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Abstract Due to the specific hydrothermal conditions of dry-hot valleys, temperature changes caused
by the development of large-scale hydropower projects may be more extreme than they are in other
regions. In this study, we analyzed these temperature changes at four hydropower stations in both dry-hot
and non-dry-hot valleys. Based on the calculated relative temperatures of the downstream river and the
areas surrounding the reservoirs, we employed two indices to quantify the influence of the reservoirs on
the temperatures of these two regions: the downstream river temperature change and the reservoir effect
change intensity. Our results are as follows: (a) In the downstream rivers, the temperature regulation
effect was more pronounced in the wet season; in the regions surrounding the reservoirs, the temperature
regulation effect was more pronounced in the dry season. (b) The downstream river temperature in both
the dry-hot and wet-hot valleys exhibited noticeable warming in both the wet and dry seasons, while the
cold-dry valley was characterized by cooling in the dry season and warming in the wet season. With the
exception of the Liyuan station (where the influence of the reservoir on the downstream temperatures
only extended to a distance of 9 km from the dam) during the dry season, the existence of the hydropower
stations affected the temperatures of the entire downstream region. (c) For the areas surrounding the
reservoir, the presence of a hydropower station mainly caused the temperatures in the dry-hot valleys to
rise and the temperatures in the non-dry-hot valleys to decrease.

Plain Language Summary The temperature difference between reservoir and the
downstream river at different distances was calculated to establish the downstream river temperature
change index. The temperature difference between reservoir and various locations around reservoir area
was calculated to establish the reservoir effect change intensity index. The regulation effect of reservoirs
on the downstream river temperature and surrounding reservoir temperature was studied in the dry-hot
and non-dry-hot valleys, and their differences were compared.

1. Introduction

While the development of large-scale hydropower facilities is beneficial with respect to flood control, power
generation, and shipping (Fan et al., 2015; Kuang, 2020), the facilities can distinctly alter the surrounding
environments and ecosystems (Deemer et al., 2016; Endo & Eltahir, 2018; Sun, Miao, Hanel, et al., 2019;
Zheng et al., 2019). Studies have shown that dam construction and reservoir storage are the primary causes
of changes in the thermal state of rivers (Miao et al., 2018; Vatland et al., 2015; L. Yang, 2019); those river
temperature changes in turn affect the health of the aquatic ecosystem and the growth and spatial distribu-
tion of aquatic organisms (Gou et al., 2021; Greenfield et al., 2017; Ling et al., 2017). Due to the relatively
high specific heat capacity of water, the construction of large-scale reservoirs heavily influences the tem-
perature of the reservoir area (Zhao et al., 2013; D. C. Wang et al., 2020). Degu et al. (2011) found that dam
construction may result in a decline in the number and intensity of extreme weather events in reservoir
areas in North America. After dam construction, temperature changes appear to have a greater impact on
the surrounding ecosystem of the entire reservoir area. Therefore, studying temperature changes induced
by the presence of a dam provides valuable insight into ways of improving and protecting the ecological
environment and maintaining biodiversity in reservoir areas.
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Previous studies indicate that the influence of dams on the temperatures of the areas surrounding the
reservoir depends on the study area and the dam specifications (Tashlykova, 2013; W. Y. Wang et al., 2012;
Xiong et al., 2020). Song et al. (2017) analyzed the temperatures in the downstream area of the Three Gorges
Reservoir and found that the surface temperatures decreased during the day in the summer and increased
at night in the winter. D. Wang et al. (2018) found that the Xiluodu reservoir area experienced both cooling
and warming in the same season. These variations are generally attributed to differences in the geographical
location and the climate conditions (Y. Liu et al., 2013). Therefore, a comparative analysis of temperature
changes produced by hydropower facilities in different study areas could highlight the variations in temper-
ature regulation that occur at different reservoirs. As a region with special hydrothermal conditions (Huan-
cheng & McConchie, 2001), a dry-hot valley is a fragile ecosystem characterized by a complex terrain; a hot,
dry climate; little vegetation; barren soil; and ongoing soil erosion (Duan et al., 2015; F. Liu et al., 2010).
Our analysis of the temperature changes in the downstream rivers and the areas surrounding the reservoir
after the construction of a hydropower station in both dry-hot and non-dry-hot valleys can deepen our un-
derstanding of the reservoir temperature regulation effect and provide a theoretical basis for the ecological
restoration of dry-hot valleys.

