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Fig.l1 Location of the Fenhe River Basin
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Table 2 Evaluation metrics for seven machine-learning models’ simulation performance

Model Train_R* Train RMSE  Train MAE Test R’ Test RMSE ~ Test MAE
Elastic Net(EN) 0.382 4.193 3.500 0.252 4.846 3.701
Multiple Linear Regression (MLR) 0.382 4.193 3.497 0.247 4.860 3.700
Support Vector Regression (SVR) 0.564 3.518 2.696 0.514 3.860 3.053
Multi Layer Perceptron(MLP) 0.536 3.612 2.945 0.507 3.872 3.145
Extreme Gradient Boosting (XGBoost) 0.826 2.017 1.591 0.572 3.589 2.835
Gradient Boosting Decision Tree(GBDT) 0.772 2.520 2.016 0.567 3.613 2.857
Extreme Trees(ET) 0.791 2.370 1.881 0.560 3.640 2.873
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Seasonal variations and threshold effects of gray-green
space on PM,; in the Fenhe River Basin

Deng Chun', Nie Tong®, Zhang Zhongwu’, Sun Weifeng'
(1. Department of Economics and Management, Yuncheng University, Yuncheng 044000, Shanxi, China; 2.College of
Urban and Environmental Science, Northwest University, Xi'an 710127, China; 3. School of Geography Sciences,
Shanxi Normal University, Taiyuan 030000, China)

Abstract: Investigating the seasonal nonlinear effects and threshold responses of gray-green spaces on PM,; in
the Fenhe River Basin provides an essential basis for developing targeted ecological and environmental manage-
ment strategies. In this study, eight composite indicators of gray-green space were developed using Fragstats and
morphological spatial pattern analysis. An XGBoost-SHAP framework was then applied to quantify the effects of
gray-green space on seasonal PM,,concentrations in terms of variable importance, nonlinear responses, and
threshold effects. The results showed that: (1) From 2000 to 2023, seasonal PM,, concentrations in the Fenhe
River Basin exhibited two distinct phases, increasing overall from 2000 to 2010 and then decreasing markedly
from 2010 to 2023. Spatially, high PM,, concentrations were distributed in a north-south belt along the Fenhe
River valley. (2) PM,, concentrations showed clear seasonal variation, with the highest values in winter, the
lowest in summer, and intermediate levels in spring and autumn. The proportion of areas exceeding 35 pg'm=3 in
spring, summer, and autumn decreased from 93.4% in 2000 to 37.1% in 2023. (3) The gray-green space indica-
tors exhibited substantial spatial heterogeneity. Green spaces were mainly distributed in the mountainous and ter-
raced areas on both sides of the Fenhe River, whereas gray spaces were concentrated in the low-lying river val-
ley. (4) Within the gray-green space indicator system developed in this study, gray-space indicators were gener-
ally positively associated with PM,,, whereas green-space indicators showed a mitigating effect, with both rela-
tionships varying seasonally. The gray-space morphological structure factor (C_MSF) showed the highest rela-
tive contribution in four seasons, and its association with PM, ; exhibited distinct seasonal threshold differences.
These findings provide a scientific basis for season-specific optimization of gray-green spatial patterns and target-
ed pollution reduction in the Fenhe River Basin.

Key words: seasonal PM, ;; grey-green space; XGBoost-SHAP; nonlinear characteristics; Fenhe River Basin



