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Abstract: The parameters governing a water temperature model play a pivotal role in determining
the uncertainties associated with the model’s outcome. In this study, a two-dimensional (2D) hydro-
dynamic and water temperature coupling model is constructed, focusing on the Nuozhadu Reservoir
situated along the Lancang River. Employing a single-factor analysis approach, the sensitivity of
the thermal balance parameters and hydrodynamic parameters in the model is assessed. This study
overcomes the shortcomings of previous sensitivity analyses of hydrodynamic parameters in reser-
voir water temperature models. The findings reveal that the attenuation parameters of light and
Beer’s law parameter exhibit minimal sensitivity to the vertical temperature structure. Conversely,
radiation parameter A and radiation parameter B exert tenfold disparate influences on the surface
and bottom temperatures of the reservoir. Among the hydrodynamic parameters considered, the
horizontal viscosity factor shows no sensitivity to the vertical temperature structure, whereas the
vertical viscosity factor serves as a crucial determinant, directly influencing the intensity of vertical
temperature stratification. An increased vertical viscosity factor promotes heat exchange between the
upper and lower water layers, thereby reducing the vertical temperature gradient and weakening
stratification. Conversely, diminishing this factor intensifies stratification. Thus, when conducting
water temperature simulations in high dams and large reservoirs, careful attention should be given
to calibrating vertical viscosity factor.

Keywords: high dams and large reservoirs; parameter sensitivity analysis; water temperature model;
vertical temperature structure

1. Introduction

The construction and operation of high dams and large reservoirs play pivotal roles
in providing energy support for social and economic development, while also serving as
crucial engineering safeguards for the optimal allocation of water resources. However,
importantly, these factors also significantly impact the temporal and spatial distributions of
water temperature within a reservoir’s water body and the downstream river section below
the dam. Research shows that the construction of dams damages the connectivity of rivers
and blocks fish migration channels, thus affecting aquatic biodiversity [1,2]. Simultaneously,
reservoir storage changes the natural hydrological situation in the river channel, reducing
the flow rate in the downstream river section [3,4]. High dams and large reservoirs can
also cause vertical temperature stratification in reservoir areas, make the bottom water
temperature of the reservoir significantly lower than the natural river water temperature,
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and result in a low-temperature water discharge phenomenon [5,6]. For example, the
bottom water temperature of Fengmang Reservoir in Jilin Province, China, is approximately
4.0 ◦C [7,8], that of Longyangxia Reservoir in Qinghai Province is approximately 6.0 ◦C [9],
that of Xin’anjiang Reservoir in Zhejiang Province is approximately 10 ◦C [10,11], that
of Ertan Dam in Sichuan Province is approximately 10–11.5 ◦C [12], that of Guangzhou
Zhuoluo Dam in Guizhou Province is approximately 16 ◦C [13], that of Nuozhadu Dam
in Yunnan Province is approximately 17 ◦C [14,15], and that of Songtao Dam in Hainan
Province is approximately 19 ◦C [16,17].

The stratification of water temperature in reservoirs and the consequent discharge of
frigid water have crucial ecological impacts stemming from the establishment of large dams
and reservoirs. To comprehensively grasp the ecological significance of these structures and
strategize sound conservation measures, it is imperative to investigate the spatiotemporal
distribution patterns of water temperature across reservoir regions. This constitutes a
paramount research focus for hydroelectric projects of notable importance. Researchers
have employed the Delft3D model as a two-dimensional simulation model for surface water
temperature to identify the mechanisms and trends of climate change alongside reservoir
operation policies that impact the water temperature in large reservoirs [18]. In another
study, several researchers developed an ISM-RWTS model and documented the water tem-
perature in the Tankeng Reservoir area, Zhejiang Province, China, achieving high precision
and accuracy [19]. Similarly, a two-dimensional water temperature model was constructed
to scrutinize the vertical distribution of the surface water temperature in Nuozhadu Reser-
voir [20]. Compared with empirical formulas for reservoir water temperature prediction,
numerical models can generally obtain better simulation results [21].