With the rapid development of remote sensing technology (Kuang et al., 2020), some recent studies have
used remote sensing satellite images to conduct research on the cooling and warming effects of reservoirs;
these studies demonstrate that satellite-based surface temperature data play an increasingly important role
in local climate monitoring (Y. Li et al., 2015; Peng et al., 2014; J. Yang et al., 2013).

The basic principle of comparative study is the principle of controlling differences, which aims to ensure
that comparative study is a quantitative study based on common basis, and the study without common basis
is meaningless (Xu, 2010). Based on this, we took reservoir capacity and topography, two important factors
affecting surface temperature, as the control factors in this study. The Liyuan hydropower station and the
Ahai hydropower station with similar reservoir capacity and topography in the middle reaches of Jinsha
River were selected as the study subjects within the dry-hot valley, and the Laxiwa hydropower station in
the upper reaches of the Yellow River and the Jinghong hydropower station in the lower reaches of the Lan-
cang River were selected as the study subjects in the cold dry valley and the wet thermal valley, respectively.
We devised two indices, the downstream river temperature change (DRTC) index and the reservoir effect
change intensity (RECI) index; both of these indices use relative temperature values to explore the reservoir
temperature regulation differences that occur in the downstream river and in the areas surrounding the
reservoir for both same climate (in the dry-hot valley) and different climate (in the dry-hot valley and non-
dry-hot valleys). Our research goals are (a) to quantify the surface temperatures variations that occur before
and after hydropower station construction in different types of valleys during the wet and dry seasons, (b)
to capture the differences in the downstream temperature variations and the downstream extent of the
temperature regulation effect in the wet and dry seasons, and (c) to explore the differences in the reservoir
regulation effect on the temperatures of the areas surrounding the reservoirs in the wet and dry seasons.

2. Materials and Methods
2.1. Study Areas

The four hydropower stations of interest are the Liyuan, Ahai, Jinghong, and Laxiwa hydropower stations
(Table 1). In each study area, we analyzed both the head area of the reservoir and the downstream areas
within the basin (Figure 1).

The Liyuan hydropower station is located in the main stream of the Jinsha River at the junction of Yulong
County and Shangri-La County. The Ahai hydropower station is located in the middle reaches of the Jinsha
River at the junction of Yulong County and Ninglang County. Both of these hydropower stations are located
in dry-hot valleys characterized by high mountains, low valleys, and complex terrain. Due to the steep to-
pography, atmospheric circulation, and foehn effect present in these two areas, the land around the Liyuan
and Ahai hydropower stations have low annual precipitation (~610-817 mm) and high annual evaporation
(~2,600-3,700 mm). The dry and wet seasons are distinct, with the wet season (May-October) precipitation
accounting for more than 90% of the annual precipitation. The months outside of the wet season are known
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Table 1
Parameters Describing the Four Hydropower Stations

Total Regulating Maximum  Normal Study

storage storage Total installed dam height poollevel Regulation Construction area

Name 10*m?®)  (10°m?)  capacity (MW) (m) (m) cycle (day) period (km?)
Liyuan 8.05 1.73 2,400 155 1,618 7 2008-2016  570.52
Ahai 8.82 2.38 2,000 138 1,504 1 2008-2014  583.68
Jinghong 11.39 3.09 1,750 110 602 7 2008-2009  604.91
Laxiwa 10.79 1.5 4,200 250 2,452 1 2004-2010  523.98

as the dry season. The average annual temperature is 20.7-24.1°C and the temperature decreases at higher
altitudes (Gu et al., 2016; Ji et al., 2009).

The Jinghong hydropower station is located ~5 km from the northern suburb of Jinghong City in the low-
er reaches of the Lancang River. The region has a tropical monsoon climate with significant variations
between the dry and wet seasons. In this area, the year is divided into three seasons: the dry-hot season
(March-April), the humid-hot season (May-October), and the foggy-cool season (November-February).
Nearly 85% of the annual precipitation falls in the humid-hot season. The annual average temperature is
21.5°C and the topography of this humid-hot valley region is 95% mountains and 5% intermontane basins
(Kong et al., 2015).

