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Abstract


Pumped-storage hydropower (PSH) can modify reservoir evaporation in arid regions by altering water-level dynamics, surface-area exposure, and thermal exchange between reservoirs. This study quantifies operation-induced evaporation changes at the Fukang PSH station in Xinjiang, China, using a one-dimensional lumped hydrodynamic–thermal model driven by hourly station observations and ERA5 reanalysis for 2024. A four-scenario factorial design separates thermal, surface-area, and interaction effects within a unified water energy framework. Under station forcing, fully coupled operation reduces annual system-scale evaporation from 135.36 × 104 m3 to 115.45 × 104 m3, corresponding to a net reduction of 19.91 × 104 m3 (14.7%). Energy-budget analysis identifies advective heat transport as the main pathway linking dispatch, reservoir thermal evolution, and evaporation response, with annual cumulative values of +205 TJ in the upper reservoir and −333 TJ in the lower reservoir. Dispatch-regime experiments further show that stronger exchange-flow operation does not necessarily increase evaporation reduction: the low, baseline, and enhanced schedules produce system-scale net changes of 37.70 × 104 m3, 19.91 × 104 m3, and −3.41 × 104 m3, respectively. These results indicate that evaporation effects in arid-region PSH systems depend on the timing of surface-area exposure relative to local evaporative demand, rather than on exchange-flow magnitude or operating duration alone.
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1. Introduction


Pumped-storage hydropower (PSH) supports renewable-energy integration by providing large-scale storage and flexible regulation [1,2]. Previous work has also highlighted its seasonal storage and water-storage potential [3,4]. Its hydrological effects, however, require separate assessment because repeated pumping and generation alter reservoir water levels, exchange flows, and thermal conditions. These operational changes can modify open-water evaporation, especially where water availability constrains hydropower development and water-resource allocation.



In arid and semi-arid regions, evaporation from hydraulic infrastructure forms part of the regional water-resource balance rather than a purely local surface-water process. PSH operation may disturb reservoir thermal regimes and ecological conditions [5,6], while climate change and reservoir evaporation can further alter water availability in dryland basins [7,8]. Broader hydroclimatic assessments also show that terrestrial water storage and arid-region water availability vary substantially across regions [9,10]. Recent studies indicate that PSH systems have clear value for energy-system flexibility [11], which makes it necessary to evaluate their water-consumption effects together with their energy benefits.



Open-water evaporation has been estimated using energy-balance and aerodynamic approaches for natural lakes and conventional reservoirs [12,13]. Combination-equation formulations, including the Monteith and Penman frameworks, provide the basis for linking surface energy exchange with evaporation estimates [14,15]. Reservoir-operation studies have further examined evaporation losses and thermal structure under regulated conditions [16,17], as well as water-temperature responses in pumped-storage or mixed reservoir systems [18,19]. These studies provide the basis for evaporation and water-temperature analysis, but PSH systems create a more dynamic setting because surface area, exchange-flow heat transport, and water temperature change together at sub-daily time scales.



The remaining gap is therefore not the estimation of open-water evaporation alone, but the attribution of evaporation changes under rapidly varying PSH operation, where surface area, water temperature, and exchange-flow heat transport evolve together. This study addresses this gap using the Fukang PSH system in Xinjiang, China, as an arid-region case. The analysis combines hourly meteorological forcing, a lumped hydrodynamic–thermal model, and a four-scenario factorial design to quantify operation-induced evaporation changes relative to a natural baseline. The model links water-balance and energy-balance calculations through the Penman open-water combination equation [15], while the scenario design separates thermal, surface-area, and interaction effects. The results clarify how reservoir geometry, exchange-flow heat transport, and dispatch timing jointly regulate evaporative water consumption in an arid-region PSH system.




2. Data and Methods


2.1. Study Area


This study focuses on the Fukang Pumped Storage Hydropower (PSH) station, located in Fukang City, Changji Hui Autonomous Prefecture, Xinjiang Uygur Autonomous Region, China. Fukang has a permanent population of approximately 181,000 and is characterized by a typical temperate continental arid climate, with a mean annual air temperature of about 8.1 °C and a mean annual precipitation of about 134.8 mm [20]. As the first GW-level PSH facility in Xinjiang, the station has a total installed capacity of 1.2 gigawatt (GW) and consists of an upper and a lower reservoir. The upper reservoir uses the natural Tianshan Tianchi Lake, at an elevation of approximately 1910 m, whereas the lower reservoir is newly constructed on the piedmont alluvial–proluvial fan at an elevation of about 480 m. The study area is located at the northern foot of the eastern Tianshan Mountains beneath Bogda Peak (88.00° E–89.25° E, 41.75° N–44.00° N). Influenced jointly by the high-elevation mountain terrain to the south and the piedmont plain to the north, the area exhibits a pronounced mountain–piedmont climatic gradient: the upper reservoir in the Tianchi region is relatively cold and humid, whereas the lower reservoir in the piedmont zone is warmer and drier, with stronger evaporative demand. This environmental contrast provides the regional background for analyzing thermal-state responses and evaporation differences within the dual-reservoir system. In addition, the study area exhibits a heterogeneous land-cover background characterized by open water, bare land, and vegetated or grassland surfaces, which together shape the local environmental setting of the dual-reservoir system. Figure 1 shows the geographic location of the Fukang PSH station, the surrounding landform, the positions of the upper and lower reservoirs and their dams, and the land-cover background of the study area.



The Fukang PSH station is a suitable case for evaluating evaporation effects because it combines a high-elevation natural upper reservoir, a newly constructed lower reservoir on the piedmont plain, and a large elevation difference within an arid-region water-resource setting. This configuration creates contrasts in meteorological forcing, reservoir thermal inertia, and operational water-level response, allowing thermal, geometric, and exchange-flow controls on evaporation to be evaluated within one engineering system.




2.2. Data Sources and Preprocessing


To represent meteorological forcing in mountainous canyon terrain, this study used a dual-source forcing strategy. Hourly forcing series were constructed from ground-station observations and ERA5 reanalysis, and both datasets drove the same model structure and parameter set. Station forcing was used for the primary attribution analysis, while ERA5 forcing provided an independent benchmark for the direction and magnitude of the main responses. The simulation period extends from 1 January to 31 December 2024, and the model reconstructs evaporation, heat budgets, and scenario attribution using hourly meteorological and operational inputs. Table 1 summarizes the main datasets used in the analysis. The processed forcing datasets and model-output figures are provided in the Supplementary Materials.



2.2.1. ERA5 Reanalysis Data


ERA5 is the fifth-generation global atmospheric reanalysis dataset released by the European Centre for Medium-Range Weather Forecasts (ECMWF) [21]. Although its local representation in mountainous terrain may still be affected by elevation-related bias [22], it remains suitable as a regional-scale background forcing dataset. It features hourly temporal resolution and a spatial resolution of approximately 31 km. For this study, hourly data covering the research area were obtained from the Copernicus Climate Change Service (C3S) platform. The symbols, units, and roles of the ERA5 variables used in the evaporation–energy calculations are summarized in Table 2.



The raw ERA5 data were obtained in the NetCDF format, comprising multi-dimensional (longitude, latitude, time) grid data. The data-processing workflow involved the following key steps:



(1) Spatiotemporal Dimensionality Reduction and Alignment



Given the adoption of a lumped model in this study, the multi-dimensional gridded data required reduction to a single time series. Spatial Dimension: Grid data covering the upper and lower reservoir areas of the Fukang PSH station were extracted. Spatial averaging was performed across longitudinal and latitudinal dimensions to eliminate spatial heterogeneity at the grid scale. Temporal Dimension: The timestamps of the raw data were originally in Coordinated Universal Time (UTC). These were converted to Beijing Time (UTC + 8) by adding an 8 h offset, and the data were subsequently truncated to the full-year simulation period from 1 January to 31 December 2024.



