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Abstract 

Background:  River damming inevitably reshapes water thermal conditions that are important to the general health 
of river ecosystems. Although a lot of studies have addressed the damming’s thermal impacts, most of them just 
assess the overall effects of climate variation and human activities on river thermal dynamics. Less attention has been 
given to quantifying the impact of climate variation, damming and flow regulation, respectively. In addition, for rivers 
that have already faced an erosion problem in downstream channels, an adjustment of the hydroelectric power plant 
operation manner is expected, which reinforces the need for understanding of flow regulation’s thermal impact. To 
fill this gap, an air2stream-based approach is proposed and applied at the Włocławek Reservoir in the Vistula River in 
Poland.

Results:  In the years of 1952–1983, downstream river water temperature rose by 0.31 ℃ after damming. Meanwhile, 
the construction of dam increased the average annual water temperature by 0.55 ℃, while climate change oppositely 
made it decreased by 0.26 ℃. In addition, for the seasonal impact of damming, autumn was the most affected season 
with the warming reached 1.14 ℃, and the least affected season was winter when water temperature experienced 
a warming of 0.1 ℃. The absolute values of seasonal average temperature changes due to flow regulation were less 
than 0.1 ℃ for all the seasons.

Conclusions:  The impacts of climate variation, damming, and flow regulation on river water temperatures can be 
evaluated reasonably on the strength of the proposed methodology. Climate variation and damming led to general 
opposite impacts on the downstream water temperature at the Włocławek Reservoir before 1980s. It is noted that 
the climate variation impact showed an opposite trend compared to that after 1980s. Besides, flow regulation below 
dam hardly affected downstream river water temperature variation. This study extends the current knowledge about 
impacts of climate variation and hydromorphological conditions on river water temperature, with a study area where 
river water temperature is higher than air temperature throughout a year.
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Background
River water temperature is one of the most important 
physical indicators of the aquatic system. It controls many 
physical and biogeochemical processes in the waterbody, 
such as the biogeochemical turnover rates [38], and the 
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photosynthesis and respiration processes of aquatic spe-
cies [42]. Almost all the aquatic species have specific 
water temperature ranges for survival. Abrupt changes of 
the thermal conditions will impact their production and 
development [4, 10, 15, 16, 22, 43]. Thus, studying the 
thermal dynamics of rivers is of great significance.

Due to climate change and anthropogenic activities, 
river thermal dynamics in many regions have under-
gone tremendous changes [1, 9, 14, 28, 44, 49]. River 
damming, as one of the main human interventions to 
the river systems, plays a vital role in reshaping the river 
thermal conditions. Generally, damming changes the 
thermal dynamics of river in two aspects [41]. First of 
all, the presence of dam itself changes thermophysical 
properties both in the reservoir and downstream river 
reach, affecting the thermal interaction between river 
and atmosphere. Secondly, it affects the heat exchange 
resulting from water entering and leaving the river 
reach through flow regulation below dam. It is noted 
that different kinds of flow regulation also have differ-
ent impacts on the erosion of downstream river chan-
nel [12]. This makes the decision-making of dam flow 
regulation even harder when some of its impacts remain 
unknown. Thus, understanding the influence of flow reg-
ulation on thermal dynamics is undoubtedly helpful for 
decision-making of dam flow regulation. Many studies 
have focused on the damming’s thermal impact issue [3, 
5, 19, 20, 23–26, 32, 36, 39, 40, 45, 46]. However, most 
of these studies assessed the overall effects of climate 
variation and human activities (e.g., damming) on river 
thermal dynamics, and few studies attempted to quan-
tify the impact of climate variation and damming sepa-
rately, especially the individual impact of flow regulation. 
Therefore, it is of interest to further decide the roles of 
climate variation, damming, and flow regulation in the 
overall effects.

The Vistula River is the largest and longest river 
in Poland, and the 9th longest river in Europe. The 
Włocławek Reservoir in the Vistula River is the largest 
reservoir in Poland [18]. A lot of studies have been con-
ducted for this reservoir, addressing issues, including 
the impacts of damming on hydrochemistry and plank-
ton [21], zooplankton structure [31], fish migration [2], 
suspended sediments transport [11], and flow regimes 
alteration and riverbed erosion [12]. However, to our best 
knowledge, no publication has reported the impacts of 
damming and flow regulation on river thermal dynam-
ics. To fill this research gap, we use modeling approach to 
quantify the individual effect of climate variation, dam-
ming and reservoir water management operation on Vis-
tula River water temperature.