The Laxiwa hydropower station is located in the main stream of the Yellow River at the junction of Guide
County and Guinan County in the Laxiwa River Valley. This cold, arid region is largely made up of plateaus;
the dryness and lack of rain result in harsh winters and cool summers. The average annual temperature,
average annual rainfall, and evaporation are 7.2°C, 255.8 mm, and 2,096 mm, respectively. Most of the rain
falls from July to September, while the winter and spring seasons are dry and windy. This cold-dry valley
region is characterized by steep canyons, multi-level river terraces, and basin hills (Hu et al., 2017; Sui &
Yang, 2005).
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Figure 1. Geographic and elevation maps of our study areas.

WANG ET AL.

30f 13



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2021GH000438

2.2. Land Surface Temperature

There are many possible algorithms that can be applied to the task of retrieving surface temperatures from
remote sensing images. Some examples of these algorithms include the atmospheric correction, mono-win-
dow, split-window, and multiple-channels algorithms (Du et al., 2014; Qin et al., 2001; Sobrino et al., 1996;
Wu et al., 2016). In this study, our data set consists of data from thermal infrared band 6 of the Landsat 5 TM
sensor and data from thermal infrared band 10 of the Landsat 8 TIRS sensor. Based on previous work (Ling
et al., 2017), we ultimately chose the simplified atmospheric correction because it is easy to implement and
because acquiring the required parameter values is a fairly straightforward process (Sobrino et al., 2004).

2.3. The Relative Temperature

In order to improve the accuracy of our assessment of the temperature variations in the downstream rivers
of each reservoir, we propose the concept of relative temperature on the basis of absolute temperature, and
calculate the difference between the temperature of the downstream rivers and that of the reservoir, which
we call the river relative temperature.

DRRT, = DRT, - RST, (€]

where k is the kth kilometer distance from the dam (k = 0, 1, 2, 3...), DRRT,(°C) is the value of the down-
stream river relative temperature within the range of [k, k+1] from the dam, W’[‘k (°C) is the average value
of the downstream river temperature within the range of [k, k+1] from the dam, and RST (°C) is the average
value of the reservoir surface temperature in the study area.

Once we define the relative temperature, we can quantify the influence the reservoir has on the temper-
atures of the surrounding areas. We define the temperature difference (TD) as the difference between the
temperature of the surrounding area and the temperature of the reservoir. Based on the Euclidean alloca-
tion method (Jiang et al., 2011), we calculated the TD (also known as the surrounding relative temperature)
values for each grid point around the reservoir area:

TD = LST - LST., 2)

where TD (°C) is the surrounding relative temperature value for each grid point, LST (°C) is the surface
temperature of each grid point, and LST, (°C) is the temperature of the reservoir centerline that is closest
to that grid point.

2.4. The Downstream River Temperature Change (DRTC) Index

To quantify the downstream temperature changes and the extent to which the reservoir regulation effect
influences the temperatures in the downstream river, we created the downstream river temperature change
(DRTC) index:

DRTC, = DRRT,, — DRRT,, (3)

where DRTC, is the downstream river temperature change index within the range of [k, k+1] from the
dam, k is the kth kilometer distance from the dam (k = 0, 1, 2, 3...), and DRRT; and DRRT;; are the relative
downstream river temperatures within the range of [k, k+1] from the dam before and after the hydropower
station construction, respectively.

If the value of the DRTC index is greater than zero, then the downstream river temperature is increasing.
Similarly, if the value of the DRTC index is less than zero, the downstream river temperature is decreasing.

2.5. The Reservoir Effect Change Intensity (RECI) Index

To analyze the warming and cooling regulation effects of the reservoir, we built on the work of D. Wang
et al. (2018) to define the reservoir effect change intensity (RECI) index:

WANG ET AL.