To attain better simulation outcomes, calibration and the optimization of water tem-
perature model parameters are fundamental steps that researchers extensively employ.
Importantly, the uncertainty of model parameters strongly influences the uncertainty of
water temperature model simulation results. For this reason, sensitivity analyses and
assessments of the parameters in water temperature models are crucial for parameter cali-
bration and have immense practical significance for performing accurate reservoir water
temperature simulations [22,23].

The parameters of different reservoir water temperature models are not the same but
can generally be divided into two categories: heat balance parameters and hydrodynamic
parameters. Heat balance parameters directly impact the heat exchange process between
reservoirs and the external environment; notable examples include solar absorption pa-
rameters, radiation parameters, and evaporation parameters [24–26]. On the other hand,
hydrodynamic parameters mainly include riverbed slope, roughness, momentum exchange
parameters, and vortex viscosity. Scholars worldwide have analyzed reservoir water tem-
perature model parameters. Regrettably, few studies have been conducted on the sensitivity
of water temperature model parameters for high dams and large reservoirs [27,28].

Nuozhadu Reservoir is the largest hydropower project on the Lancang River, with
a total installed capacity of 5.85 million kilowatts and a core rockfill dam with a height
of 261.5 m; this structure is among the largest dams in the world [29]. The reservoir is a
multiyear regulation reservoir with a normal storage level of 812.0 m and a total storage
capacity of 23.703 billion m3. The backwater length of the main stream of the reservoir is
approximately 215 km, and the average river width in the reservoir area is approximately
690 m; this type of reservoir is a typical channel-type high-dam reservoir (Figure 1).

This study aims to explore the relationship between various parameters in a wa-
ter temperature model and simulate the reservoir water temperature in high dams and
large reservoirs. To achieve these objectives, the Nuozhadu Reservoir is selected as the
research object, and a two-dimensional (2D) hydrodynamic–temperature coupling model
is constructed. Different from previous studies, this paper fully considers the coupled char-
acteristics of the flow field and temperature field in high dams and large reservoirs [30–32],
and sensitivity studies of thermal equilibrium parameters and hydrodynamic parameters
are conducted. Furthermore, in addition to studying thermal balance parameters, sensitiv-
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ity analyses of the horizontal viscosity factor and vertical viscosity factor are conducted to
further improve the reservoir water temperature model. The findings of our study provide
a basis for improving the accuracy of water temperature simulations of high dams and
large reservoirs and provide basic technical support for decision making related to reservoir
ecosystem protection.

Figure 1. Location of the study area. The highlighted area in the image is within the Lancang River
Basin, which is situated in southwestern China. The reservoir depicted in the image is Nuozhadu
Reservoir on the Lantsang River.

2. Materials and Methods

Numerical water temperature models can be divided into one-dimensional, two-
dimensional, and three-dimensional models according to their dimensions. Compared with
one-dimensional models, two-dimensional models can fully reflect the water flow direction
(vertical) and water depth direction (vertical) of a reservoir. Considering water temperature
distribution characteristics, compared with 3D models of river-type reservoirs with limited
lateral change in water temperature, 2D models are associated with fewer calculations and
higher efficiency, while still meeting engineering design requirements [33–36].

2.1. Model Selection

The spatial distribution of hydrodynamic and water-quality factors in an actual chan-
nel is three dimensional, and simulations of channel flow characteristics can be based on
two-dimensional or three-dimensional numerical models [37,38]. However, for river-type
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reservoirs with hydrodynamic force, temperature, and concentration changes in the vertical
direction that are much greater than those in the horizontal direction, a two-dimensional
numerical model is sufficient [39,40]. For this reason, MIKE 11 software is used to construct
a two-dimensional numerical model of the selected reservoir to study the distributions of
the flow and temperature fields.

MIKE 11 is based on a finite difference scheme (the Abbott–Ionescu scheme), which is
used to discretize the governing equations [41]. The basic equations of the hydrodynamic
model are given as follows [42]:
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where x denotes the longitudinal coordinate; z is the vertical coordinate; u and w are
the longitudinal and vertical flow velocities (m/s), respectively; B represents the surface
water width (m); Ah and Az are the longitudinal and vertical eddy viscosity parameters,
respectively (m2/s); τwx denotes the sidewall resistance (N); q is the lateral inflow (s−1); P
is the pressure (Pa); ρ is the density of water (kg/m3); and g is gravitational acceleration
(m/s2).

