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Fig.1 Overview of the study area
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[FIEY) CH, 1 NLO i %= SR HE, MRS IPCC 28 FLIRITF
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Table 1 Carbon sources and emission factors of agricultural
(planting) production

HH i H HE R % AL 3
Type Item Emission coefficient Unit Sources
T kmcw, 2573 kghm® 31
M= Jrg;p - -
fFOHR = IKFE N,O 0.24 kghm®  [31]
il 0.8956 kg'kg!'  [28-29]
AAAEN pi¥z) 49341 kgkg'  [28-29]
P 5.186 kgkg™  [28-29]
AEVRISEE e 0.5927 kg'kg' [11]
. T 20.476 kg-hm [11]
(g g
i F 3.126 kghm?®  [32]

T BRHEASRER Z . R

Note: Carbon emissions are measured in standard carbon equivalents. Same below.
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Table 2 Variable selection scheme for carbon emission prediction

A Bzt L
Variables Indicators Unit
V1 Aol A 7= SR Fi
2 A T RIS A TG 57 3 JG
V3 WAL %
V4 ZF LA B DN
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76 ARg R km
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AR EZ AT, T3 PR A A] ()X b I I $A T A R 2
(root mean square error, RMSE) . “F¥J#i%tiR % (mean
absolute error, MAE) M UE RZEL (R SRAOMTIFMI,
1.5.4 ARAfEH

SHAP J5 V%52 — P 2k T 1 2508 I ML 28 5 =) Tt 25 SR
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Kl 2 7R 1 2004—2023 -1 8 P T R HE O AR, 4F
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B X B S 42.105%. R &) B, T
BEIEE 15 NX B R B R EER N R, FES
MAEEIMARTTX, &2 X ELSHH 39.474%. LA, A

AR BERL TN RESE T A XE R M-K Rk 4R
£ 5% K EAEZ, RUEN G KT &S AA

BEBLIE. ZREKRE, XEEAHABCEEES A Y] R
UM IX 22 57, (H 25 00 M 25 N R X B BB A 2,
Yiry 1 E R R A R HE R E

F3 XEREBEUHRERGTEEZMHRE

Table 3  Slope estimation and significance test of carbon emission

changes
By EA s FRE EA S R EAS R
Type Name Slope Name Slope Name Slope
P 0302 S 0.144 * || F)I 0.080 *
MKt K 0.265 * 751l 0.129 * ALl 0.072 *
X & Wk 0201 * || Z&HY 0.116 * || ARER 0.065 *
Growing  JF/M 0.173 * || 2pE 0.099 * || = 0.053 *
counties P[] 0.172 * Ji8 =3 0.099 FRE 0.048 *
9T 0.167 * 5T 0.096 * I 0.026 *
B —0308* || £ -0.106* || ®AF  —0.037*
&N -0.219 * Jil —0.095 RE  -0.030
Fg?% %W%é —-0.208 * || ¥PIFL  —0.081 * @% -0.030
Declin\in TH —0.176 * KE  -0.066 KM —0.025 *
& gy _ o % _
counties Bl -0.149% || JbEE -0.065* || K7 -0.003
AN —0.142 % || SuEHE -0.063* W —0.001 *
widb —0.125 * ik —0.055*%

e 2RIR MK RERAE 5% KPP FRE.
Note: *indicate significance at the 5% levels by M-K test.
2.4 ERHRWEHHEZ EEE
Sa~5c iR 7 2004, 2013 12023 FEERAX B
PNV, Fa7s 7 HARM BRI 72 (84 R S AR

B HE Carbon emission/JJ t 0 100 200 km N
m [0,3) = [3,6) C1[6,9) WM [9,12) WM [12+w) [ A

a. 20044 F-ficHE UM
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b. 20 134 RRHE O
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c. 20234F- Wi HEHUMAR

c. Carbon emissions in
2004 2013 2023

SRAZEM Clustering type

A (99%) Cold spot (99%) =3 #4 st (90%) Hot spot (90%)
A (95%) Cold spot (95%) 8 #4k (95%) Hot spot (95%)
9 41 (90%) Cold spot (90%) = H sk (99%) Hot spot(99%)
1 AN # Not significant

il

d. 20044 BRFFAHT e 20134FBRHFISA # s
d. Carbon emission cold e. Carbon emission cold f. Carbon emission cold
spots and hot spots in spots and hot spots in spots and hot spots in
2004 2013 2023

5N E 2 BRREFKT.