40f13



. Yeldd
ra\* 1 V)
ADVANCING EARTH
AND SPACE SCIENCE

GeoHealth 10.1029/2021GH000438

Table 2

Four Possible Reservoir Temperature Regulation Effect Scenarios

RECI = TD, - TD,., (4)

SesiaEE TD; TD, RECI Regulation effect ~ Where RECI is the reservoir effect change intensity index and TD, and
) - " - — TD, respectively represent the relative temperatures of the surrounding
- - areas before and after the hydropower station construction.
<0
5 - o - i We then defined four possible warming and cooling scenarios with pos-
itive and negative TD and RECI values (Table 2). For example, scenario
<0 ! 1 assumes a river water temperature of 2°C before the dam is built and a
3 <D >0 >0 1 surrounding area grid point temperature of 4°C (TDy = 2°C). After the
<0 = dam is built, the reservoir water temperature is 2°C and the tempera-
4 <0 <0 >0 0 ture of the same grid point in the surrounding area is 3°C (TD; = 1°C,
<0 . RECI = —1°C), which indicates that the reservoir caused the temperature
- - of that grid point to decrease. However, for another situation in scenar-
Note. “—” represents no regulation effect, “|” represents the cooling

effect, and “1” represents the warming effect. Bold values denotes the
scenarios with temperature regulation effect.

io 1, where the values of TDy and TD,, are both greater than zero, and
RECI is also greater than or equal to zero, the warming effect is not clear
enough to be recognized.

In scenario 3, the river water temperature before the dam is built is 4°C

and the temperature of a surrounding area grid point is 2°C (TDr = —2°C).
After the dam is built, the reservoir water temperature is 4°C, and the temperature of that same grid point
in the surrounding area is 3°C (TD; = —1°C, RECI = 1°C), which indicates that the reservoir imparts a
warming effect on the surrounding grid point. However, for another situation in scenario 3, the values of
TDrand RECI are either less than or equal to zero, and the value of TD, is greater than zero, which does not
exist and is not recognized in this study. In addition, the principles of scenarios 2 and 4 are similar to those
of scenarios 1 and 3.

3. Data

We used three types of data in this study: (a) the retrieved temperature data from the Landsat TM and Land-
sat TIRS images captured by the United States Geological Survey (http://www.usgs.gov/), (b) the watershed
vector data extracted from the DEM data that is stored on the Geospatial Data Cloud website (http://www.
gscloud.cn/, only available in Chinese.), and (c) the daily surface temperature data at an elevation of 0 cm
recorded in the China Meteorological Data Network (http://data.cma.cn/en/?r=data/detail&dataCode=-
SURF_CLI_CHN_MUL_DAY_CES_V3.0). This last data set was used to validate the accuracy of the tem-
perature values we retrieved from the Landsat images and to track the spatial and temporal temperature
changes in our study area.

Based on the timing of the hydropower station construction, we analyzed
remote sensing images that spanned from 2004 (before the hydropower
station construction) to 2019 (after the hydropower station construction).

Table 3

Average Annual Surface Temperatures at 0 cm in Each Study Area We also calculated the annual average surface temperatures for each
(Unit: °C) study area using meteorological data collected in 2003, 2004, 2005, 2017,
Study area 2018, and 2019 (Table 3) to avoid sampling extreme weather events. Be-
- - - - cause of the uneven distribution of the seasonal precipitation in the study
Year HyTEnY e Uiy Laxiwa area, there are distinct dry and wet seasons. In this study, we define May
2003 22.74 17.06 8.66 to October as the wet season and February to December as the dry season.
2004 22.09 16.47 8.78 However, because of certain climate differences, we define the period
2005 20,75 17.31 3.97 from June to July as the wet season in the cold-dry valley. Due to image
quality issues (i.e., too much cloud cover in a given study area), four im-

2017 22.20 16.72 9.65 . K .
ages were replaced by images from the same month in the year imme-
2018 2172 16.91 9-68 diately preceding or following the year in which the bad data occurred.
2019 23.35 18.12 8.88 At the same time, based on the daily surface temperature data from the

Note. We used data from the same meteorological station for the Liyuan ~ meteorological stations, the difference between the average temperature

and Ahai stations.

of the replaced month in each study area and the average temperature
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of the month used in the corresponding previous or following year was

;I‘nasl;l;:es Where We Replaced Certain Remote Sensing Images calculated. The results showed that the difference between the two values
Month Month T e for all the replacement months did not exceed 0.3°C, indicating that the
Study area replaced adopted difference (°C) replacement study was feasible (Table 4).
Jinghong 2004.12 2003.12 0.02
2019.10 2018.10 0.22 4. Results
Laxiwa 2004.06 2005.06 0.21 4.1. Temperature Retrieval Results
Liyuan/Ahai 2019.10 2018.10 0.02