The basic equation of the water temperature model is given as follows:
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where T denotes the water temperature at altitude z at time t (◦C); Etx and Etz are the
longitudinal and vertical diffusion parameters, respectively, for water temperature (m2/s);
TL represents the temperature of source and sink terms (◦C); φ is the solar heat flux
(Jm−2s−1); and Cp is the specific heat of water (Jkg−1 ◦C−1).

The turbulence model applied in this study is the widely used k−ε turbulence
model [43,44].

2.2. Model Building

In this paper, inflow, outflow, and water level data collected at Nuozhadu Reservoir
were used to establish the hydrological boundary conditions of the model. In addition, the
measured temperature, relative humidity, sunshine hours, wind speed, and wind direction
data at the dam site were used to establish meteorological boundary conditions for the
model. Using a 215 km water temperature model from the dam site to the tail of the
reservoir, the water temperature distribution in Nuozhadu Reservoir was simulated for
one year.

To ensure the reliability of the model, the vertical water temperature data collected at
Nuozhadu Reservoir in 2014 were used to verify the model results (Figure 2). Our model
accurately simulated the temporal evolution of the vertical water temperature near the dam
throughout the year. Specifically, it aptly captured the emergence of a single thermocline in
June and July, followed by a bifurcation into a double thermocline in August, September,
and October. The region below 660 m is the hysteresis layer, which remains between
16.39 ◦C and 17.30 ◦C for the entire year.
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Figure 2. Comparison of the measured and simulated vertical water temperature structures.
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2.3. Model Parameters

This paper focuses on sensitivity research on light attenuation and radiation param-
eters, heat balance parameters, and hydrodynamic parameters, such as the horizontal
viscosity factor and vertical viscosity factor (Table 1). The initial values are the default
values provided in MIKE11.

Table 1. Main parameters and values of the model.

Category Name Meaning Unit Initial
Value

Updated
Value

Basic parameters Time step Adaptive time step limit Min 30 5
Vertical layering Vertically stratified body Layer 10 30

Heat balance
parameters

Light attenuation
factor

Attenuation of solar radiation as it passes
through a body of water 1/m 10 0.75

Beer’s law factor The distribution of solar radiation in each
layer of a water body - 0 0.55

Radiation parameter A Intensity of solar radiation passing through
clouds

- 0.2 0. 12
Radiation parameter B - 0.5 0.48

Evaporation a The heat loss when water body evaporation
is closely related to the difference in vapor
density between the surface water and the

air, as well as the wind speed

- 1 1

Evaporation b - 1 1

Hydrodynamic
parameters

Manning value A measure of the riverbed’s resistance to
water flow m1/3/s 30 30

Eddy viscosity factor For turbulence model calculations m2/s 0.003 0.003
Horizontal viscosity

factor
Used to control horizontal and vertical
diffusion in mass transport equations

- 1 0.1

Vertical viscosity
factor - 1 0.4

Usually, air temperature is the main driver of water temperature changes [45–47].
In terms of scale, water temperature has a certain correlation with air temperature [48].
To avoid air temperature fluctuations that may lead to deviations in reservoir water tem-
perature simulation results [49], a unified air temperature boundary is adopted for each
parameter simulation scheme in this paper.

2.3.1. Heat Balance Parameters

1. Light attenuation parameters

The light attenuation parameter expresses the attenuation of solar radiation in water
and is calculated as follows based on Beer’s law formula:

Efac = I0(1 − β) exp(−α(D − z)), (5)

where Efac is the solar radiation intensity at water depth (D − z), I0 is the light intensity
below the surface water, and D − z is the distance from the water surface to different
layers.

There are two parameters, α and β, in Beer’s law formula. α is the light attenuation
parameter, which reflects the attenuation of solar radiation in water, and the general value
range is 0.5~1.4. β is Beer’s law factor (a constant in Beer’s law), which indicates the
absorption of solar radiation by surface water, and the value range is generally less than 1.