(2) Conversion of Basic Meteorological Element



To align with the driving variables required by the model, raw physical quantities underwent unit standardization and vector synthesis. Air Temperature and Pressure: The 2 m air temperature (T2m) was converted from Kelvin (K) to degrees Celsius (°C), and the surface pressure (P) was converted to the standard unit of kPa. Wind Speed (Ws): The raw data provided the 10 m zonal wind component (u10) and meridional wind component (v10). The 10 m scalar wind speed was calculated using the vector synthesis formula and then denoted as Ws for the aerodynamic term:


   W s  =    u  10  2  +  v  10  2     



(1)







(3) Calculation of Physical Quantities



Relative humidity (RH) and the associated thermodynamic variables (es, ea, Δ, γ, etc.) were calculated using the standard formulations recommended by FAO-56 [23,24], with all units consistently harmonized (Equations (2)–(4)). Specifically, es was determined from air temperature, ea was equivalently derived from dewpoint temperature, and RH was computed as ea/es and constrained to the range [0, 100%]. This treatment was intended to maintain consistent variable definitions and dimensional systems between ERA5- and station-driven forcings [25].


   e s  (  T  2 m   ) = 0.6108 exp      17.27  T  2 m      T  2 m   + 237.3       



(2)






   e a  =  e s  (  T  d 2 m   ) = 0.6108 exp      17.27  T  d 2 m      T  d 2 m   + 237.3       



(3)






  R H =     e a     e s  (  T   2 m    )    × 100 %  



(4)







Surface Net Radiation (Rn): The surface net shortwave radiation (Rssr) and surface net longwave radiation (Rstr) provided by ERA5 are in units of hourly accumulated energy (J/m2). To convert these into the average radiative power (W/m2) required by the model, temporal averaging was performed. Unlike ground station data, which require the estimation of longwave radiation, ERA5 directly provides the net longwave component accounting for cloud and atmospheric counter-radiation effects. Therefore, the total net radiation is calculated as follows:


   R n  =     R  s s r   +  R  s t r     3600     



(5)




where 3600 represents the number of seconds in one hour. This step completes the physical dimensional conversion from “accumulated energy” to “instantaneous flux”.



To improve the readability and traceability of the methodological workflow, Figure 2 summarizes the complete processing pipeline for ERA5 reanalysis data, from data acquisition and spatiotemporal alignment to variable transformation and construction of model inputs. This pipeline ensures consistency between ERA5- and station-driven forcings in time step, time zone, and variable dimensions, thereby supporting subsequent benchmark simulations and robustness checks.




2.2.2. In Situ Ground Meteorological Station Data


To precisely capture the local microclimate characteristics of the upper and lower reservoirs, hourly in situ data from two national meteorological stations were incorporated. Meteorological forcing data for the upper reservoir were sourced from the Tianchi Meteorological Station (Station ID: 51470; elevation: 1942 m), whereas data for the lower reservoir were obtained from the Fukang Meteorological Station (Station ID: 51377; elevation: 452 m). The two stations represent the main meteorological boundary characteristics of a high-mountain cold-humid environment and a piedmont arid environment, respectively.



(1) Time Series Construction and Alignment: Raw meteorological data were stored in a tabular format, containing timestamps (year, month, day, hour), atmospheric pressure (hPa), air temperature (°C), wind speed (m/s), relative humidity (%), and total solar radiation (MJ/m2). First, temporal information was extracted from the raw dataset to construct a continuous hourly time series. To maintain a consistent temporal resolution across variables and alignment with the full-year simulation period (1 January to 31 December 2024), linear interpolation was applied to resample all raw data to the model time step. During this process, duplicate timestamps were removed to avoid repeated records and keep a unique time series.



(2) Extraction of Meteorological Variables: Air temperature (Ta), relative humidity (RH), wind speed (Ws), atmospheric pressure (P), and total solar radiation (Rs) were extracted from the processed time series and utilized as the primary driving inputs for the model.



(3) Calculation of Radiation Components. Since the in situ data only provided hourly accumulated total solar radiation (MJ/m2) rather than the instantaneous power and net radiation values required for physical calculation, the following standardization steps were adopted:



Solar Radiation Power Conversion: First, the unit of total solar radiation (Rs) was converted from accumulated energy to average radiative power, Rsw (W/m2). According to the FAO-56 meteorological data-processing standard [23], the conversion formula is:


   R  SW   =  R S  ×      10  6    3600     



(6)




where Rsw represents the hourly average solar radiation power (W/m2).



Net Shortwave Radiation (Rns) Calculation: Considering the reflection of solar radiation by the water surface, net shortwave radiation was derived by subtracting the reflected radiation from the incident radiation [26]:


   R  ns   = ( 1 − α ) ×  R  s w    



(7)




where Rns is the net shortwave radiation (W/m2), and alpha is the water-surface albedo. For deep reservoirs, an empirical value of alpha = 0.07 is adopted in this study [26].



Net Longwave Radiation (Rnl) Estimation: Because station observations did not directly include atmospheric longwave radiation, a Brunt-like dynamic empirical formula based on air temperature and humidity was used for estimation. This method effectively captures the longwave radiative cooling effects under nocturnal and varying humidity conditions [27]:


   R  nl   = − σ   (  T a  + 273.15 )  4  ⋅ ( a − b    e a    )  



(8)




where Rnl is the net longwave radiation (W/m2), sigma is the Stefan–Boltzmann constant (5.67 × 10−8 W·m−2·K−4), Ta is the air temperature, and ea is the actual vapor pressure (kPa). Coefficients a and b are set to 0.34 and 0.14, respectively, following Brunt [27]. Compared with a fixed empirical value, this formulation better captures longwave radiative cooling under nighttime and varying humidity conditions.



Total Net Radiation (Rn,net) Calculation: The total net radiation required by the model was obtained as the sum of the net shortwave radiation and the estimated net longwave radiation [27]:


   R  n , net   =  R  n s   +  R  n l    



(9)







To evaluate how well ERA5 represents the meteorological forcing boundaries in this complex terrain, a combined time series and consistency assessment was conducted for the key evaporation drivers, including air temperature (Ta), net radiation (Rn), wind speed (Ws), and vapor pressure deficit (VPD) (Figure 3). Panels (a–c) show the temporal evolution of the main drivers, whereas panels (d–f) evaluate the consistency of air temperature, VPD, and net radiation using variable-specific comparison plots, the identity line (y = x), fitted regression lines, and the statistical metrics R2, concordance correlation coefficient (CCC), RMSE, and bias. R2 describes explained variance, CCC measures agreement with the 1:1 line, RMSE gives the absolute error scale, and bias denotes ERA5 minus station observations.



Based on Figure 3, two independent hourly meteorological forcing datasets were constructed from ERA5 and station observations and were used to drive the model under the same structure and parameter set. The main attribution analysis is based on station forcing, whereas the ERA5-driven results are retained as an independent benchmark to test the directional and magnitude robustness of the main conclusions. Differences between the two forcings are not used for reverse calibration; instead, they are used to characterize the smoothing effect of reanalysis data and differences in the radiation-estimation chain under complex terrain, thereby improving the transferability of the conclusions.



The station–ERA5 consistency statistics are summarized in Table 3. Air temperature and net radiation show high agreement at both stations, whereas wind speed shows weaker point-scale consistency. Therefore, station observations are used as the primary forcing for attribution, and ERA5 is retained as an independent benchmark for directional robustness.



After the consistency assessment of the meteorological forcing, an annual meteorological background figure based on station forcing was further introduced (Figure 4). Figure 4 describes the position of summer (June–September) within the annual evaporative-forcing regime from four perspectives: standardized monthly anomalies, the composite evaporative-demand index (EDI), the fraction of high-demand hours, and the joint distribution of net radiation and VPD. The hourly EDI is calculated from standardized hourly air temperature, net radiation, and vapor pressure deficit as follows. where z(·) denotes standardization over the full-year hourly series. High-demand hours are identified when EDIh exceeds the 75th percentile of the annual distribution. This figure provides the annual meteorological boundary and summer high-evaporation background for the annual attribution and dispatch–meteorology coupling analyses.


  E D  I h  =   1 3     z (  T  a , h   ) + z (  R  n , h   ) + z ( V P  D h  )    



(10)









2.3. Hydrodynamic–Thermal Coupled Model


To represent the coupled variations in water level, surface area, and thermal state induced by high-frequency PSH operation, a one-dimensional lumped thermo-hydrodynamic model was developed for evaporation-response calculation and scenario-based attribution under unified meteorological forcing and operating conditions.



2.3.1. Model Framework


The model comprises two interconnected modules: the hydrodynamic module and the thermal module. The hydrodynamic module calculates the water-mass balance of the upper and lower reservoirs based on station scheduling rules (pumping/generation flow rates), thereby deriving the time-varying water levels and surface areas. The thermal module computes the evolution of water temperature and surface evaporation flux based on meteorological forcing data and the water body energy balance equation. These two modules achieve bidirectional coupling through two key variables: water temperature and water surface area. Water temperature determines the evaporation rate, while the surface area determines the total evaporation volume. Conversely, evaporation induces water loss and heat dissipation, creating a feedback loop that influences water levels and temperatures.



In this study, the coupled water-mass and energy conservation equations were solved using a unified time step (Δt = 1 h). The water-mass balance was used to update reservoir storage V, and the surface area A was obtained from the area–storage relationship A (V). The energy balance was used to update the mixed-layer water temperature Tw. The net surface heat flux comprised net radiation Rn, latent heat flux LE, and sensible heat flux H, and LE was computed using the Penman [15] open-water combination equation (expressed in Penman–Monteith notation with rs ≈ 0). Here, A serves as the geometric scale for integrating evaporative volume loss, whereas Tw serves as the state variable controlling the thermal driving of evaporation. Together, they determine evaporative volume loss and its feedback on the water and energy budgets. Thermal coupling between the upper and lower reservoirs was achieved through exchange flows that transport enthalpy. This process was represented by an advective heat term, Qadv, which couples the temperature evolution of the two reservoirs through the energy equations.