We used the atmospheric correction algorithm to retrieve the tempera-

Note. We used data from the same meteorological station for the Liyuan  tures in each research area before and after the hydropower station con-

and Ahai stations.

struction. In this study, the inversion temperatures represent the surface

temperatures of the reservoir, the areas surrounding the reservoir, and

the downstream river. For a given season, we summed and averaged the
temperature data from every month in that season. As shown in Figure 2, by calculating the average surface
temperature in each study area, the results show that the surface temperature of each study area in 2019 was
higher than it was in 2004. The spatial temperature patterns in both dry-hot valley study areas are relatively
similar, with higher temperatures in the valley floor region and progressively lower temperatures occurring
at increasing distances from the river. However, for the non-dry-hot valley study areas, the temperature
changes were closely related to the local climate. The wet-hot valley was consistently warm and humid
with relatively little annual temperature variation. Of the four study regions, the wet-hot valley exhibited
the smallest temperature difference between the dry season and the wet season. Due to its location in the
Tibetan Plateau, which is characterized by severe winters, the temperature difference between the dry and
wet seasons was the greatest in the cold-dry valley.

Due to the different geographical locations of the four study areas and the length of time spanned by the
remote sensing images, it is difficult to obtain the measured surface temperature values that exactly corre-
spond to the time at which the remote sensing images were taken. Therefore, in this study, we used the 0 cm
daily surface temperature data from certain meteorological stations to verify the accuracy of our retrieved
surface temperature data (H. Li et al., 2007). Using the 0 cm mean surface temperatures recorded at the
Ninglang, Weixi, and Jinghong meteorological stations as a point of reference, we ensured the validity of the
surface temperature inversion results for the Ahai, Liyuan, and Jinghong hydropower stations. As shown in
Figure 3, the meteorological data and our calculated inversion results are similar to one another; the average
temperature difference between these two data sets is 2.68°C. Due to the lack of site data for the Laxiwa
study area, we were unable to verify the temperatures in this study area. However, because our remote sens-
ing images yielded accurate surface temperatures for the other three hydropower stations, we assume that
the temperatures reliably reproduce the temperatures observed at the fourth hydropower station.

4.2. Analysis of the Temperature Changes and the Extent of the Reservoir Regulation Effect in
the Downstream River

We calculate the temperature changes in the downstream river areas at different distances from the dam
using Equation 3. If the DRTC value is greater than zero, the downstream river temperature is increasing;
if the DRTC value is less than zero, the downstream river temperature is decreasing. However, if the overall
temperature of the study exhibits a warming trend, we ignore any outlier points with negative DRTC values.

As shown in Figure 4, the temperature change index for the downstream rivers in the dry-hot and hu-
mid-hot valleys indicates that the surface temperatures of these rivers were all increasing. Moreover, the ris-
ing temperatures observed in the wet season were higher than those observed in the dry season. Indeed, the
degree of warming varied depending on the season and the study area. For the Liyuan station, the temper-
ature of the downstream river (i.e., within 20 km from the dam) increased in the wet season, but the DRTC
index was less than zero within 10-16 km from the dam in the dry season. As such, the warming effect only
extended to a distance of 9 km from the dam in the dry season. For the Ahai station, the downstream river
temperature within 15 km of the dam increased during both seasons. In the humid-hot valley, at distances
less than 14 km from the Jinghong station dam, the temperatures of the downstream river increased in the
wet season. In the dry season, the temperature decreased at distances less than 2 km from the dam, but this
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Figure 2. Surface temperatures in each study region in (a) the wet season before the dam construction, (b) the dry
season before the dam construction, (c) the wet season after the dam construction, and (d) the dry season after the dam
construction.