There are many river water temperature models avail-
able, including simple statistical models [7, 17, 29, 34], 

machine learning models [13, 35, 51], hybrid statistically 
physically based air2stream model [41], and complex 
process-based deterministic models [47, 48]. The hybrid 
air2stream model was employed as previous studies have 
shown that the air2stream model is simple to implement, 
and outperforms both the statistical models and machine 
learning models [33, 50]. Moreover, it requires less input 
data (daily water temperature, air temperature, and dis-
charge) compared with the fully process-based determin-
istic models. For the Vistula River, these data are readily 
available.

The objective of this study is to quantificationally 
evaluate the individual impact of climate variation, 
damming, and flow regulation on water thermal dynam-
ics in the Vistula River. To achieve the objective, the 
study entails as follows: (1) reconstruction of river water 
temperature in pre-dam period and post-dam period 
based on the air2stream model; (2) setting a series of 
scenarios to investigate individual impact from climate 
variation, damming, and flow regulation on river water 
temperature; and (3) making a comparison of the results 
to that assessed by Cai’s method [5] to demonstrate the 
validity of the improved research design. A quantitative 
assessment of the damming impacts and flow regula-
tion impacts on downstream river water temperature 
provides reference for sustainable river/reservoir man-
agement and will benefit dam removal studies as well, 
which becomes more and more popular in recent years 
[8, 37].

Methods
Study area and data sources
The Vistula River has a length of 1047  km, and a basin 
area of nearly 200  thousand  km2. The majority of its 
drainage area belongs to Poland (87%), and the rest 
locates at Belarus, Ukraine, and Slovakia (Fig.  1a) [27]. 
The construction of the Włocławek Reservoir on the Vis-
tula River was initiated in 1962 and completed in 1970. 
The reservoir was flooded between March 1969 and 
August 1970. Among Polish reservoirs, it ranks first in 
area (70  km2) and second in volume (376 mln  m3). It is 
a typical valley type lowland reservoir, with an average 
depth of 5.5 m (maximum 13 m), a length of 55 km, and a 
width of 2 km [18]. The water level variation is negligible, 
which does not exceed 1 m annually. And the mean daily 
variation in water level is up to 0.2 m [18]. The reservoir 
has multiple functions, including power generation, navi-
gation, flood control, recreation, and water supply for 
industry and agriculture [12]. The climate is temperate 
here with its annual precipitation of 450–550 mm (320–
350 mm in May–October). In addition, annual mean air 
temperature is around 8–9 °C [18].
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In this study, observed daily water temperature (Tw) 
and discharge (Q) data from the Włocławek river gauge 
station (downstream of the dam), and daily air tempera-
ture (Ta) data obtained from the nearby meteorological 
station in Płock were used (Fig. 1b). These data (avail-
able from 1952 to 1983) were obtained from the Insti-
tute of Meteorology and Water Management—National 
Research Institute, Poland. The data were divided into 
two subgroups: (1) pre-dam period (1952–1966 for pre-
dam model calibration and validation, and 1952–1961 
for results analysis) and (2) post-dam period (1972–
1983 for post-dam model calibration and validation, 
and 1973–1982 for results analysis). Data from 1967 to 
1972 were excluded from this analysis to avoid distur-
bances during the time of dam construction and start-
ing reservoir operation.

Reconstruction of river water temperature
To reconstruct river Tw in the downstream of the dam, 
the hybrid statistically physically based air2stream model 
[41] was used in this study (the source code is available at 
https://​github.​com/​marco​toffo​lon/​air2s​tream). Based on 
the heat balance equation, the model owns an advantage 
of reflecting the physical process of Tw change without 
geometrical characteristics of the river reach and specific 
heat inputs. Specifically, given an unknown volume of the 
river reach, the variation of Tw in this volume is affected 
by two terms. One is the heat exchange between the river 
reach and atmosphere, including shortwave and longwave 
radiation, and latent and sensible heat fluxes. Another one 
is the differences in heat flux caused by water entering and 
leaving the control volume. With a basic assumption that 
Ta and Tw can be used as a main proxy for all processes 