Note: The percentages in parentheses represent the confidence levels.
BS ERWAEHRZ LR
Fig.5 Spatial patterns of carbon emission in Chongqing
G T AR FRM R X A R HE S E
BR, JyAlik 15278 Ji. 14.591 Ji. 13.928 i 11.538 Ji.

£, 20234 A BA R

11.029 J3 t, 3 B0 A0 78 i v Hh X R AR bR o X B .
W, RIED. TAb. A WX BB RN,
FEIHEB Y 0.014 5. 0.374 Fi+ 0.650 Ji. 0.700 Ji+
0.905 Ji t, HFFESALEFOIIX . A4 FE S AL HX .

KRS Hr 7 IR T HEBOR AR . AR
REKE (£ 4), 2004—2023 £ ) Moran’s />0, H
EUHZEEKWBASH, 7E2017. 2021 F1 2023 F
3 RIEF] 0.695. 0.615 A1 0.640, L4 EPEH & X &
B AR B HE A 2 [ AR G, T LA ME SR 4R AR
HIFaAZHE . & 5d~5f LL 2004, 2013 1 2023 £ N
B, F—LHER T EXBERESMRRAER. KL
I e BB EX BAE 2 ANE B i HE U S A
RAENX, RI# X, s o ik 10.641 75 .
10.517 Ji 8.880 Ji to WO X 1ydbfis. FAE LI
KU SR BAE 2N R IRHE IR R AR X, EPvA R
X5, SRR 32 0.700 /i 1.569 Ji. 2.968 i to

F4 BERDRIBHHREERZHER

Table 4 Global Moran’/ index of agriculture carbon emission of

Chongqing

A A 74N
R Moran’s [ i Moran’s I i Moran’s 1
Year Year Year
2004 0.254%* 2011 0.359* 2018 0.505*
2005 0.284* 2012 0.434%* 2019 0.531*
2006 0.258%* 2013 0.475%* 2020 0.482*
2007 0.255%* 2014 0.495% 2021 0.615*
2008 0.286* 2015 0.480* 2022 0.595*
2009 0.324* 2016 0.545% 2023 0.640*
2010 0.337* 2017 0.695%*

e *RIRTE 5% KF TR,
Note: *indicate significance at the 5% levels.
2.5 2004—2030 FRRRAERTUN
251 BEBRIEH

1 2004—2021 41 6 NSRRI 3 FHl
A B, RO B LA ROV N R 5 R .
XGBoost HRIEIIESE . MHARE LI T R |k, 4
5% 0.997 £10.936, H MAE Ml RMSE #/). @il 597
I 8] 7 5128 X 36 E, XGBoost SEHL T 0.905 [#) R* $4H,
B % T SVM (0.850) MIRF (0.851) #EAIFHIARIE .
4T XGBoost 154 M BE Y A RIS, #H T H & @&
ARIMA—XGBoost #7 DATUI BRI F45 & SHAP J5
AR AR

x5 TREINBZEIRBAIUEHRILR
Table 5 Comparison of the fitting performance of each machine
learning models

HEH Model ISUESE Validation set MR EE Test set
| Mode
MAE RMSE R MAE RMSE R
SVM 0.824 1.399 0.888 0.934 1.478 0.876
RF 0.849 1.235 0.913 1.148 1.563 0.861

XGBoost 0.150 0.218 0.997 0.745 1.062 0.936

252 TEEAME

i NAS B ARIMA—XGBoost THIINAR T (1 57 ik il
W 6 fin, HAZ S 5T DL SHAP B [ e, 4374k
BER, SRNMIAR (V) S uE (v st
TR HERCE A 3 3 FLe s B IEAE A, 2R BH Bk T Rl i HE
WA 555 8 I R A GF K. AR (V6) .
WHAAR (V3) FRMNERANAEEN R SCH (72) 5t
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3 = T E
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X! > 3
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-2 -1 0 1 2 3 4 5 {Low

SHAP{ESHAP value

B 6 TUmAER 49 SHAP 5H74 R
Fig.6 SHAP analysis for predictive models
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9.668 J3 to ¥, KIEL . VLA HERUR N X B,
TR ) AE BB HETRCSY 90 0.025 Fi. 0.212 Fi. 0.272 i t.

