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Abstract. Thermal stratification which is common in water bodies is subject to such factors as the water
depth of the water body (a lake or reservoir, for instance), the fluidity of the water and the local meteorological
conditions. The stable thermal stratification in reservoirs will lead to changes in the physical and chemical
properties of the water as well as distribution of aquatic creatures, hence leaving an impact on the water quality.
The Daheiting Reservoir was taken as the research object in this study. Based on the continuous monitored
water temperature data in the reservoir, the tempo-spatial change features of the water temperature structure
in the reservoir were analyzed, and the driving factors of thermal stratification in the reservoir was studied.
The research found that air temperature, wind speed, and hydrodynamic factors are the driving factors for the
thermal stratification and corresponding water temperature change patterns in Daheiting Reservoir. Among
these factors, air temperature is the fundamental precondition, the wind speed is the auxiliary precondition,
and the hydrodynamic factors are the disturbance factors for thermal stratification in the Reservoir. All these
factors act together to cause the thermal stratification pattern and evolution features in Daheiting Reservoir.

1 Research background

Thermal stratification, a common feature of water eco-
systems, plays an important role in changes of water
quality and water properties in lakes and reservoirs. The
major cause of thermal stratification is the temperature
difference between the upper layer and the lower layer of
the water body, and it is prevalent in lakes and reservoirs
[1]. The temperature on the surface of reservoirs present
cycling features, which results from heat transfer between
the air and the water as well as the seasonal changes of
meteorological parameters. The water temperature at the
bottom of the reservoir only changes in the autumn and
winter with the surface water temperature, but in other
months, the temperature changes differ from the upper
layer to the lower layer of the reservoir. This is because
the bottom receives far less solar radiation than the surface
water, and as the depth increases, the disturbance diffusion
effect caused by wind cannot reach the bottom water. As a
result, the high-temperature water on the surface cannot
join the bottom water, while heat transfer at the molecular
level is very limited (it was reported that heat transfer at
the molecular level is slow and takes about a month to
realize 1 m vertical transfer of heat [1]). Thus, the water
temperature at the lower layer of the reservoir shows less
changes than that on the surface layer. During thermal
stratification, the warm surface of the water body is
referred to as epilimnion; the layer with colder water that
cannot enter the epilimnion and shows stable temperatures
is called hypolimnion. The layer in between that features
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a large gradient of temperature changes is called the
thermocline.

Studies on thermal stratification in reservoirs globally
focus more on the pattern, the mechanism and driving
factors of thermal stratification as well as quantitative
evaluation of thermal stratification. The division of the
three layers in thermal stratification was not defined in the
initial research stage, and in 1957, Hutchinson [2] divided
the layers of water with 1 km'! as the temperature gradient.
Bo-Ping et al. [3] probed into thermal stratification in the
SAU Reservoir in Spain, and insisted that the thermal
stratification was a result of the joint effects of external
forces and internal variables. Boehrer et al. [1] analyzed
the water temperature structure of Goitsche Lake in
Germany, and identified air temperature as the major
contributor to thermal stratification. Champman et al. [4]
insisted that the difference between the temperature on the
surface and the bottom of the reservoir led to vertical
differences of water intensities, which led to the formation
of the epilimnion, thermocline and hypolimnion from the
surface to the bottom of reservoirs.