Fig. 1  Location of the Vistula basin (a) and the Włocławek Reservoir (b)

https://github.com/marcotoffolon/air2stream
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related to the heat fluxes exchanged at the river-atmos-
phere interface [6], Taylor series expansion is used to lin-
early compute each heat flux term. The final form of the 
air2stream model is obtained as a single ordinary differen-
tial equation linearly depending on Ta, Tw, and Q, which 
has several parameters to be calibrated. There are 5 ver-
sions of the air2stream models, i.e., 3-parameter version, 
4-parameter version, 5-parameter version, 7-parameter 
version, and 8-parameter version. The 8-parameter ver-
sion is derived from the original heat balance equation that 
takes into account both the effects of climate variation and 
flow changes on water temperature, while other versions 
simplify these factors. In this study, the full 8-parameter 
version of the model was used:

where Tw is water temperature, Ta is air temperature, θ is 
the dimensionless discharge, t is time, and ty is the dura-
tion of a year; a1–a8 are the eight parameters need to be 
estimated through model calibration capturing all the 
local effects.

Two air2stream-based models separately in pre-dam 
period (1952–1966) and post-dam period (1972–1983) 
were built based on observed daily data on Ta, Tw, and Q 
at the Włocławek station. As a general rule, 2/3 of each 
period series data were used for model calibration and 
1/3 for model validation. Thus, data from 1952 to 1961 
and 1972–1979 were used for pre-dam model and post-
dam model calibration, respectively. Data from 1962 to 
1966 and 1980–1983 were used for pre-dam model and 
post-dam model validation, respectively. The different 
calibrated parameters in these two models represented 
the river system thermophysical properties before dam-
ming (pre-dam) and after damming (post-dam), respec-
tively. Furthermore, model performance was evaluated 

(1)

dTw

dt
=

1
θa4

[
a1 + a2Ta − a3Tw

+ θ

(
a5 + a6 cos

(
2π

(
t
ty

− a7
))

− a8Tw

)]
,

using the root mean square error (RMSE) and Nash–Sut-
cliffe efficiency index (NSE) [40]. The results (measured 
air and water temperature, discharge, and modeled water 
temperature) were presented in climatological reference 
year by averaging across all years the values for each day 
of the year (29 February of leap year was not consid-
ered). In addition, all calculations, including RMSE, NSE, 
as well as the modeled river water temperature, were 
derived based on the code in Fortran, and the visualiza-
tion of the results was obtained through Excel.

Investigation into climate, damming, and flow regulation 
impacts on river water temperature
Given that the Włocławek Reservoir does not experience 
any wastewater pollution or exploitation for recreation, 
the changes of thermal regime in the downstream river 
reach can be primarily attributed to the dam construc-
tion and climate variation [21]. Controlled experiments 
based on the two calibrated models were designed to 
delineate the impacts on Tw from climate variation, dam-
ming, and flow regulation below dam (different scenarios 
are shown in Table 1). In detail, the total change of Tw in 
the post-dam period relative to the pre-dam period at the 
Włocławek gauge station (ΔTtot) can be obtained as

in which �Ttot represents the overall impacts from cli-
mate variation and damming. Tobs,pre and Tobs,post are the 
observed Tw for the periods before and after damming, 
respectively.

The Tw changes attributed to climate variation can be 
evaluated by the following equation:

in which �T clim represents the impacts from the climate 
variation, in ℃; T1 is the simulated Tw in scenario 1, with 
pre-dam model, Ta during post-dam period and Q during 

(2)�Ttot = Tobs, post − Tobs, pre,

(3)�Tclim = T1 − T01,

Table 1  Scenarios designed to investigate multiple factors impact on river water temperature

Scenario Model Input Output

Air temperature River discharge Simulated 
water 
temperature

Model calibration 1 Pre-dam (parameter setting 1) Pre-dam Pre-dam T01

Model calibration 2 Post-dam (parameter setting 2) Post-dam Post-dam T02

Scenario 1 Pre-dam Post-dam Pre-dam T1

Scenario 2 Pre-dam Pre-dam Post-dam T2

Scenario 3 Post-dam Pre-dam Post-dam T3
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pre-dam period; T01 is the simulated Tw for the period 
before damming (Table 1).

Similarly, changes from damming can be evaluated by 
Eq. (4):

where �Tdam represents the impacts from damming, in 
℃; T3 is the simulated Tw in scenario 3, with post-dam 
model, Ta before damming and Q after damming.