Based on the above structure, the model is used for evaporation-response calculation, scenario comparison, and dominant-mechanism identification under unified meteorological forcing and operation-induced disturbance. For natural stratification in the upper reservoir, an effective mixed-layer-depth parameterization is adopted in S1. Under strong exchange conditions (S2 and S4), a dynamically fully mixed approximation is used to represent the thermal response under operational disturbance [28]. The overall coupling framework is summarized in Figure 5.




2.3.2. Hydrodynamic Process Model


The model treats the upper and lower reservoirs as two interconnected water bodies. For either reservoir, the change in water volume follows the ordinary differential equation given below [29]:


     d V   d t    =  Q  in   −  Q  out   −  Q  e v a p    



(11)




where V is the reservoir storage volume (m3); t is time (s); Qin and Qout are the inflow and outflow rates (m3/s), respectively, determined by the station operation schedule and the common scenario boundary; and Qevap is the volumetric evaporation rate (m3/s), calculated by the thermal module. Direct precipitation is treated as a common atmospheric boundary across the compared scenarios and is not decomposed as an operational exchange term, so the factorial attribution isolates PSH-induced exchange, area, and thermal effects.



Surface area, A, is the critical geometric parameter determining total evaporation. The storage-area response is constrained by the reservoir operating boundary, with dead and normal storage of about 40.0 × 104 and 705.0 × 104 m3 for the upper reservoir and 111.0 × 104 and 777.0 × 104 m3 for the lower reservoir, respectively. Considering the topographical features of canyon-type and basin-type reservoirs in arid and semi-arid regions, the traditional linear area–volume assumption can lead to substantial errors. Assuming that the reservoir basin approximates an inverted conical geometry, the surface area and storage volume follow a power-law relationship. Related bathymetric volume–area–height and water-level–storage studies provide a basis for representing this geometric response [30,31]:


  A  ( t )  =  A  m a x   ×        V ( t )    V  m a x         b   



(12)




where b is the basin-shape exponent that characterizes how sensitively surface area responds to storage variation. In this study, the area–volume power-law relationship is used to represent the A–V geometric response of the reservoir basin. For canyon-type basins, the A–V exponent is approximately 2/3 under an idealized inverted-cone representation; accordingly, b = 0.67 is adopted here as the central representative value. This choice is also consistent with the deep and narrow mountain-lake morphology of the upper reservoir (Tianchi), whose geometric scale is broadly comparable to the response of canyon-type lake–reservoir systems [32]. Furthermore, to cover possible basin-geometry differences within the study area, a structural uncertainty analysis is conducted over the range b = 0.60–0.75 to test the robustness of the main conclusions to geometric-parameter variation. Therefore, b is used here to represent the dominant geometric response of the canyon-type basin in the study area.




2.3.3. Thermal Process and Hydrodynamic Coupling


Water-temperature evolution follows the law of energy conservation. For pumped-storage reservoirs with substantial inflow and outflow exchange, the participating water body is represented in a lumped manner at the reservoir-operation attribution scale, and its transient heat balance is described as follows [33]:


  ρ  C p  V    d  T w    d t    =  Q  s u r f   A +  Q  a d v    



(13)




where ρ is the water density (1000 kg/m3); Cp is the specific heat capacity of water (4186 J/(kg·K)); and Tw is the mixed-layer water temperature (°C). The heat-storage term represents the “active water volume” that effectively participates in energy exchange. In S1, heat storage was characterized by the surface mixed-layer volume A·Hmix. Under strong exchange disturbances (S2/S4), a dynamically fully mixed approximation was adopted, such that the full storage volume V participated in the energy-budget update, thereby capturing changes in thermal inertia induced by enhanced mixing.



Qadv represents the advective heat flux induced by inflow and outflow. It is a key energy term distinguishing PSH systems from static lakes and characterizes the enthalpy transport associated with water exchange, calculated as follows [18,28]:


   Q  adv   = ρ  C p   Q  in   (  T  in   −  T w  )  



(14)




where Tin is the inflow water temperature. For the upper reservoir, Tin is taken as the outflow temperature of the lower reservoir at the current time step, and vice versa. The conveyance-lag scale is shorter than the hourly model step: using a 1650 m conveyance length and a 6.5 m tunnel diameter gives estimated travel times of about 12.7 min for a single-unit flow of 71.6 m3/s and 6.4 min for a one-tunnel-two-unit flow of 143.2 m3/s. The same-time-step coupling therefore represents the hourly scale enthalpy exchange used in the attribution model. Qsurf is the net heat flux per unit water surface area (W/m2), determined by heat exchange at the air–water interface [28]:


   Q surf  =  R net  − L E − H  



(15)




where Rnet is the net radiation flux; LE is the latent heat flux; and H is the sensible heat flux.




2.3.4. Open-Water Penman Combination Equation


Evaporation in this study is calculated using the Penman [15] open-water combination equation. For consistency with the general Penman–Monteith variable system, the formulation is expressed in Penman–Monteith notation while setting the open-water surface resistance to rs ≈ 0. The equation therefore contains both an energy-balance term and an aerodynamic term [14].



The latent heat flux LE (W/m2) is calculated as follows:


  L E =    Δ (  R  net   − G ) +  ρ a   C p    (  e s  −  e a  )    r a      Δ + γ     



(16)







For open water, the surface resistance is approximately rs ≈ 0 because stomatal resistance is absent, and the aerodynamic term is expressed using a wind function (or, equivalently, an aerodynamic resistance rₐ). Therefore, the equation used here can be regarded as the open-water simplification of the Penman combination equation within the Penman–Monteith notation framework [15,34]:



In the above equation, Δ is the slope of the saturation vapor-pressure curve (kPa/°C), γ is the psychrometric constant, es is the saturation vapor pressure (kPa) calculated from water-surface temperature Tw, and ea is the actual vapor pressure (kPa) calculated from air temperature Ta and relative humidity RH.



The wind function f(u) is critical to determining the accuracy of latent heat flux calculations. This study adopts the original Penman [15] wind function form, which has been verified in similar high-altitude arid basins [32]. Given that the model operates on an hourly time step and the energy balance equation is based on instantaneous power (W/m2), the original daily-scale empirical coefficients must undergo dimensional conversion. The coefficients were obtained by converting the original Penman [15] wind function from an “evaporation-rate form” to a “latent-heat-flux form”. Specifically, the aerodynamic term expressed as an evaporation depth (e.g., mm·d−1) was multiplied by ρw λ/86,400 to yield W·m−2, and the vapor-pressure deficit was consistently expressed in kPa. In addition, given the model time step (Δt = 1 h), both the radiative and aerodynamic terms were maintained in the same instantaneous flux units so that they could be directly summed. The modified energy-form wind function is:


  f ( u ) ≈ 74.42 ( 1 + 0.536  u 2  )  



(17)




where Ws is the wind-speed variable used in the aerodynamic term (m/s). ERA5 wind forcing is obtained from the 10 m u/v components, whereas station forcing uses the recorded near-surface wind speed; both are processed as hourly Ws and then passed through the same Penman wind-function form. The coefficient 74.42 has dimensions of W m−2 kPa−1. This treatment keeps the aerodynamic and radiative terms dimensionally consistent for the hourly evaporation calculations and scenario-based attribution analysis.



A wind-height diagnostic was further conducted following the FAO-56 logarithmic conversion, u2 = uz × 4.87/ln(67.8 z − 5.42), with z = 10 m for ERA5 wind components. For the 2024 ERA5 series, this conversion factor is 0.748; the annual mean wind speed changes from 1.60 m s−1 at 10 m to 1.20 m s−1 as a 2 m equivalent, and the corresponding Penman wind-function ratio is 0.893. Because the attribution analysis is primarily based on station forcing and ERA5 is used as an independent background benchmark, the manuscript reports a common Ws variable while interpreting it consistently with the forcing source.



Sensible heat flux H (W/m2) is estimated from the Bowen ratio, which helps enforce energy-budget closure [35]:


  H = β ⋅ L E = γ ⋅     T w  −  T a    e s − e a    ⋅ L E  



(18)







Finally, the evaporation rate Erate (m/s) can be directly derived from the latent heat flux:


   E  rate     =      L E   ρ w   ⋅   λ       



(19)




where ρw is the water density (kg/m3), and λ is the latent heat of vaporization (J/kg).



By solving the above system of equations simultaneously, the model provides hourly responses of water level, water temperature, and evaporation under unified meteorological forcing and operating conditions, thereby supporting subsequent scenario comparison and quantitative attribution analysis. The evaporation flux enters the water-balance equation as a loss term and the energy-balance equation as a latent-heat dissipation term, therefore acting as a key coupling term between hydrodynamic and thermal processes.