local cooling effect was not large enough to overcome the general warming trend that extended throughout
the downstream river. The downstream river temperature variation in the cold-dry valley was distinctly
different from the temperature variations observed at the other three hydropower stations. At downstream
distances of less than 9 km from the dam—the entire downstream region of the dam being the study area—
the river temperature increased in the wet season and decreased in the dry season.
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In this study, our analysis of the scope of the reservoir temperature regu-
354 . . .
lation effect on the surrounding area includes the head area of the reser-
30+ voir and the area downstream from the dam. The size of the downstream
254 area is obtained based on the elevation and the extent to which the res-
8 201 ervoir regulation effect influences the downstream river temperatures.
E 154 The presence of the four reservoirs resulted in different degrees of warm-
ing and cooling of the temperatures in the areas surrounding the reser-
Ly voirs during different time periods. As shown in Figure 5, two reservoirs
54 in the dry-hot valley produced similar temperature regulation effects on
0 their surrounding areas; for both reservoirs, the warming effect was much
0 2 4 6 8 10 12 14 16 18 20 22 24 more pronounced than the cooling effect. The cooled areas are relative-

Figure 3. Comparison of the LST data retrieved from the remote sensing

Verification Number

images and the 0 cm meteorological data LST data.

ly localized and are typically concentrated in the valley floor region and
some lower altitude regions. Additionally, the intensity of the reservoir
cooling effect was higher in the downstream area than it was in the head
area of the reservoir. Furthermore, the cooling was more pronounced in
the dry season than it was in the wet season. The warming effect, which
was mostly observed in the mountains or in other high-elevation areas,

was more widespread than the localized instances of cooling. As shown in Figure 6, the temperature regu-
lation effect in the two reservoirs in the non-dry-hot valleys caused the surface temperatures to decrease in
the areas surrounding the reservoirs, especially in the dry season. In these study areas, cooling was much
more pronounced in the downstream area than it was in the reservoir head area during the wet season.
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Figure 4. Variations in the downstream river temperature change index with distance from the dam in each of the four

study areas.
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Figure 5. Spatial extent of the temperature regulation effect in the dry-hot valley. (a) The cooling effect at the Liyuan station. (b) The warming effect at the
Liyuan station. (c) The cooling effect at the Ahai station. (d) The warming effect at the Ahai station.

In the cold-dry valley, the cooling effect in the wet season was confined to the downstream area. At both
the Laxiwa and Jinghong stations, there were very few (or no) instances where the surface temperature
increased. Overall, while there were some similarities in the reservoir temperature regulation effect on the
surrounding areas in both the hot-dry and non-hot-dry valleys, the differences were also very obvious. In
the hot-dry valley, the temperatures of the areas surrounding the reservoir mostly increased, while in the
non-hot-dry valley, the temperatures of the areas surrounding the reservoir mostly decreased.

5. Discussion

Clearly, the presence of a hydropower station has a significant impact on the downstream river tempera-
ture. Gathering temperature data for these downstream rivers can be done manually during field surveys or
remotely by applying algorithms to Landsat series thermal infrared data. The latter method is more efficient
than the manual data collection method in part because the remote sensing technique is not limited by
accessibility issues that may arise during field surveys (Handcock et al., 2012). Furthermore, the remote
sensing images provide information about the long-term continuous water temperature at each point in
those images. This data can be used to evaluate the temperature changes in large rivers (Ling et al., 2017).
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Figure 6. Spatial extent of the temperature regulation effect in non-dry-hot valleys. (a) The cooling effect at the Jinghong station. (b) The warming effect at the
Jinghong station. (c) The cooling effect at the Laxiwa station. (d) The warming effect at the Laxiwa station.
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The reservoirs have a smaller impact on downstream river temperatures in the dry season than in the
wet season because the river runoff caused by reservoir impoundment decreases in the dry season (Gou
et al., 2020; Z. Liu et al., 2018). Additionally, hydrological and meteorological factors also affect the down-
stream river temperature (Cai et al., 2018; Sun, Miao, AghaKouchak, et al., 2019). For example, we attribute
the local cooling of the downstream river areas close to the Liyuan and Jinghong station dams to the fact
that the impact of these hydrological and meteorological factors on the downstream river temperature is
greater than that of the reservoir temperature regulation effect.

In dry-hot valley and humid-hot valley, because of the larger specific heat capacity of the water body, the
temperature of downstream river is higher than that of reservoir in the wet season, then the temperature
of downstream river increase compared with that before dam construction. And in the dry season when
the reservoir is stored, its temperature is higher compared to the downstream river temperature, then the
reservoir release causes the downstream river temperature to increase. Because the outlet of the Laxiwa
station in the cold-dry river valley is located in the middle and upper parts of the dam, the upper water
layer of the reservoir is discharged downstream. In the dry season, the runoff decreases, and the duration of
the reservoir storage period increases, which results in thermal stratification. However, some studies have
shown that severe cold climates can cause thermal stratification phenomena with reversal of temperature
gradients (F. Li et al., 2020). As such, the cooler water temperature of the upper layer of the reservoir at the
Laxiwa station results in decreasing downstream river temperatures in the dry season.