2. Radiation parameters

Radiation parameters are used to calculate the amount of radiation reaching the water
surface during cloudy weather conditions, and the corresponding formula is given as follows:

Efac = I0(1 − β) exp(−α(D − z)), (6)
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A = 0.1 + 0.24
(

n
Nd

)
, (7)

B = 0.38 + 0.08
(

Nd
n

)
, (8)

H is the daily radiation amount under cloudy conditions, H0 is the intensity of short-
wave radiation in the atmosphere, n is the number of sunshine hours, and Nd is the length
of a day and is based on the annual average values of n and Nd.

A and B are functions of sunshine hours and day length, called radiation parameter A
and radiation parameter B, respectively; these parameters are used to describe the actual
intensity of radiation passing through clouds. Usually, the range of A is 0.1~0.34, and the
value of B is greater than 0.46.

3. Evaporation parameters

Evaporation parameters are used to calculate the evaporation heat loss of a water body,
which is calculated based on Dalton’s law and the Friehe and Smidth derivation formula:

qe = LCe(a + bW2)(Qw − Qa), (9)

where qe is the heat loss caused by evaporation; L is the latent heat parameter of evaporation,
which is 2.5 × 106 J/kg; Ce is the humidity factor, which is 1.32 × 10−3; W2 is the wind
speed 2 m above the water surface; Qw is the wind speed considering the near-surface
water vapor density; and Qa is the water vapor density in the air.

a and b are evaporation factors, where a reflects the degree of evaporation heat loss
and b reflects the influence of wind speed on evaporation heat loss. This model does not
consider the effect of evaporation, and a sensitivity analysis of the evaporation factor is not
carried out. Here, a = b = 1.

2.3.2. Hydrodynamic Parameters

Hydrodynamic parameters play a crucial role in conducting sensitivity analyses
of horizontal and vertical viscosity factors. The horizontal viscosity factor and vertical
viscosity factor in the material transport equation help regulate horizontal and vertical
diffusion processes. These factors are multiplied by the turbulent viscosity to obtain the
horizontal and vertical diffusion in the transport equations. Specifically, the multiplication
of the eddy viscosity factor and turbulent viscosity factor reflects the mixing of substances
in water bodies and aids in accurately modeling flow dynamics.

2.4. Sensitivity Assessment and Analysis

One-way analysis of variance (ANOVA) was used to compare the means of two or
more groups. ANOVA is not only simple, but also a powerful and robust method that
provides more than just intuitive results. The method considers the variability in data
between and within different groups, helping researchers determine whether the differences
are significant.

In this study, we employed single-factor analysis to investigate the variations in the
vertical water temperature structure near a dam by scrutinizing single parameters. To
screen out highly sensitive parameters, we explored four value schemes for the light
attenuation factor, Beer’s law factor, radiation parameter A, radiation parameter B, the
horizontal viscosity factor, and the vertical viscosity factor. Analysis Scenario 2 served as
the benchmark for investigating the impacts of distinct parameter values on the simulation
results (refer to Table 2). Notably, option 2 includes the calibrated model value and serves
as the reference condition for the parameter sensitivity analysis.
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Table 2. The value of each parameter.

Parameters
Value Analysis Scenario

1
Analysis Scenario

2 (Benchmark)
Analysis Scenario

3
Analysis Scenario

4

Light attenuation parameter 0.5 0.75 1.0 2.0
Beer’s parameter 0.1 0.55 0.8 1.0

Radiation parameter A 0.1 0.12 0.15 0.34
Radiation parameter B 0.46 0.48 0.55 0.8

Horizontal viscosity factor 0 0.1 0.5 1.0
Vertical viscosity factor 0 0.4 0.8 1.0

Moreover, considering the seasonal variations in water temperature, based on the
above schemes, the changes in the vertical water temperature structure of each scheme in
January, April, July, and September are analyzed, and the sensitivity of each parameter to
the vertical water temperature structure is assessed (Table 2).

3. Results
3.1. Light Attenuation Parameter

Figure 3 shows the simulated water temperature and the actual water temperature
structure for different values of water temperature when the light attenuation parameter is
0.5, 0.75 (benchmark scheme), 1.0, and 2.0.