2.3.5. Coupling Mechanism and Numerical Solution


The water-balance and energy-balance equations were integrated synchronously using a fixed time step of Δt = 1 h. At each time step, the exchange flow Q(k) was prescribed by the operation schedule. Reservoir storage was then updated to V(k + 1), and the surface area A(k + 1) was obtained from A(V). Net radiation and aerodynamic terms were computed using A(k + 1) and the meteorological forcing to obtain the latent heat flux LE(k + 1) and evaporative volume loss E(k + 1). The evaporative loss was then substituted back into the water-balance equation to achieve water-budget closure at the model time step. In the energy equation, the mixed-layer temperature Tw(k + 1) was updated using Qadv and Qsurf, with LE and H included as dissipation terms to maintain energy consistency [18,36]. At the monthly accumulation scale, numerical consistency was further evaluated using the system-scale energy-closure residual (see Section 3.3).



Water-storage boundary behavior and mass-balance residuals were diagnosed under the same model structure. The baseline diagnostics in Table 4 show that storage and area remain within the prescribed model boundaries and that water-balance residuals are close to numerical zero, supporting the use of the scenario outputs for evaporation attribution.





2.4. Four-Scenario Orthogonal Attribution Experiment Design


The scenario analysis covers one complete operating and meteorological year (1 January–31 December 2024). The year provides continuous hourly station and ERA5 forcing, includes both cold and warm seasons and the high-evaporation period, and allows the same dispatch rules to be applied throughout a full annual cycle. This annual window therefore supports full-year process attribution under consistent meteorological and operational boundaries, and the same framework can be applied to additional hydrological years and dispatch regimes for inter-annual comparison [37].



The scenario definitions and dispatch windows used in the attribution and sensitivity analyses are summarized in Table 5.



S1 natural baseline: This scenario represents the attribution baseline without PSH exchange flow. Initial storage and surface area are prescribed from the same reservoir geometry used in the other scenarios, evaporation-driven storage change is allowed at the hourly step, and natural external boundaries are kept identical across scenarios so that the scenario differences isolate operational area and thermal effects. The upper reservoir (Tianchi) is a deep alpine lake with pronounced summer thermal stratification, where solar heating is primarily concentrated above the thermocline. Accordingly, an effective mixed-layer-depth constraint is introduced in S1, and the energy balance is applied to the active near-surface layer. Previous studies indicate that the summer thermocline in Lake Tianchi is mainly distributed within approximately 2–18 m [38]. On this basis, Hmix = 10 m is adopted as the central setting, and sensitivity tests are conducted over 5–15 m to cover possible variations in effective mixed-layer depth under relatively strong to relatively weak stratification [19].


  Δ  E i  = E (  S 4  ) − E (  S 2  ) − E (  S 3  ) + E (  S 1  )  



(20)







Therefore, the following decomposition holds:


  Δ E =   Δ E t +   Δ E a +   Δ E i  



(21)







In the above equation, the sign and magnitude of ΔEi quantify the degree of nonlinear synergy or antagonism between the area and thermal effects under fully coupled conditions, thereby providing a consistent quantitative definition for interpreting main and interaction effects in Section 3.





3. Results and Analysis


3.1. Variation Characteristics of Total System Evaporation


The annual simulation results (Figure 6a) indicate that, for the full year of 2024, the fully coupled operational scenario (S4) produces a lower system-scale evaporation volume than the natural baseline (S1). Here, system-scale evaporation denotes the sum of open-water evaporation from the upper and lower reservoirs and does not include non-open-water hydraulic structures such as conveyance tunnels or pressure pipelines. On the annual scale, system evaporation decreases from 135.36 × 104 m3 under S1 to 115.45 × 104 m3 under S4, corresponding to a net reduction of 19.91 × 104 m3 or 14.7%. Evaporation reduction denotes the modeled difference in evaporation volume between scenarios.



In terms of intra-annual distribution, the difference between S1 and S4 is concentrated mainly from late spring to autumn, when evaporative demand is relatively high, whereas winter evaporation is smaller in absolute magnitude but remains part of the full-year hourly calculation. Under the baseline schedule, the low-temperature-season diagnosis gives S1 = 15.16 × 104 m3 and S4 = 12.90 × 104 m3, with a winter net reduction of 2.27 × 104 m3, accounting for about 11.4% of the annual system net reduction. Figure 6b shows that, under S4, the upper-reservoir surface area contracts and expands with operational scheduling, and its time-mean surface area is lower than that under the full-water natural baseline (S1). This reduces evaporative accumulation at the volumetric scale. Figure 6c presents an August high-evaporation-period example to illustrate the coupled area–temperature process; the evaporation totals and attribution results are calculated for the full year of 2024.



A net evaporation reduction at the annual system scale does not imply consistent responses of the upper and lower reservoirs to operational disturbances. The two reservoirs differ in elevation, local meteorological conditions, water-temperature background, and the direction of exchange-flow enthalpy transport. As a result, the thermal main effect, area main effect, and interaction term differ in sign and magnitude between the two reservoirs. Therefore, annual evaporation changes in the upper and lower reservoirs are attributed separately using the four-scenario factorial decomposition, and the mechanistic differences are interpreted (Figure 7).




3.2. Physical Mechanism Attribution: Heterogeneous Responses of Upper and Lower Reservoirs


Changes in system-wide total evaporation arise from the differentiated responses of the upper and lower reservoirs to the combined thermal disturbances and geometric changes. Figure 7 presents the attribution results from the four-scenario factorial experiment, which decomposes the operation-induced evaporation change relative to the natural baseline into thermal and area main effects and an interaction term, thereby enabling interpretation of the mechanistic differences between the two reservoirs.



3.2.1. Upper Reservoir: Main-Effect Evaporation Reduction and Positive Interaction Offset


As shown in Figure 7a, the upper reservoir exhibits a response characterized by main-effect evaporation reduction and positive interaction offset under annual operational disturbance. On the annual scale, fully coupled operation reduces upper-reservoir evaporation from 69.40 × 104 m3 to 53.07 × 104 m3, corresponding to a net reduction of 16.33 × 104 m3. Mechanistically, the thermal-only scenario (S2) reduces evaporation by 38.96 × 104 m3 relative to the natural baseline, and the area-only scenario (S3) reduces evaporation by 19.63 × 104 m3. This indicates that both the annual thermal trajectory and surface-area contraction can reduce upper-reservoir evaporation. However, the interaction term is +42.26 × 104 m3, offsetting much of the reduction implied by the linear sum of the two main effects. Thus, the annual result does not support interpreting the thermal disturbance in the upper reservoir simply as an evaporation-enhancing effect. Instead, it should be understood as a non-additive response shaped jointly by water-body thermal inertia, operational mixing, heat storage, and surface-area contraction.




3.2.2. Lower Reservoir: Competition Between Thermal Enhancement and Negative Interaction Reduction


As shown in Figure 7b, annual evaporation in the lower reservoir decreases from 65.96 × 104 m3 to 62.38 × 104 m3, corresponding to a net reduction of 3.58 × 104 m3. Unlike the upper reservoir, the thermal-only scenario increases evaporation by 14.05 × 104 m3 relative to the natural baseline, indicating that exchange-flow-induced thermal-state changes can enhance evaporation per unit area in the lower reservoir. The area term is −1.46 × 104 m3 and therefore contributes only weakly to evaporation reduction, whereas the interaction term is −16.17 × 104 m3 and forms the main source of the net reduction. This result shows that the lower-reservoir response is not simply the result of area contraction, but a net effect produced when thermal enhancement is offset by negative area–thermal coupling. The two reservoirs therefore follow different attribution pathways: the upper reservoir is dominated by main-effect reductions with positive interaction offset, whereas the lower reservoir is governed by competition between thermal enhancement and negative interaction reduction.





3.3. Energy-Budget Analysis: Further Physical Interpretation


To reveal the physical basis of how station operation alters water temperature and evaporation, this study further interprets the annual results from the perspective of the energy budget. Figure 8 quantifies annual cumulative advective heat transport, net air–water surface heat flux, and heat-storage change for the upper and lower reservoirs.



The energy-budget results in Figure 8 indicate that advective heat transport (Qadv) plays a dominant role in redistributing heat between the two reservoirs, but its annual cumulative magnitude does not simply cancel between reservoirs. The upper reservoir receives +205 TJ of advective heat input, while its net air–water surface heat flux is −257 TJ and heat-storage change is −52 TJ, with a closure residual of 9.24 × 10−14 TJ (3.60 × 10−14%). The lower reservoir loses −333 TJ through advective heat transport, while its net surface heat flux is +134 TJ and heat-storage change is −199 TJ, with a closure residual of −1.99 × 10−13 TJ (−5.97 × 10−14%). The opposite signs of the advective terms confirm exchange flow as a key pathway of inter-reservoir heat redistribution. However, because of differences in reservoir storage, water temperature, operation timing, and surface fluxes, the annual cumulative advective heat terms should be interpreted as reservoir-specific energy-budget components rather than as simple system-level cancelation.