Tt /f Carbon emission/Jj t N L2 Slope

=1 [-0.05,0) W

= [0.2) B [2,4) T [4,6) Ao 100 200 km ™= (-o,-0.05) F1[0,0.05)
—_
Significant

I [6,8) W [8,+0) B [0.05,400)

a. 20264 T AR HETB
a. Predicted carbon
emissions in 2026

b. 20305 B HFIX
b. Predicted carbon
emissions in 2030

c. FE
c. Slope

B 7 KA GEIATARE S R L ENAYS
Fig.7 Carbon emission prediction results of representative years
and the changing trends of each county
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Spatiotemporal characteristics and explainable prediction of agricultural
carbon emissions in Chongqing of China

YANG Renfei' , REN Fu* , ZHOU Rui'*

(1. Institute of Agricultural Science and Technology Information, Chongqing Academy of Agricultural Sciences, Chongqing 401329, China;
2. School of Resource and Environment Science, Wuhan University, Wuhan 430079, China)

Abstract: Agricultural carbon emissions have been generated by human activities in vast regions. It is often required to
accurately understand the status, spatiotemporal patterns, and future trends of agricultural carbon emissions. It is also crucial to
optimize carbon sequestration and emission reduction against climate adaptation. However, current assessments can rely
heavily on statistical data, where regions with incomplete statistical records can introduce great uncertainties in carbon
accounting and forecasting. Taking Chongqing as a case study, a systematic investigation was conducted to explore the
spatiotemporal patterns and future trends of agricultural carbon emissions from 2004 to 2023. Multi-source agricultural data
was also combined with statistics and remote sensing monitoring at the county level. Furthermore, spatiotemporal analysis was
employed to examine the evolution, including slope estimation, the Mann-Kendall test, Moran's [ index, and the Getis-Ord Gi*
index. While the prediction models were then constructed for the trends, such as ARIMA and three machine learning methods
(support vector machine, random forest, and XGBoost). The results indicate that: 1) The feasible and reliable performance was
achieved to evaluate agricultural carbon emission using multi-source data, particularly with the average annual agricultural
carbon emission of 2.435 million tons. There was a significant correlation with the conventional statistical data (R=0.932,
P<0.001), thus compensating for missing county-level statistical data. The higher stability was also achieved after evaluation.
2) There were significant source and regional differences in agricultural carbon emissions. The primary sources were methane
emissions from rice cultivation and carbon emissions from fertilizer use, with average annual emissions of 1.175 million and
0.809 million tons, respectively. The spatial agglomeration of agricultural carbon emissions was intensified year by year, with
the global Moran's / index of 0.695, 0.615, and 0.64 in 2017, 2021, and 2023, respectively. Specifically, Wanzhou, Liangping,
and Zhongxian were identified as emission hotspots, with average annual agricultural carbon emissions of 0.106 million, 0.105
million, and 0.089 million tons, respectively; Whereas Nan'an, Jiulongpo, and Beibei were identified as emission cold spots,
with average annual emissions of 6.996 thousand, 15.694 thousand, and 29.679 thousand tons, respectively. 3) The
interpretable ARIMA-XGBoost prediction model performed well on an independent test set (R*=0.936). The agricultural
carbon emissions were shifted from a generally stable state to a more widespread downward trend. Total emissions were
projected to gradually decrease from 2.187 million to 1.788 million tons between 2024 and 2030. More significant influencing
factors were determined as the rural employees, highway mileage, and gross product in agricultural carbon emissions. Yet there
was no variation in the spatially differentiated distribution over counties. Multi-source data can offer information
complementarity and reliability to assess regional agricultural carbon emissions. The findings can provide a scientific
foundation for low-carbon sequestration and emission reduction. A valuable reference can also serve as the low carbon
strategies in similar regions.

Keywords: carbon emission; spatiotemporal pattern; explainable machine learning; prediction model; Chongqing
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