Figure 3. Vertical water temperature distribution for different light attenuation parameters.
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The results of Plan 1, Plan 3, Plan 4, and the benchmark scheme are basically the same.
The maximum difference in the surface water temperature of the reservoir each month is
0.05, the maximum difference in the water temperature at the bottom of the reservoir is
0.04 ◦C, and the maximum difference in the average water temperature is 0.01 ◦C. This
result suggests that the light attenuation parameter is not sensitive to the structure of the
water temperature.

3.2. Beer’s Law Parameter

The different Beer’s law parameter values indicate a decreasing water temperature
with depth, as shown in Figure 4. The results obtained for Plans 1, 2, 3, and 4 are basically
the same. The maximum difference in the surface water temperature of the reservoir
each month is 0.04 ◦C, the maximum difference in water temperature at the bottom of
the reservoir is 0.04 ◦C, and the maximum difference in the average water temperature is
0.01 ◦C. This result suggests that the Beer’s law parameter has no obvious impact on the
calculation results. Thus, this parameter is a nonsensitive parameter.

Figure 4. Vertical water temperature distribution with different Beer’s law parameter values.

3.3. Radiation Parameter A

Figure 5 shows the water temperature structure diagram for different radiation pa-
rameters. The results indicate that the different radiation parameter A values result in
differences in the surface water temperature, the deep-layer water temperature, and the
average water temperature of the reservoir.
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Figure 5. Vertical water temperature distribution with different values of radiation parameter A.

When radiation parameter A is 0.1, the surface water temperature, deep-layer water
temperature, and average water temperature of the reservoir each month are less than those
in the benchmark scheme (0.12), and the maximum differences are 0.45 ◦C, 0.05 ◦C, and
0.09 ◦C, respectively. When radiation parameter A is 0.15, the surface water temperature,
deep-layer water temperature, and average water temperature of the reservoir each month
are greater than those in the benchmark scheme (0.12), and the maximum differences are
0.67 ◦C, 0.14 ◦C, and 0.16 ◦C, respectively. When radiation parameter A is 0.34, the surface
water temperature, deep-layer water temperature, and average water temperature of the
reservoir during each month are greater than those in the benchmark scheme (0.12), and
the maximum differences are 4.69 ◦C, 0.57 ◦C, and 0.98 ◦C, respectively.

Furthermore, there is a difference in the influence of radiation parameter A on the
temperature of the surface water and the deep-layer water. Compared with the calculated
results of 0.1 and 0.34, the maximum difference in the surface water temperature each
month is 5.14 ◦C, and the minimum difference is 2.15 ◦C; additionally, the maximum
difference in the water temperature at the bottom layer each month is 0.59 ◦C, and the
minimum difference is 0.23 ◦C. Radiation parameter A is sensitive to the surface water
temperature of the reservoir and is relatively insensitive to the impact of the bottom water
temperature of the reservoir.
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3.4. Radiation Parameter B

The surface water temperature, deep-layer water temperature, and average water
temperature of the reservoir are shown for each month.

Different values of radiation parameter B yield different changes in the calculated
water temperatures. Notably, the surface water temperature, deep-layer water temperature,
and average water temperature of the reservoir are different among the schemes (Figure 6).

Figure 6. Vertical water temperature distribution with different values of radiation parameter B.

When radiation parameter B is 0.46, the surface water temperature, deep-layer water
temperature, and average water temperature of the reservoir each month are less than
those in the benchmark scheme, and the maximum differences are 0.24 ◦C, 0.03 ◦C, and
0.05 ◦C, respectively.

When radiation parameter B is 0.55, the surface water temperature, deep-layer water
temperature, and average water temperature of the reservoir each month are greater than
those in the benchmark scheme, and the maximum differences are 0.8 ◦C, 0.16 ◦C, and
0.2 ◦C, respectively.

When radiation parameter B is 0.8, the surface water temperature, deep-layer water
temperature, and average water temperature of the reservoir each month are greater than
those in the benchmark scheme, and the maximum differences are 3.64 ◦C, 0.32 ◦C, and
0.79 ◦C, respectively.