Reservoirs are different from lakes in multiple ways.
Ford [5] argued that the compared with the situation in
lakes of the similar morphology, the water in reservoirs
stay for a shorter time due to the inflow and discharge of
water of the reservoir. Some think that the thermal
stratification in reservoirs is significantly affected by the
temperature of the water inflow [6-10]. In terms of
stability of thermal stratification, researchers abroad
proposed multiple indices for quantitative assessment.
Horne and Goldman [11] proposed the TSI index, which
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has been widely used because of its simple calculation.
Imberger and Hamblin [2] proposed the Wedderburn
number to quantify the mixture stability; Imberger [13] put
forward the Lake Number, which was used by Hondzo and
Stefan [14] to describe the dynamic stability of the water
in reservoirs. Other indices, such as the stability index
proposed by Schmidt [15] and the stability index put
forward by Hutchinson [2] have also been widely used.
These indices have played a significant role in evaluating
the stratification tensity, the physical state and features of
lakes. During thermal stratification, the thermocline is the
key region for division of the thermal layers, and many
research results have been achieved in this regard. For
instance, Gorham and Boyce et al. [16] argued that the
depth of the thermocline was subject to the size and
transparency of the lake; Fee et al. [17] thought that as the
area of the lake increased, the depth of the seasonal
thermocline increases with the increased wind force.
Snucins and Gunn [18] argued that the climatic changes
also played a role in determining the depth of the
thermocline in lakes.

In this study, the Daheiting Reservoir which is the
source of the water diversion project from Luanhe River
to Tianjin city was taken as the study case. Specifically,
the monitored continuous water temperature data in the
reservoir were used to analyze the spatio-temporal change
features of the water temperature structure in the reservoir,
and to figure out the driving factors for the thermal
stratification in the reservoir in combination with the
surveyed meteorological and marshalling data.

2 Introduction to the study area and
research methods

2.1 Introduction to the study area

The water diversion project from Luanhe River to Tianjin
city is situated in on the main stream of Luanhe River
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within Qianxi county, Tangshan City in Hebei. It consists
of large water conservancy projects that develop the water
resources of Luanhe River and realize inter-basin water
supply for Tianjin, Tangshan, and other cities in the lower
reach of Luanhe River. Daheiting Reservoir is a central
water conservancy link in this water diversion project. The
reservoir is 30 km away from Panjiakou Reservoir on the
mains stream of Luanhe River, and is 5 km away from
Qianxi County on the north, and the basin between
Panjiakou Reservoir and Daheiting Reservoir covers an
area of 1400 km?. The total capacity of the reservoir is 337
million m?, the water inflow stretches 23 km, and the
normal water storage height is 133 m. It is a Level-II water
conservancy project of China, and the regulation function
is annual regulation.

2.2 Research methods

In order to study the temporal and spatial characteristics
and driving factors of the thermal stratification of the
reservoir, this study employed the portable water quality
monitor (EXO-1) to carry out a comprehensive water
temperature monitoring of the reservoir area. The
measurement started in 2017, and the measurement time
was from August to November 2017 and from April to
November 2018. There were 13 measurement sites
including the dam-front of Daheiting Reservoir, the
central area of the reservoir, the estuary of Panjiahe River,
the estuary of Sahe River at the dam-tail (to obtain data
about the planar and vertical distribution of water
temperature in the reservoir, a network of measurement
sites was deployed in the reservoir since June 2018, and a
total of 35 measuring lines were arranged). Figure 1 shows
the locations of the measurement sites.

Networked measurement sites

Figure 1. Locations of water temperature measuring sites in Daheiting Reservoir
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3 Results and discussion

3.1 Temporal evolution of the anoxic zone in
Daheiting Reservoir

The vertical water temperature data monitored at the dam-
front from August 2017 to November 2018 were charted
to analyze the temporal change patterns of thermal
stratification at the dam-front of Daheiting Reservoir
(Figure 2).
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Figure 2. Temporal changes in the vertical water temperature
structure of Daheiting Reservoir

As Figure 2 shows, Daheiting Reservoir is a typical
dimictic reservoir. It presents significant patterns of
annual evolution of thermal stratification. The water at the
dam-front of the reservoir has two states: mixture and
layering. Thermal stratification occurs from May to
September, while mixture occurs in April and November.
After the freezing-up period, the water at the dam-front is
in a mixing state, and with the increase of the air
temperature, the temperature of water at the surface
increases as well, leading to a larger temperature
difference between the surface and the bottom of the
reservoir, which results in significant thermal stratification
in May. The thermal stratification enters a stable state from
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a. temporal changes of water temperature in Daheiting
Reservoir