The corresponding numerical closure diagnostics are given in Table 6. Under the baseline dispatch, closure residuals remain close to numerical zero at reservoir and system scales, indicating that the heat-budget decomposition is internally consistent under the adopted sign convention.



From the intra-annual perspective, advective heat transport does not act merely as an internal term in the cumulative energy decomposition, but continuously modifies the thermal states of the two reservoirs across months (Figure 9). Under the baseline schedule, Qadv is positive in the upper reservoir for most months, corresponding to heat input from exchange flow, whereas Qadv is negative in the lower reservoir for most months, corresponding to heat export. The annual result emphasizes seasonal heat redistribution: advective heat transport is stronger from spring to summer and weaker in winter, but its annual accumulation still constrains heat storage and evaporation attribution in both reservoirs.




3.4. Sensitivity and Meteorological Driver Analysis


3.4.1. Robustness Analysis of Model Structural Parameters


(1) Sensitivity to the effective mixed-layer depth (Hmix): In the natural baseline scenario (S1), the effective mixed-layer depth is an important thermal boundary affecting the upper-reservoir thermal state and evaporation response. Based on observations showing that the summer thermocline in Tianchi is mainly distributed within approximately 2–18 m [38], Hmix = 10 m is adopted as the central setting, and model responses are tested over the range of 5–15 m to cover possible variations in effective mixed-layer depth from relatively strong to relatively weak stratification. The results (Table 7) show that increasing mixed-layer depth increases thermal inertia in S1, whereas the upper-reservoir evaporation response remains generally stable. When Hmix varies within this range, natural evaporation in the upper reservoir changes by only −1.28% to +0.64%; across all tested depths, the relative evaporation reduction in the upper reservoir remains positive, ranging from 16.36% to 17.97%. This indicates that, within the tested mixed-layer-depth range, the direction of relative evaporation reduction in the upper reservoir is insensitive to Hmix perturbation, and structural-parameter variation does not alter the basic role of area change in evaporation attribution.



(2) Basin-geometry sensitivity represented by the reservoir exponent (b): The basin-shape exponent b characterizes how sensitively surface area responds to storage drawdown in the area–storage power-law relationship. In this study, b is treated as an equivalent geometric-response parameter constrained by the reservoir level-storage boundary and tested over b = 0.60–0.75 to bracket the response from a steeper to a gentler area–storage curve. The results (Table 8) indicate that variations in b primarily affect the magnitude of surface-area contraction associated with drawdown under operation (S4), thereby modulating the time-mean area response and the magnitude of the area term. Under the gentler-geometry assumption (b = 0.75), the relative evaporation reduction is 24.38%, and it remains 21.42% under the steeper assumption (b = 0.60). Together with the Hmix sensitivity results, the b-sensitivity test shows that the upper-reservoir relative evaporation reduction remains positive across the tested basin-geometry range and that the role of area change in evaporation attribution remains stable.




3.4.2. Dispatch-Regime Sensitivity and Meteorological Robustness


To examine how annual evaporation response varies with operating conditions and meteorological backgrounds, multiple dynamical scenarios were designed for sensitivity analysis. Here, dispatch regime is characterized by three quantifiable factors, i.e., the number of daily cycles n (pumping/generation frequency), the duration per cycle T (or the equivalent total daily operating time Top), and the exchange-flow magnitude Qmax, which controls the amplitude of water-level and surface-area fluctuations. In Figure 10a, scenarios are grouped by n and Top (low-frequency/baseline/enhanced) to test the nonlinear response of system-scale net evaporation reduction to dispatch regime. The results show that system-scale net evaporation reduction, defined as the total evaporation difference between the natural baseline (S1) and fully coupled operation (S4), does not vary monotonically with dispatch regime, but instead depends on the phase alignment or misalignment between water level–area variation and periods of high evaporative demand (high net radiation and VPD).



A winter contribution diagnosis was also conducted to identify the seasonal composition of the annual evaporation difference. Under the baseline schedule, the system-scale winter reduction is 2.27 × 104 m3, accounting for 11.4% of the annual system reduction (Table 9). This indicates that low-temperature months are included in the annual mass-balance diagnosis, while the dominant evaporation-response signal remains controlled by higher-demand operating periods.



Three representative dispatch regimes were used in the sensitivity analysis. The low-frequency regime represents one daily cycle for the evening peak (11 h d−1). The baseline regime follows the S4 two-cycle schedule with morning and evening peaks (16 h d−1). The enhanced regime adds a midday pumping window for photovoltaic absorption (12:00–14:00) to the baseline schedule, increasing daily operation to 20 h d−1.



The results indicate that changes in dispatch regimes exert a pronounced nonlinear influence on the system-scale evaporation-reduction effect. Figure 9b shows that system-scale net evaporation reduction is 37.70 × 104 m3, 19.91 × 104 m3, and −3.41 × 104 m3 under the low, baseline, and enhanced scheduling regimes, respectively. The lower-intensity schedule corresponds to a larger annual net evaporation reduction, whereas the enhanced schedule does not expand the evaporation-reduction effect and instead shifts the system from evaporation reduction to evaporation increase. This occurs because the dispatch regime modifies not only exchange-flow heat transport, but also the phase relationship between water-surface exposure and periods of high evaporative demand. When the added pumping window overlaps with high net radiation and high VPD, the evaporation increment caused by surface-area expansion may exceed the benefit from thermal regulation, thereby weakening or reversing the net evaporation-reduction effect.



As also shown in Figure 9b, stronger advective heat transport and larger thermal-state anomalies do not necessarily translate into greater evaporation reduction. The evaporation response must therefore be evaluated jointly from exchange-flow heat transport, surface-area variation, and exposure during high-evaporation periods.



(2) Response under meteorological perturbation scenarios: To further test the stability of the conclusions under different meteorological boundaries, four disturbance scenarios were constructed: low wind, high wind, warm-dry, and cold-humid. The annual results show that different meteorological perturbations modify evaporation intensity and the magnitude of evaporation reduction, but do not remove the basic mechanism by which coupled area and thermal processes control the evaporation response. Relative to the baseline scenario, wind perturbations mainly affect the aerodynamic term, whereas warm-dry and cold-humid perturbations mainly modify evaporative demand through net radiation, VPD, and the air–water temperature difference. Figure 10a reports changes relative to the baseline scenario and is used to compare the relative sensitivity of system-scale net evaporation reduction under different meteorological perturbations.



(3) Contributions of meteorological factors: Figure 10b illustrates the relative driving weights of individual meteorological factors. On the annual scale, net radiation remains the dominant energy source, contributing approximately 53% and 58% for the upper and lower reservoirs, respectively. Air temperature contributes approximately 25% and 23%, reflecting the modulation of evaporative demand by seasonal temperature variation. Relative humidity contributes approximately 11%, and wind speed contributes approximately 11% and 8% for the upper and lower reservoirs, respectively. These results indicate that wind remains a non-negligible evaporation driver in arid, windy regions such as Xinjiang, but net radiation and air temperature together form the dominant annual thermal boundary.






4. Discussion


This study developed a hydrodynamic–thermal coupled model for high-frequency PSH operation in an arid region and used it to separate the main physical drivers of evaporative water consumption. In contrast to natural lakes or static reservoirs, PSH systems involve concurrent changes in surface area, exchange-flow heat transport, and reservoir thermal state. The following sections discuss how these coupled processes explain the simulated annual evaporation response, the associated energy-budget restructuring, and the sensitivity to dispatch and meteorological conditions.



4.1. Nonlinear Competition Between Area and Thermal Effects


Simulation results indicate that annual evaporation change is jointly controlled by surface-area variation, thermal-state restructuring, and their interaction, rather than by a single area or thermal mechanism. In the upper reservoir, both thermal-only and area-only effects reduce evaporation, but their combined response is substantially offset by a positive interaction term under fully coupled conditions. In the lower reservoir, the thermal-only effect enhances evaporation, the area effect is weakly negative, and the negative interaction term dominates the net evaporation reduction. This result shows that the key to understanding PSH evaporation response is not only whether operation reduces mean surface area, but also how operation timing reshapes water temperature, heat storage, and surface-area exposure during high-evaporation periods.