In summary, radiation parameter B is a sensitive parameter that has a more significant
influence on surface water temperature than on bottom water temperature.
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3.5. Horizontal Viscosity Factor

The water temperature structures obtained for different horizontal viscosity factors
are shown in Figure 7. A comparison of the calculated values of the water temperature for
Analysis Scenario 3 and Plan 4 reveals that the maximum difference in the surface water
temperature of the reservoir each month is 0.19 ◦C, the maximum difference in the water
temperature at the bottom of the reservoir is 0.04 ◦C, and the maximum difference in the
average water temperature is 0.03 ◦C. This result suggests that different schemes have no
obvious impact on the results of the water temperature calculation, and that the reservoir is
not sensitive to changes in the horizontal viscosity factor.

Figure 7. Vertical water temperature distribution for different horizontal viscosity factors.

3.6. Vertical Viscosity Factor

The effects of the vertical viscosity factor on the water temperature in different schemes
are shown in Figure 8. The water temperature distribution changes when the vertical
viscosity factor varies. The surface water temperature, deep-layer water temperature, and
average water temperature are significantly different from those in the reference case. The
corresponding data analysis results are as follows:

(1) The values in Analysis Scenario 1 are less than the benchmark scheme values.
When the vertical viscosity factor is set to 0, the surface water temperature each month is
greater than that in the benchmark scheme (0.4), with a maximum difference of 1.58 ◦C, and
the deep-layer water temperature is less than that in the benchmark scheme (0.4), with a
maximum difference of 1.29 ◦C. Additionally, the average water temperature each month is
less than the average water temperature in the benchmark scheme (0.4), and the maximum



Water 2024, 16, 303 13 of 17

difference is 0.76 ◦C. Figure 8 shows that when the vertical viscosity factor is 0, the change
in water temperature per month is highest in the deep layer.

(2) The values in Analysis Scenario 3 are greater than those in the benchmark scheme.
When the vertical viscosity factor is 0.8, the surface water temperature each month is less
than that in the benchmark scheme (0.4), and the maximum difference is 0.43 ◦C. The
deep-layer water temperature is greater than that in the benchmark scheme (0.4), and the
maximum difference is 0.69 ◦C. The average water temperature each month is greater
than that in the benchmark scheme (0.4), and the maximum difference is 0.39 ◦C. Figure 8
shows that when the vertical viscosity factor increases, the vertical stratification of water
temperature becomes weakened.

(3) In Analysis Scenario 4, as the vertical viscosity factor further increases, the vertical
stratification of water temperature further weakens (Figure 8). For example, when the
vertical viscosity factor is 1.0, the surface water temperature each month is less than that
in the benchmark scheme (0.4), and the maximum difference is 0.56 ◦C. The maximum
difference in the deep-layer water temperature is 0.79 ◦C. The average water temperature
each month is greater than that in the benchmark scheme (0.4), with a maximum difference
of 0.45 ◦C.

A comparison of the calculated values of water temperature when the vertical viscosity
factor is 0 and 1.0 reveals that the maximum difference in surface water temperature each
month is 2.0 ◦C, and the minimum difference is 0.19 ◦C. Additionally, the maximum
difference in water temperature at the bottom of the reservoir is 2.05 ◦C, and the minimum
difference is 0.94 ◦C. Unlike radiation parameters A and B, the vertical viscosity factor has
an obvious influence on the surface and bottom water temperatures of the reservoir and is
sensitive to the vertical water temperature structure.

Figure 8. Vertical water temperature distribution for different vertical viscosity factors.
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4. Discussion

Heat balance parameters: The transfer of heat across the reservoir surface is directly
influenced by solar radiation and is highly sensitive to the temperature of the water at the
reservoir surface. In the case of deep and large reservoirs, such as Nuozhadu Reservoir, the
transmission of solar radiation to the lower reaches of the water body leads to the continu-
ous loss of heat. The little heat that can be transmitted to the lower strata of the reservoir is
offset by weak convection and diffusion. As a result, the temperature in the lower layers
of the reservoir remains relatively low throughout the year. Compounding this issue, the
surface water temperature of the reservoir shifts in accordance with the air temperature,
further exacerbating the vertical stratification of the reservoir water temperature.