June to August. From September to October, as the air
temperature drops, the water temperature decreases as
well, leading to a narrower gap of temperature between the
surface and the bottom of the reservoir but more active
mixture along the vertical direction. In this period, the
water temperature structure shifts from the layered
structure to the mixture structure, thermal stratification
starts to disappear, which disappears completely and shifts
to vertical mixture in November. It should be noted that
compared with the period from July to August in 2017, in
the same period in 2018, the reservoir performed massive
discharge of water, which led to significant flow of water
and intensive mixture of water along the vertical direction,
disturbing the stratified structure of water temperature in
the reservoir. In this period, the thickness of the
thermocline increased, the water temperature in the
hypolimnion rose, the vertical difference of water
temperature declined, and the thermal stratification effect
became less significant.

Figure 3a shows the water temperature changes at the
epilimnion, thermocline and hypolimnion of Daheiting
Reservoir throughout a year, and Figure 3b shows the
stability of thermal stratification in different months at the
dam-front. As these figures show, the surface water
temperature shows significant changes within the year,
increasing from 7.83°C in April to 26.57°C in June, an
increase by 18.74°C, which indicates the significant
impact of seasonal changes and the air temperature on the
water temperature at the epilimnion of the reservoir. The
water temperature at the hypolimnion, however, showed
smaller changes; it rose from 6.99°C in April to 10.45°C
in October, an increase by about 3°C, which suggests little
impact of the meteorological conditions on the water
temperature at the hypolimnion. During the full mixture
period, the stability of thermal stratification decreased,
and after the thermal stratification began, the stability
index rose, which reached the maximum at 409.7 in June
2018. Then, as thermal stratification disappeared, the
stability of thermal stratification witnessed a significant
drop.
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Figure 3. Temporal changes in the surface-bottom temperature difference and stability index in Daheiting Reservoir

3.2 Spatial evolution characteristics of thermal
stratification in Daheiting Reservoir

To analyze the spatial evolution features of thermal
stratification of the reservoir, the water temperature
measurement results along the reservoir were sorted to

prepare vertical isopleth diagram of the measuring section
of the reservoir by month. Figure 4 shows the distribution
of water temperature along the reservoir by month.

As Figure 4 shows, the spatial evolution of thermal
stratification presents a tangible pattern. In August 2017,
the thermal stratification stretches 14 km from the dam-
front to the dam tail, covering a wide range. Beyond 14
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km, the water depth decreases and presents more features
of water channels, and the thermal stratification effect
disappears. In September, as thermal stratification
alleviated, the stretch decreased to 10 km, which was
shorter than in August. Thermal stratification decreased
further in October, with the reach shrinking to 8 km. In
November, the reservoir entered a mixing state and no
thermal stratification was found. After it moved to May
2018, thermal stratification re-occurred, reaching a stretch

of 14 ~ 16 km, and it lasted to June. In July and August,
under the impact of water discharge, the thermal
stratification was disturbed and reached a smaller scope,
and the reach of the stratification decreased to 6 ~ 9 km.
Thermal stratification recovered to a degree, and the
spatial reach increased again to 14 km. After October,
thermal stratification recessed, with its spatial reach
shrunk to none.
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Figure 4. Water temperature structure characteristics along the reservoir

3.3 Driving factors for thermal stratification in
Daheiting Reservoir

(1) Response relations between the thermal stratification
and air temperature in Daheiting Reservoir

Figure 5 shows the relations between the different
layers of water and the air temperature. As the figure
shows, the air temperature in the area of Daheiting
Reservoir showed large differences across the year, and
the water temperature changes at the epilimnion “followed”
or partly “followed” this pattern; the water temperature in
the thermocline also showed a similar pattern, but the
changes were less significant; while the water temperature
at the hypolimnion was largely not correlated to the air
temperature.
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Figure 5. Correlation between water temperature at different
layers of the reservoir and the air temperature