The interaction term shown in Figure 7 further indicates that the area and thermal effects are not independent under fully coupled conditions, but are linked through substantial nonlinear coupling. In the upper reservoir, both the thermal and area terms reduce evaporation on the annual scale, whereas the positive interaction term offsets part of the reduction implied by their linear sum. Its physical meaning is not a simple thermal enhancement of evaporation, but a non-additive response in which operational mixing, heat-storage change, and surface-area contraction jointly modify evaporation intensity per unit area and effective evaporating area. By contrast, in the lower reservoir, the thermal term enhances evaporation, the area term weakly reduces evaporation, and the negative interaction term dominates the net reduction. Thus, the two reservoirs follow distinct pathways within the same attribution framework: main-effect reduction with positive interaction offset in the upper reservoir and competition between thermal enhancement and negative interaction reduction in the lower reservoir.




4.2. Restructuring of Water Energy Budget by Operational Scheduling


Energy-budget analysis further reveals the fundamental thermodynamic characteristic that distinguishes PSH stations from natural water bodies: operation-induced advective heat transport not only alters the annual cumulative heat budget, but also continuously reshapes the thermal states of the upper and lower reservoirs at the seasonal scale. As shown in Figure 8, advective heat transport (Qadv) is the most important internal heat-redistribution term between the two reservoirs. It appears as a net heat input to the upper reservoir and a net heat output from the lower reservoir, but the two annual cumulative terms do not simply cancel. The system-level energy interpretation should therefore consider advective heat transport, net air–water surface heat flux, and heat-storage change together, rather than relying only on the sign of the internal exchange term.



The scheduling-sensitivity results in Figure 9 further show that different scheduling regimes modify both advective heat-transport strength and surface-area exposure timing. Under the baseline scenario, the annual cumulative advective heat input is approximately +205 TJ for the upper reservoir and −333 TJ for the lower reservoir. The enhanced scenario further strengthens heat redistribution, but system-scale net evaporation reduction becomes −3.41 × 104 m3. Therefore, advective heat transport is not merely an internal pathway in the energy budget; it is a dynamic constraint linking operation scheduling, reservoir thermal evolution, surface-area exposure, and evaporation response.




4.3. Temporal Effects of Dispatch–Meteorology Coupling


The sensitivity analysis reveals a key physical insight: evaporation reduction in pumped-storage hydropower does not increase monotonically with dispatch regime but instead depends on the phase relationship between hydrodynamically driven surface-area responses and the diurnal cycle of meteorological evaporative potential.



From the perspective of operation optimization, Figure 9 and Figure 10 jointly show that evaporation-reduction benefit depends on the timing of exposed surface area relative to evaporative demand, rather than on dispatch regime alone. The weaker schedule produces a larger annual net evaporation reduction, indicating that reduced surface-area exposure during high-evaporation periods can be more favorable than stronger exchange-flow thermal regulation. Although the enhanced schedule increases advective heat-transport intensity, the added pumping window overlaps with high radiation and high VPD, which can increase evaporative exposure and weaken the net reduction. Therefore, the evaporation effect of a dispatch scheme should be evaluated jointly from exchange-flow heat transport, surface-area amplitude, and exposure during high-evaporation periods.



This result has direct implications for comparing PSH operation schemes in arid regions. Under grid-regulation constraints, the phase relationship between water-level variation and the local diurnal cycle of evaporative demand is important. If high water level or larger surface area occurs mainly during nighttime or early-morning periods of low evaporative potential, while surface-area exposure is limited during midday periods of high radiation and high VPD, evaporative losses are more likely to be reduced. Conversely, simply increasing pumping-generating frequency or extending exchange-flow duration may yield a lower evaporation-reduction benefit when it increases exposure during high-demand periods.




4.4. Model Applicability and Future Perspectives


The existing sensitivity analyses and energy-closure results indicate that the conclusions regarding annual evaporation-change direction, heterogeneous upper- and lower-reservoir responses, and relative differences among scenarios are internally consistent. The energy-closure results further show that the system-scale evaporation response can be explained jointly by advective heat transport, air–water surface flux, and heat-storage change, providing a physical basis for reservoir-operation evaporation-response analysis, scenario comparison, and dominant-mechanism identification.



In terms of interpretation level, the present framework is suited to relative-change analysis and mechanism attribution under unified meteorological forcing and operational disturbance. It identifies operation-induced changes in system evaporation relative to the natural baseline, separates the dominant area, thermal, and interaction mechanisms, and evaluates their energy-budget consistency. The dual-source meteorological comparison, structural-parameter sensitivity analysis, and energy-closure diagnostics jointly constrain the results and allow upper- and lower-reservoir evaporation responses to be compared within one physical framework.



For broader application, the framework can be applied to different hydrological years, anomalously cold or warm years, and multiple dispatch strategies to compare evaporation responses under different climatic and operational backgrounds [37]. Inter-annual and cross-project applications can incorporate evaporation-formulation uncertainty and reservoir-evaporation attribution methods [39,40], pumped-storage thermal-response processes [41], combination-evaporation theory and operation-scheme effects [42,43], downstream ecological impacts and thermal-pollution mitigation [44,45], and reservoir thermal-structure modeling and evaporation-suppression measures [46,47].





5. Conclusions


This study investigates the physical mechanisms and quantitative attribution of evaporation changes in an arid-region pumped-storage hydropower (PSH) system using the Fukang PSH station in Xinjiang, China, as a representative case. Based on a thermo-hydrodynamic attribution framework constrained by meteorological forcing and energy-budget analysis, the main conclusions are as follows.



(1) The full-year simulation for 2024 shows that the fully coupled operational scenario produces a net reduction in annual system-scale evaporation relative to the natural baseline. System evaporation decreases from 135.36 × 104 m3 to 115.45 × 104 m3, corresponding to a net reduction of 19.91 × 104 m3 or 14.7%. This result indicates that, for the present case and the specified dispatch rule, the combined effect of operation-induced area variation and thermal-state restructuring leads to lower annual evaporation than the natural baseline.



(2) The evaporation response of the PSH system is governed by nonlinear thermo-geometric coupling rather than by a single mechanism alone. The upper reservoir shows an annual net evaporation reduction of 16.33 × 104 m3; both the thermal and area terms reduce evaporation, but the positive interaction term offsets part of the main effects. The lower reservoir shows an annual net evaporation reduction of 3.58 × 104 m3; the thermal term enhances evaporation, the area term weakly reduces evaporation, and the negative interaction term forms the main source of the net reduction. These results show that the two reservoirs follow the same attribution framework but exhibit distinct interaction pathways under the same operational disturbance.



(3) Advective heat transport associated with exchange flow is a key thermodynamic pathway linking operation scheduling, reservoir thermal evolution, and evaporation response. At the annual cumulative scale, advective heat transport is +205 TJ in the upper reservoir and −333 TJ in the lower reservoir. The two terms have opposite signs but do not simply cancel. Net air–water surface heat flux and heat-storage change jointly close the energy budget. This result indicates that the role of advective heat transport in evaporation attribution should be interpreted together with reservoir storage, water temperature, surface flux, and operation timing.



(4) Sensitivity analysis shows that structural parameters, dispatch regime, and meteorological perturbations change the magnitude of net evaporation reduction, but do not remove the basic mechanism by which coupled area and thermal processes control the evaporation response. Dispatch regime has a distinctly nonlinear effect on evaporation reduction: system-scale net evaporation reduction is 37.70 × 104 m3, 19.91 × 104 m3, and −3.41 × 104 m3 under the low, baseline, and enhanced regimes, respectively, indicating that stronger dispatch does not necessarily increase evaporation reduction. Annual meteorological-driver contributions show that net radiation and air temperature form the dominant thermal boundary, while wind speed and relative humidity remain non-negligible modulators of evaporation intensity.
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Figure 1. Location and land-cover setting of the Fukang PSH study area: (a) regional location of the study area; (b) land-cover background around the Fukang PSH station; (c) upper-reservoir area; (d) lower-reservoir area. 
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Figure 2. ERA5 data-processing workflow. 
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Figure 3. ERA5 and station-based meteorological forcing comparison in 2024. Dashed lines indicate ERA5 series in the time-series panels and reference or fitted relationships in the consistency panels; the blue shaded frame marks the August high-evaporation analysis window, and grey shading indicates the envelope of hourly variability. 
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Figure 4. Annual meteorological context and summer evaporative-forcing conditions in 2024. Dashed reference lines indicate the annual mean or threshold reference used to identify high-demand conditions. 
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Figure 5. Thermo-hydrodynamic coupling framework for the PSH system. Dashed arrows indicate constraint or validation links, and dotted arrows indicate energy-flux pathways, including Qadv and Qsurf. 
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Figure 6. Annual evaporation and upper-reservoir area–temperature response in 2024. Grey and orange bars indicate S1 and S4 monthly evaporation, respectively; blue shading highlights operational surface-area variation, and dashed lines indicate the S1 reference state. 
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Figure 7. Annual factorial attribution of evaporation changes in 2024. 
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Figure 8. Annual energy-budget decomposition for the upper and lower reservoirs. 
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Figure 9. Seasonal advective heat transport and evaporation response under different dispatch regimes. 
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Figure 10. Annual sensitivity and meteorological-driver contribution analysis. 
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Table 1. Main datasets used in this study and their basic information.
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	Product Name
	Spatial Resolution
	Temporal Resolution
	Period Used
	Data Link/DOI