This study demonstrated that variations in radiation parameters A and B have dis-
tinguishable impacts on the temperatures of surface water and bottom water, revealing
differences in their extents of influence. The vertical water temperature structure is mainly
impacted by radiation parameters in the upper water body. For instance, under scenarios
in which radiation parameter A is set at 0.1 and 0.34, the maximum difference among
the monthly surface water temperatures reaches 5.14 ◦C, with a maximum difference of
0.59 ◦C occurring at the bottom of the reservoir. Similarly, in scenarios in which radiation
parameter B is set to 0.46 and 0.8, the maximum difference among the monthly surface
water temperatures reaches 3.88 ◦C, with a maximum difference of 0.33 ◦C occurring at the
bottom of the reservoir. In terms of numerical shifts, the impact of radiation parameters
on surface water temperature versus bottom water temperature differs by approximately
tenfold.

Hydrodynamic parameters: Compared to other parameters, the vertical viscosity
factor is found to exert a unique influence on the vertical temperature structure of reser-
voirs. It directly modulates the strength of the vertical stratification of water temperature,
which plays a critical role in shaping the temperature profile of aquatic ecosystems. Our
investigation revealed that when the vertical viscosity factor increased, the heat exchange
between the upper and lower water layers of the reservoir strengthened, and consequently,
the vertical water temperature gradient decreased, leading to a weakened vertical stratifi-
cation of the water temperature. Conversely, when the vertical viscosity factor decreased,
heat transfer between different water layers was impeded, and the vertical water tempera-
ture gradient increased, further strengthening the layered structure of the reservoir. This
phenomenon provides an essential basis for understanding the stable stratification of the
vertical water temperature in high dams and large reservoirs. Therefore, we recommend
that researchers conducting water temperature simulation studies prioritize investigating
the impact of the vertical viscosity parameter.

5. Conclusions

In this paper, we constructed a two-dimensional (2D) hydrodynamic and water tem-
perature coupling model to investigate the structure of Nuozhadu Reservoir and used
measured water temperature data to verify the reliability of the model. We explored the
relationships between various parameters and the water temperature of the reservoir. To
achieve our research objective, we conducted an exhaustive analysis of the essential model
parameters, including four heat balance parameters (namely, the coefficient of light at-
tenuation, Beer’s parameter, and radiation parameters A and B) and two hydrodynamic
parameters (namely, horizontal viscosity factor and vertical viscosity factor). This detailed
and methodical investigation serves to fill the gap in the sensitivity analyses of hydro-
dynamic parameters in prior studies of the sensitivity of reservoir water temperature
model parameters. Furthermore, this study sheds new light on the significance of hydrody-
namic attributes, which were frequently overlooked in prior investigations of sensitivity
related to model parameters in the context of reservoir water temperature analysis. Based
on our findings, we suggest that future researchers prioritize investigating the impact
of these hydrodynamic factors to gain a comprehensive understanding of this complex
phenomenon.
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(1) Our study showed that the light attenuation factor and Beer’s law parameter
are not significant contributors to the vertical water temperature structure of Nuozhadu
Reservoir. Radiation parameter A and radiation parameter B, on the other hand, display
some influence on the reservoir surface water temperature, but their impact on the reservoir
bottom water temperature is relatively limited. Moreover, their influence on the vertical
water temperature structure is mainly observed in the upper part of the water body.

(2) Our analysis showed that the horizontal viscosity factor has little effect on the
vertical water temperature structure. In contrast, the vertical viscosity factor is more
sensitive than other parameters and has a crucial influence on the reservoir surface and
bottom water temperatures. When the value of the vertical viscosity factor increases, the
vertical stratification of the water temperature weakens, and vice versa.

(3) High dams and large reservoirs often exhibit vertical stratification in water tem-
perature due to low solar radiation heat and weak convective diffusion in deeper water
layers. This situation results in the existence of a hysteresis layer with a comparatively low
water temperature throughout the year, further aggravating the vertical stratification of the
reservoir water temperature.
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