BT 116 145 174
P/mm R/mm AIrT /°C LST/*C
(e) 160.0 NPP M 2200 NDVI (g) 280.0 BOD (h) 420.0 DS
_7% 1200 165.0 2100 F 3500
= 280.0
= 800 ¢ 110.0 1400
& 210.0
s‘g} 400 F 550 700 140.0
=
g 00F 0.0 0.0 70.0
-40.0 . . 1 -55.0 - - - 70,0 . 1 1 0.0
0.0 100 200 300 400 029 041 053 065 077 0.0 450 90.0 1350 1800 0.00 550 10.10 1515 20.20
NPP/ gC-m? NDVI BOD / mg-L"! TDS X 104/ mg-L*
AR AR 1000 TS LG T B 55 e PR 020 3675 10000 T 8 9 3y e
6 I 70 2 4E-F BRI pCO, 1 R AR R AR
Fig. 6 Accumulated local effects of controlling factors on multi-year average riverine pCO,
# 2 BRT ML ZRAE AN AR XA Rl 3 2RI 1) 2 45 H SFEITTAR pCO, BN ALR
Tab.2 Simulation performance of the BRT model on multi-year monthly average
riverine pCO; of different fluctuation types in training and testing sets
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Fig. 7 Simulation performance of the BRT model on multi-year monthly average riverine pCO, of different fluctuation types
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Fig. 8 Relative contributions of controlling factors to multi-year monthly average riverine pCO, of different fluctuation types
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Fig. 9 Accumulated local effects of controlling factors on multi-year monthly average riverine pCO; of different fluctuation types
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Fig. 10 Multi-year monthly average values of each controlling factor in different fluctuation types
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