	ERA5 reanalysis data
	~0.25°

(~31 km)
	Hourly
	1 January 2024 to

31 December 2024
	Copernicus Climate Change Service (C3S)

https://cds.climate.copernicus.eu/

(accessed on 20 November 2025) [21]



	Hourly observations from Tianchi Meteorological Station (Station ID: 51470)
	Point observation
	Hourly
	1 January 2024 to

31 December 2024
	China Meteorological Data Service Centre

https://data.cma.cn/dataService/cdcindex/datacode/A.0012.0001/show_value/normal.html (accessed on 20 November 2025)



	Hourly observations from Fukang Meteorological Station (Station ID: 51377)
	Point observation
	Hourly
	1 January 2024 to

31 December 2024
	China Meteorological Data Service Centre

https://data.cma.cn/dataService/cdcindex/datacode/A.0012.0001/show_value/normal.html (accessed on 20 November 2025)










 





Table 2. ERA5 variables employed in this study and their physical roles.
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Category

	
Full Variable Name

	
Code

	
Unit

	
Physical Significance and Model Application






	
Thermodynamic Parameters

	
2 m temperature

	
T2m

	
K

	
Air temperature: it determines the temperature gradient driving sensible heat flux and serves as the baseline for calculating saturated vapor pressure.




	
2 m dewpoint temperature

	
Td2m

	
K

	
Dewpoint temperature: it represents the actual moisture content, used to derive relative humidity.




	
Dynamic Parameters

	
10 m u/v component of wind

	
u10/v10

	
m s−1

	
Wind vector: components are used to compute the 10 m scalar wind speed. This variable is denoted as Ws and is used consistently as the aerodynamic wind-speed input in the evaporation calculation.




	
Surface pressure

	
sp

	
Pa

	
Surface pressure: it is used for calculating air density and the psychrometric constant and for correcting altitude effects.




	
Radiation Parameters

	
Surface net solar radiation

	
Rssr

	
J m−2

	
Net shortwave radiation: it is the primary energy source for water-body heating.




	
Surface net thermal radiation

	
Rstr

	
J m−2

	
Net longwave radiation: it is the net result of the longwave radiation budget at the surface.











 





Table 3. Consistency metrics between ERA5 and station meteorological forcing.
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	Reference
	Variable
	R2
	CCC
	RMSE
	Bias





	Upper station
	Air temperature
	0.946
	0.964
	3.31
	0.10



	Upper station
	Wind speed
	0.011
	0.069
	1.84
	−1.05



	Upper station
	Net radiation
	0.914
	0.924
	78.39
	−23.68



	Upper station
	Vapor pressure deficit
	0.869
	0.909
	0.23
	0.09



	Lower station
	Air temperature
	0.952
	0.900
	6.98
	−4.72



	Lower station
	Wind speed
	0.072
	0.262
	1.23
	0.05



	Lower station
	Net radiation
	0.913
	0.934
	71.16
	−16.73



	Lower station
	Vapor pressure deficit
	0.900
	0.647
	0.87
	−0.48










 





Table 4. Baseline water-storage boundary and mass-balance diagnostics. Storage is in 106 m3, area is in 104 m2, and residual is in m3.
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	Scenario
	Reservoir
	Mean Storage
	Storage Range
	Mean Area
	Boundary h
	Residual





	S1
	Upper reservoir
	7.45
	7.11–7.80
	50.44
	19
	9.43 × 10−9



	S4
	Upper reservoir
	4.11
	1.03–6.74
	33.18
	0
	2.71 × 10−8



	S1
	Lower reservoir
	5.58
	5.24–5.90
	47.35
	0
	−1.42 × 10−8



	S4
	Lower reservoir
	5.90
	3.19–9.00
	48.70
	0
	2.71 × 10−8










 





Table 5. Operational scenarios and dispatch parameters used in the attribution and sensitivity analyses.
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	Scenario
	Qin/Qout (m3 s−1)
	Pump Hours
	Generation Hours
	Cycles
	Operating h d−1
	Treatment





	S1 natural baseline
	0/0
	none
	none
	0
	0
	no exchange; upper S1 Hmix = 10 m



	S2 thermal-only
	180/180
	baseline schedule
	baseline schedule
	2
	16
	thermal exchange retained; area fixed at initial value



	S3 area-only
	180/180
	baseline schedule
	baseline schedule
	2
	16
	dynamic area retained; water temperature inherited from S1



	S4 fully coupled
	180/180
	baseline schedule
	baseline schedule
	2
	16
	dynamic storage, area, water temperature, and advective heat



	Low dispatch
	180/180
	00:00–05:00
	18:00–22:00
	1
	11
	dispatch sensitivity regime



	Baseline dispatch
	180/180
	00:00–07:00
	11:00–14:00; 19:00–22:00
	2
	16
	main dispatch regime



	Enhanced dispatch
	180/180
	00:00–06:00; 12:00–14:00
	08:00–10:00; 17:00–23:00
	2
	20
	dispatch sensitivity regime










 





Table 6. Energy-closure diagnostics under the baseline dispatch regime. All energy terms are in TJ.
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	Volume
	Qadv
	QsurfA
	dS
	Residual
	Residual %





	Upper reservoir
	205.04
	−256.57
	−51.52
	9.24 × 10−14
	3.60 × 10−14



	Lower reservoir
	−333.25
	134.44
	−198.81
	−1.99 × 10−13
	−5.97 × 10−14



	Two-reservoir system
	−128.21
	−122.12
	−250.33
	−1.07 × 10−13
	5.97 × 10−14










 





Table 7. Sensitivity of upper-reservoir evaporation response to Hmix.
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	Scenario
	Hmix (m)
	Physical Meaning
	S1: (104 m3)
	S4: (104 m3)
	Evaporation Reduction Rate
	Variation vs. Baseline





	Shallow
	5.0
	Strong stratification/high stability
	8.68
	7.26
	16.36%
	−1.36%



	Baseline
	10.0
	Typical thermocline depth
	8.80
	7.26
	17.50%
	0.00%



	Deep
	15.0
	Weak stratification/enhanced mixing
	8.85
	7.26
	17.97%
	+0.57%










 





Table 8. Sensitivity of upper-reservoir evaporation response to basin-shape exponent b.






Table 8. Sensitivity of upper-reservoir evaporation response to basin-shape exponent b.





	Geometry Assumption
	Shape Index B
	S4: Operational Evaporation (104 m3)
	Upper-Reservoir Relative Evaporation Reduction (S1 vs. S4)
	Response Characteristic





	Steep V-shape
	0.60
	6.92
	21.42%
	Positive evaporation reduction



	Baseline
	0.67
	7.26
	17.50%
	Baseline response



	Flat U-shape
	0.75
	6.65
	24.38%
	Positive evaporation reduction










 





Table 9. Winter contribution to annual evaporation reduction under the baseline dispatch regime. Evaporation volumes are in 104 m3.






Table 9. Winter contribution to annual evaporation reduction under the baseline dispatch regime. Evaporation volumes are in 104 m3.





	Volume
	S1 Winter
	S4 Winter
	Winter Reduction
	Annual Reduction
	Winter Share





	Upper reservoir
	8.38
	5.84
	2.53
	16.33
	15.5



	Lower reservoir
	6.79
	7.05
	−0.26
	3.58
	−7.3



	Two-reservoir system
	15.16
	12.90
	2.27
	19.91
	11.4
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file8.jpg
s S et o s Sl —Cavtors |/ Bty Contton —Cpesionscrnsn |

3
i T W5, D)) U Lot T o s mgng g chade
AR s ——

7 | s

oo NI

ome s
(5 ORI S

)

ot Systam o





media/file13.png
Evaporation (10‘ ma)
s a g9
5 8 8

«
8

90"
_Thermal I Thermal
o
Interaction Interaction
-___N., g0 | M-I

Station Driven

ERAS Driven

(a) Upper Reservoir Attribution

[+14.05

Station Driven ERAS Driven

(b) Lower Reservoir Attribution





media/file12.jpg
‘Evaporation (10" m)

{6) Upper Reservoir Atiribution (6) Lower Reservoir Attribution





media/file18.jpg
Lowttonsy

o ery

Contibuton ()

|

1

2

‘Crange i Wte Savig (10 %)

(o) Sensitvty Ansiysie

) Driva Contrbution





media/file9.png
Middle System & Modules Top Inputs Row

Bottom

Data Source |

Data Source Il — Constraints / Validation
Landsat-8/9 TIR (upper reservoir)
In-situ stations (hourly)

( Ta, RH, Ws, P, Rn (hourly) ) Umﬂed to UTC¢8
Unlf' jed to UTC+8. Aug 2024 wmdow

/ Pumplngl generation schedule /

Elevation

oo st Validation - -~~~ -~ i
__Rn, Ta,RH, Ws P

Model Outputs

V(!)