Figure 6 shows the analysis results of the correlation
between the water temperature at different layers of the
reservoir with the air temperature. As Figure 6 shows, the
water temperature at the epilimnion is strongly correlated
to the air temperature (Pearson correlation coefficient =
0.898, P<0.001), while no tangible correlation is observed
between the water temperature at the hypolimnion and the
air temperature. In fact, it is the difference in the
correlation between the air temperature and the water
temperature at different layers of the reservoir that leads
to the thermal stratification. When the air temperature
rises, the water temperature at the epilimnion rises as well,
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while the water temperature at the hypolimnion is largely
unaffected, leading to a larger gap in the temperature of
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Figure 6. Correlation between air temperature and water temperature in Daheiting Reservoir

(2) Response relation between thermal stratification in
Daheiting Reservoir and the wind speed

With the data of the measured wind speed, the thermal
stratification stability and the water mixture depth in the
reservoir, the correlation between thermal stability and the
wind speed was identified, as shown in Figure 7. The wind
speed and the thermal stratification in the reservoir shows
significant negative correlation (Pearson correlation
coefficient =-0.842, P=0.001). The thermal stability
decreases as the wind speed increases. During the early
stage of thermal stratification, the wind disturbance in

2018/12/8

* Wind speed|

2017/6/6 2017/12/6 2018/6/6

H25
4004 -~

e
/
\
/-
/I

)
Wind speed (m/s)

o
e

[—®— RWCS index

T
2018/12/8

T T
2017/6/6 2017/12/6 2018/6/6
Data

a. Changes in wind speed and thermal stability index

spring led to the formation of an epilimnion layer on the
surface of the reservoir; later, when the thermal
stratification entered a stable state, a small wind speed
ensured stability of the epilimnion layer and the
thermocline layer below; in autumn when the water tensity
at the hypolimnion decreased with the dropping air
temperature, strong wind increased vertical mixture of
water in the reservoir and boosted temperature exchange,
which finally resulted in the disappearance of thermal
stratification in November.
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Figure 7. Relationship between wind speed and thermal stability index in the reservoir

(3) Correlation between hydrodynamic conditions and
thermal stratification in Daheiting Reservoir

One distinction between the reservoir and lakes is the
hydrodynamic conditions. Lakes often feature a large area
and see no significant changes in the hydrodynamic
conditions or shocks from water inflow across the year. In
reservoirs, however, there are regular inflows or outflows
of water in a given time period of time, which result in
changes in the thermal stratification structure.

Figure 8 shows the discharge volume of water from
2017 to 2018 in Daheiting Reservoir. As the figure shows,
the discharge volume changed significantly within the
year, with the maximum monthly discharge increasing
from 78.2 m3/s in 2017 to 274 m®/s in 2018, a 3.5-fold
difference. Such significant differences within the year

and across years had significant impacts on the thermal
stratification in the reservoir.
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Figure 8. Comparison of monthly discharge volume in 2017
and 2018 in Daheiting Reservoir
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The data in August 2017 and August 2018 were
compared to explore the impact of hydrodynamic factors
on thermal stratification in the reservoir. First, other
influencing factors on thermal stratification in these two
months except the discharge volume are presented in
Table 1. As the table shows, the key factors including the
meteorological conditions and water depth that affect the
thermal stratification in August in 2017 and 2018 do not
show much difference. Due to the differences in water
discharge in August between these two years, thermal
stratification varied. Figure 9 shows the vertical water
temperature layers in August of 2017 and 2018.