The construction of a reservoir increases the surface area of the water body and causes seasonal changes
in the surface temperatures of the surrounding areas. As we have demonstrated, the reservoir regulation
effect is more prominent in the downstream area (Toffolon et al., 2010). In the dry-hot valley, the warming
and cooling effects existed simultaneously. The cooling effect was confined to the valley floor area, while
the warming effect was observed in the high-altitude regions. In general, the construction of a large hydro-
power station in a dry-hot valley contributes to the decreasing and increasing temperatures observed in the
valley floor and in high-altitude areas, respectively (D. Wang et al., 2018). The cold-dry valley was domi-
nated by cooling temperatures, while the humid-hot valley experienced widespread cooling with localized
instances of warming. Furthermore, the cooling effect was more pronounced in the dry season than it was
in the wet season. These observations are consistent with previous reports of the summer cooling effect
(W.Y. Wang et al., 2012) and the water storage cooling effect (Zhang et al., 2019). Overall, the strength and
extent of the reservoir regulation effect depend on the geographical location of and the climate conditions
at the reservoir (Degu et al., 2011; Rastorguev & Roshchina, 1987; Xiong et al., 2020).

Our results indicate that the reservoir regulation effect varies depending on whether the area of interest lies
in a dry-hot valley or in a non-dry-hot valley. In the dry-hot valley, the construction of a hydropower station
could result in decreased temperatures in the valley floor area and increased temperatures in the mountains
or in other high-altitude areas. To some extent, the presence of the hydropower station regulates the climate
of the dry-hot valley and contributes to the improvement of the ecological environment in this area. In the
non-dry-hot valleys, the large-scale cooling observed in the wet season offsets the hotter temperatures that
occur during the summer; furthermore, the warming effect also regulates the cooler climate conditions in
the high-altitude areas. However, the widespread cooling that occurs in the dry season ultimately contrib-
utes to an increased number of severe weather events. Specifically, the cooling observed in the dry season
at the Laxiwa station exacerbates the severe cold climate conditions and negatively impacts the ecological
environment (Gao et al., 2015). Therefore, the operation mode of the reservoir should be adjusted to account
for local climate conditions. These operational changes should minimize the environmental damage that
occurs at hydropower stations in non-dry-hot valleys during the dry season (Olden & Naiman, 2010; Xiao
et al., 2020). Accounting for the local climatic conditions in the design and operation of these reservoirs will
help to maintain the safety and stability of the ecological environment in these areas.

6. Conclusions

In this study, we retrieved LST data from Landsat remote sensing images and calculated the DRRT and TD
values for four different study areas. We defined and quantified the DRTC and RECI indices to discuss the
extent to which the reservoir temperature regulation effect affects the temperature of the downstream river
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and the surrounding area in both dry-hot valleys and non-dry-hot valleys in different flood seasons. Our
conclusions are as follows:

1. In both dry-hot valleys and non-dry-hot valleys, the presence of the reservoir had a more pronounced
effect on the downstream river temperature in the wet season than it does in the dry season. By contrast,
the temperatures in the surrounding areas were more heavily influenced by the temperature regulation
effect during the dry season.

2. Depending on the conditions in the study area, the amount of influence exerted by the reservoir on the
downstream river temperature varies. In the dry-hot and humid-hot valleys, the presence of a reservoir
generally resulted in a warmer downstream river temperature for the entire downstream river area.
However, in the dry season at the Liyuan station, the warming effect only extended to a distance of 9 km
from the dam. In the cold-dry valley, the downstream river temperature decreased in the dry season and
increased in the wet season throughout the downstream study area.

3. Theimpact of the reservoir temperature regulation effect varies in different regions. In the dry-hot valley,
there was widespread warming at higher altitudes and more localized cooling in the valley floor area. In
the non-dry-hot valleys, the cooling effect was more widespread than warming. In the cold-dry valley in
particular, the cooling effect persisted year-round.
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