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Abstract: The Tibetan Plateau, a region highly sensitive to global climate change, exhibits significant evolution in lake surface water
temperature (LSWT), which has profound implications for regional ecological security. Investigations into the drivers of LSWT changes
involve multiple factors, including meteorological conditions and topographic features. However, conventional approaches possess
limited capability to quantitatively resolve nonlinear interactions among these drivers. This study examined 106 large and medium-
sized lakes across the Tibetan Plateau, employing a deep learning model based on Long Short-Term Memory (LSTM) networks
combined with SHapley Additive exPlanations (SHAP) interpretability analysis. This framework quantitatively disentangles the
individual and interactive contributions of seven drivers—air temperature, precipitation, downward longwave radiation, downward
shortwave radiation, air pressure, specific humidity, and wind speed—to LSWT variations at both regional and individual lake scales,
thereby systematically elucidating driving mechanisms and synergistic patterns. Key findings include: (1) Longwave and shortwave
radiation were identified as the dominant drivers, collectively accounting for over 80.0% of global SHAP values across scales and
showing strong positive correlations with LSWT. Air temperature and specific humidity exerted secondary influences, whereas
precipitation and wind speed had minimal effects. (2) Widespread interactive effects revealed four primary synergistic modes: a linear
pattern (e.g., downward longwave radiation and air temperature, affecting 67.92% of lakes), an inverted U-shape pattern (e.g., specific
humidity and air temperature, 51.89% of lakes), an effect cross-driven pattern (e.g., wind speed and specific humidity, 70.75% of lakes),
and a threshold-constrained pattern (e.g., precipitation and air pressure, 100% of lakes). (3) The SHAP methodology effectively
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quantified nonlinear synergistic behaviors, highlighting the heightened sensitivity of plateau lakes to radiative factors due to high solar
radiation permeability under thin atmospheric conditions. This study innovatively integrates deep learning with interpretability analysis
to establish a quantitative framework for unraveling complex driving mechanisms behind high-altitude LSWT dynamics. The results
offer critical insights for predicting thermal responses under ongoing climate change and for developing differentiated management
strategies, thereby holding substantial scientific and practical relevance.

Keywords: Lake surface water temperature; Deep learning; SHapley Additive exPlanation; Synergistic driving mechanisms; Threshold
effects; Tibetan Plateau
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Fig.1 Location of the Tibetan Plateau and Distribution of 106 Lakes*
This map was created based on the standard map (Approval No. GS(2020)4619) downloaded from the Standard Map Service
Website of the Ministry of Natural Resources, China, with no modifications to the base map.
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Fig.2 Structure Diagram of LSTM Neural Network Model
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Fig.3 Training Performance of the LSWT Prediction Model for Bangda Co
(a) Fitting results between predicted values and true values; (b) Loss values of the training and test sets.
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Fig.4. Raincloud Plots of Evaluation Metrics for 106 Models
(a) MAE raincloud plot; (b) MSE raincloud plot; (c) RSR raincloud plot; (d) NSE raincloud plot.
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Fig.5 SHAP Values of Single Factors
(a) Raincloud plots of SHAP value distributions for individual factors across 106 lakes; (b) SHAP values of factors at the ag gregate
level.
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Fig.6 Positive and Negative Effects of Different Driving Factors on LSWT at the Aggregate Level
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Tab.2 Dominant Synergistic Driving Patterns of 106 Lakes on the Tibetan Plateau
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it WIND  SRAD  65(61.32%) PRES ~ WIND  58(54.72%)
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Note: The table only shows the driving patterns that account for more than 50% in 106 lakes.
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Fig.7 Linear synergistic driving pattern
(a) and (c) are respectively the SHAP interaction values between TEMP and LRAD, SRAD and PRES, and their corresponding linear
synergistic driving patterns. (b) and (d) show the spatial distribution of lakes under each pattern. Red indicates higher SHAP values,
while blue denotes lower SHAP values.
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Fig.8 Inverted U-shaped synergistic driving pattern
(a) and (c) are respectively the SHAP interaction values between SHUM and TEMP, SHUM and PRES, and their corresponding
inverted U-shaped synergistic driving patterns. (b) and (d) show the spatial distribution of lakes under each pattern.
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Fig.9 Effect cross-driven pattern

(a) and (c) are respectively the SHAP interaction values between SHUM and WIND, SRAD and WIND, and their
corresponding effect cross-driven pattern patterns. (b) and (d) show the spatial distribution of lakes under each pattern.
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Fig.10 Threshold-constrained driving pattern
(a), (b) and (c) are respectively the SHAP interaction values between PRES and PREC, and their corresponding threshold-
constrained driving pattern patterns. (a) Positive threshold-constrained driving pattern; (b) Negative threshold-constrained driving
pattern; (c) Fuzzy threshold-constrained driving pattern; (d) Spatial distribution of lakes exhibiting each pattern.
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