Table 1 Comparison of factors affecting thermal stratification
of Daheiting Reservoir except water discharge in August 2017

and 2018
Average Average Average Average
monthly monthly
monthly wind monthly water
temperature speed water depth
(°C) (m/s) level (m) (m)
August
2017 24.02 1.01 130.5 22.5
August
2018 25.69 0.99 130.4 22.4
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Figure 9. Comparison of water temperature at the dam-front in
August 2017 and August 2018 in Daheiting Reservoir

As the water discharge data show, the discharge
volume witnessed a sharp increase in Daheiting Reservoir
from 2017 to 2018, with the maximum daily discharge
surging from 58.9 m®/s in August 2017 to 795 m?/s in
August 2018. This increase in discharge led to significant
impacts on the water temperature structure at the dam-
front. As Figure 9 shows, with other factors being equal,
the thermal stratification structure showed significant
difference between August 2017 and August 2018.
Specifically, in August 2017, an obvious three-layer
structure of water temperature was observed in the
reservoir, while in August 2018, due to large discharge of
water, the vertical mixture of water in the epilimnion and
the thermocline increased, the water temperature above
the hypolimnion showed a general decrease, the
temperature gradient between the epilimnion and the
thermocline largely disappeared, and the thermal

stratification at the dam-front was fundamentally
disturbed. Analyses above revealed that the hydrodynamic
conditions, as a specific contributor to thermal
stratification in reservoirs, could change the thermal
stratification in reservoirs when other factors were kept
the same. Therefore, the hydrological condition accounts
for a major contributor to the thermal stratification in the
IeServoir.

4 Conclusion

(1) Taking Daheiting Reservoir, the source reservoir of the
water diversion project from Luanhe River to Tianjin City
as the research object, this study performed long-series
and full-space water temperature measurement from the
front to the tail of the dam of the reservoir. With the
measured data, the spatio-temporal changes of water
temperature structure in the reservoir were analyzed. In
combination with the measured meteorological and
discharge data, the driving factors of thermal stratification
in the reservoir was explored.

(2) The air temperature decides the seasonal change
pattern of the water temperature at the epilimnion of the
reservoir. Besides, due to the uneven transfer of solar
radiation along the vertical direction of the water in the
reservoir, the changes in the air temperature will lead to a
high gradient of temperature and density of water along
the vertical direction, which accounts for the root cause for
thermal stratification in the reservoir. The decrease of air
temperature significantly decreases the difference of water
temperature and density along the vertical direction,
leading to significant drops in the thermal stability of the
water and finally resulting in full mixture. Thus, the air
temperature is a driving factor of thermal stratification in
Dabheiting Reservoir.

(3) Wind disturbance is an auxiliary factor that
contributes to formation and disappearance of thermal
stratification in the reservoir. During thermal stratification,
the wind boosts mixture of water on the surface of the
reservoir, resulting in the epilimnion; meanwhile, as the
thickness of the epilimnion increases, the thermal
stratification enters a stable state. When thermal
stratification recesses, the wind accelerates mixture of
water that has already experienced a drop in thermal
stability along the vertical direction, which contributes to
the disappearance of thermal stratification.

(4) Hydrodynamic conditions, as an influencing factor
unique to reservoirs, directly affects the distribution of the
thermal layers along the vertical direction in the reservoir
when other factors are kept unchanged. The shock from
massive discharge of water disturbs the structure of the
epilimnion and the thermocline, changing the thermal
stratification ~ structure in the reservoir. Thus,
hydrodynamic conditions also account for a major
contributor to thermal stratification in the reservoir.

(5) In sum, air temperature, wind speed, and
hydrodynamic conditions are the major driving factors to
the formation and distribution of thermal stratification in
Daheiting Reservoir. Among these factors, the air
temperature is the fundamental condition for formation of
thermal stratification, the wind speed is an auxiliary factor



E3S Web of Conferences 261, 04010 (2021)
ICEMEE 2021

https://doi.org/10.1051/e3sconf/202126104010

that promotes formation and disappearance of thermal
stratification, and the hydrodynamic conditions are the
major disturbing factor that affects the thermal
stratification structure. All these factors have acted
together to affect the pattern and evolution of thermal
stratification in Daheiting Reservoir.
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