Alt)
Drawdown

LA J

Upper Reservoir
V() = AQ |
m Wt blance & geomer ) ASsumpton - umped
Outputs | Qun/Qou ) E-A | 2 « Drawdown
e
\4 A (V) 3 i Al
= O = O ECA b=06/ ( ) E-A (evaporation loss)
b € [0.60, 0.75]
oz 25 Lower Reservoir
Attribution Experiment Design — Water exchsnge Q) == Pumping arrow
ipli

Thermal signature

Natural Baseline $2: Thermal Only S3: Area Only
H,,., conslralnt ) V(t), A(t) vary

- Energy flux (Qaaw/Qsuf) ~ Cold Warm






media/file14.jpg
2 % 8 &

‘Energy Fhux (1)
8§ o

H

™

s

Revocton Suaca 51390 5
(o) Upper Reservoir Energy Budget

RevocionSuaca s Si390 3
(b) Lower Reservoir Energy Budget





media/file5.png
—ERAS Rn (left)
Station Ta (right) - 20

(a) Air

— B ERAS5Ws( m/s)

600 . ~—@— Station Ws (mf)
@3
{10 E
e 400 c 3 |I|
0 < §2 10
] W)
< 200 T 0o
A b e o £
s VMY N, £1 !
0 LT A A
L . \ . I . . . . \ a0 Lok I . . I . | .
Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
T T T
(c) Vapor Pressure Deficit Statibn VPD. (KPE) (d) Air Temperature Consistency
r ~ = “ERAS5 VPD (kPa) 20
I y=1.0332x+-0.01 R?=08181
;‘;2 8 100 |
< ©
< S o J
g g °
g 2 |

Feb Mar Apr May Oct Nov Dec

[ station Rn
[ ERAS Rn

Mar Jun Jul

Aor

May Aug

|
N
S

Mar Jun

Apr

May





media/file15.png
gy Flux (TJ)

-100

Enert

—200

-300

Advection Surface Flux Storage A

(a) Upper Reservoir Energy Budget

-100

=200

-300

-400

-500

Advection
urface Flux
torage A

| _B

Advection Surface Flux Storage A

(b) Lower Reservoir Energy Budget





media/file19.png
Low Wind -

High Wind - g
50 1
Low Intensity |- 2—40 L 4
S
2 I Upper Res.
a [ Lower Res.
T
High Intensity 5 30

Cold & Wet |-

Warm & Dry |

0
20 25 Air Temp Net Rad RH Wind

-15 -10 1
Change in Water Saving (10‘ m3)
(b) Driver Contribution

(a) Sensitivity Analysis





media/file2.jpg
Daa Acaisiion €045 meﬂmwm e Tnsomuton oty s Arfats & Reproducity

R e -

TR =
ks
B,
B

s WAoo
e Gkt
P

pronce
)
St imiaon indon o
ey o] fntomaiecon
Lt v
e
(=
T Desspstar ey
Relien s sty

‘W o ming EMAS oty st ki o mped modt ey mtecelogcs e i comletent e st TG dsmdnton o (504,





nav.xhtml


  hydrology-13-00200


  
    		
      hydrology-13-00200
    


  




  





media/file11.png
= o n
3 @ S
T

Monthly Evaporation (10* m?)

o

n
Month

Mean Monthly Area (10* m?)
P b G L P
8 5 5 B 5 & 8

8

A=A 1
L .81 1Nalural ~conuannl
=@ S4 (Operational, Dynamic)

‘A~‘

MihA A

Mean Tw difference (S4-51): +2.0°C

Jan Feb Mar Apr May Jun Jul Aug Sep Ot Nov Dec

Surface Temp. (°C)





media/file6.jpg
= N

X :

L =t
i .w ! M
i 1 i “W
]

s

’ o | M—
[ Sl —p*
L A lig
i X il
: e






media/file1.png
50°N

30°N

40°N 45°N

35°N

80‘“ E 100°E

0 1000 2000 z
—— kM 0%
<
. g u
(b) Xinjiang Uygur N 24 (@) N
Autonomous Region A < A
z
B
ks
r dam Lower dam 2
z Upper reservoir 9 :
1 Lower reservoir
2
Legend z
A Dam b3
B Water body @
000 |2 [ IBareland o .
i |23 £
70°F S0°F 90°F 100°F 88024 88°27F 88°30F





media/file20.png





media/file10.jpg
() Montiy System Exaporation (5115 34






media/file7.png
—e— T, —e— R, —e— VPDSumnerstudywindow

Study month

EDIy = meanlz(Ta). ARn), AVPD)]
2 075,
2
£ 050,
5! =
= g o2
g Z o
g0 g o Sk H ik mm
=
£ H
E- = 025
E
Ed 050
-2
075
Tm Feb  Mar  Apr May hm Wl Aug  Sep  Od Nov  Dec Tn b Mar  Apr May Jm Ju Aug Sep Ot Nov  Dec
60 Threshold: hourly EDI > P75 (0.46) ‘Marker size = fraction of high-demend hours ”'. 20
), Summer dturna exposure 175
50| 15 %
= F 150 3
- g 0§
£ 40) 21 g
: : :
2 ) Il & B B on] 50 . |
H I 1 H - H
2 2075 0
H N = 050 <3
10 * =
025 L "

ro

5 50 s 1
Monthly mean net radi

00 15
ation (W m™2)

150






media/file16.jpg





media/file3.png
Data Acquisition (ERA5)

@ Step 1: ERAS Source @
ECMWEF / Copernicus C3S
Hourly reanalysis, ~31 km

Step 2: Variable Selection
& Raw Files

Meteorological variables

Ve

T2m, Td2m
u10, v10
sp

Radiative variables

Raw NetCDF
RSSI’: RStl’

lon x lat x time
J

M

Raw grid ROI-masked Area-mean
cube grid time series

Spatiotemporal Harmonization
(Lumped Forcing)
Step 3: Spatial Subsetting (ROI)
ROI: 88.00-89.25°E, 41.75-44.00°N

Step 4: Spatial Averaging
Mean over lon/lat
Lumped forning
| Reduce grid-scale heterogeneity |

> T2m: K - °C (Ta)

-

Variable Transformation & Model-ready Inputs

Step 8: Unit Conversion

sp: Pa = kPa (P)
v

Step 9: Wind Speed
10 m wind.

= )

( Step 10: Relative Humidity (RH) |
From T; and Ty

es(Ta), es(Ta)

FAO-56 Magnus RH = 2— x100
[ Step 5: Time Standardization | | U Clamp 0-100% clampll0Io
UTC - UTC+8 '
Local forcing time. Step 11: Net Radiation (Rn)
v = Rssr + Rstr lated J m™2
Step 6: Simulation Window Ry = 3600 a°é’.‘¢?32 aeseJorg
2024-01-01to 2024-12-31 Um— Wm2 | conerttowWm?
| Hourly. sum - R, J
v H
i QC Missing .
$|(r)r|| . el (Ft’gos‘issg) Final hourly forcing (UTC+8):
Window o5 | TL(°C) RH (%), We (msT), P (Pa),
. N ElalalllaSKer=en_ _ > -
Resolution handle if needed R, (Wm™)

Artifacts & Reproducibility

Processed Forcing
To, RH, W, P, Ry,

ROI Details

ROI bounds (lat/lon)
Time Standard: UTC+8
Window: Full Year 2024

ERAS Mapping
ERA5 — model input
mapping

Provenance

dataset name
platform (C3S)

file format (NetCDF)
retrieval date

code version/hash

Designed for traceability
& reproducibility.

Workflow for transforming ERA5 hourly gridded fields into lumped, model-ready meteorological forcing with a consistent local-time standard (UTC+8) and simulation window (2024).





media/file17.png
30 Cold Season Warm Season 300
247
w210 o 205
20 g - 200
43S g
10 w1
+85
I I ‘i s _ 100
g - 1| - =)
= 20 2 o
i 55 g
a0 E
< i k4 -59
§
g 2 -
i 3 3
2 k] E]
§ 200
= a0 £
10 -300
334
-0 -1 40T saving +37.70x10" m? Saving 41991 x10° m® Saving 341 x10° m®
4T-004/-1.84 dogC AT 41111074 dogC 4T +0911-056 degC
Jan  Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec Baseline Enhanced
Month (2024)
(@) Monthly mean @, , — Seasonal cycle (Baseline S4) (b) Response to schedule intensification





media/file4.jpg





media/file0.jpg
SN

30N

5N

N

N

40°E $8°2IE.

®

T 4

Xinjiang Uygur

U ®)

I

Legena
D

[ ety

(g

-

=

s

e SITE S0E