Specifically, the impact from flow regulation is to be 
isolated from the damming impacts. The equation is as 
follows:

in which, �TQ represents the impact from the flow regu-
lation below dam, in ℃; T2 is the simulated Tw in scenario 
2, with pre-dam model, Ta in pre-dam period and Q in 
post-dam period.

The methodology proposed in this study was also 
compared against the methodology developed by Cai 
et al. [5] which evaluated the impact of damming based 
on the difference between observed Tw and simulated 
Tw of pre-dam model during post-dam period. And the 

(4)�Tdam = T3 − T01,

(5)�TQ = T2 − T01,

air2stream-based model built according to Cai’s method-
ology was called as the pre-dam (Cai) model. It used data 
in pre-dam period for calibration and data in post-dam 
period for validation.

Results
Variations of thermal pattern
Inter‑annual variation
In the study period, mean annual Ta fluctuated between 
6 and 10  °C (Fig.  2a). The highest value of 9.48  °C was 
observed in 1975 and the lowest value of 6.49  °C in 
1980; moreover, increasing variation amplitude of Ta 
during post-dam period was observed. Also, a slight 
downward trend was evident in general. The annual Tw 
variation exhibited a similar pattern to Ta except for a 
slight upward trend. The annual Tw was higher than Ta 
about 1–2  °C on average. In addition, during the post-
dam period, discharge at the Włocławek station showed 
an increasing trend due to the flow regulation below dam.

Intra‑annual variation
Overall, monthly Ta was below 0  °C in winter (from 
December to February) while in other seasons it always 

Fig. 2  Variations of annual (a) and monthly (b–d) air temperature (a, b), water temperature (a, c), and discharge (a, d) at the Włocławek station, for 
the pre-dam and post-dam periods
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stayed above 0  °C. It reached the highest in summer 
about 17 °C during the post-dam period. Except for a few 
months in spring and winter, Ta decreased almost all year 
round after damming with the greatest decline in sum-
mer (Fig. 2b), and the differences varied from − 1.46 °C 
to 1.40 °C. In addition, the intra-annual variation ampli-
tude of Ta decreased after damming (Fig.  2b). As for 
Tw, it showed a similar trend to Ta at intra-annual time 
scales, but oppositely rose slightly almost in every month 
after the dam was built (shown in Fig.  2c). Besides, the 
increase of Tw in spring (March–May) and autumn (Sep-
tember–November) varied from 0.36 to 1.05  °C, which 
was greater than that in summer (June–August) and win-
ter. River discharge changed moderately at intra-annual 
time scales with the peak value of 1489  m3/s in spring 
(during post-dam period) (shown in Fig.  2d). Addition-
ally, an overall increase in river discharge after damming 
was evident for the other three seasons except the spring. 
The flow regulation below dam produced a decreased 
annual peak flow and an increased annual minimum river 
flow relative to the pre-dam period.

Performance of the air2stream model
As shown in Table  2, the values of RMSE for the pre-
dam model, the post-dam model, and the pre-dam (Cai) 
model during calibration and validation periods (at daily 
resolution) were 0.92 ℃ and 0.96 ℃, 0.93 ℃ and 1.03 ℃, 
and 0.90 ℃ and 1.31 ℃, respectively. Furthermore, the 
values of NSE for the three models during calibration 
and validation periods were all over 0.97, indicating that 
the three air2stream-based models were all able to sat-
isfactorily reproduce the thermal dynamics in the cor-
responding pre-dam period and post-dam period. The 
parameter details of the pre-dam model, the post-dam 
model, and the pre-dam (Cai) model are listed in Table 3. 

When comparing the reproduced river Tw with the actual 
observations at the Włocławek station, the model per-
formance showed a slight deterioration in validation, 
especially for the pre-dam (Cai) model (Table 2). For the 
pre-dam model and the post-dam model, the deteriora-
tion in validation was attributed to the model bias. How-
ever, for the pre-dam (Cai) model, this was expected that 
the construction of dam had altered the thermal regime 
of the downstream river reach as the data used for cali-
bration and validation were separately in pre-dam period 
and post-dam period. The successful reproduction of 
natural variation of river Tw using the air2stream model 
provided the basis for accurately quantifying the sepa-
rate contributions of climate variation and human inter-
ventions (impacts from damming and individual impact 
from flow regulation below dam) on Tw changes at the 
Włocławek station after the dam was built.

Quantifying the impacts of climate variation, damming, 
and flow regulation on river water temperature
Overall, Tw rose by 0.31 ℃ on average after the construc-
tion of dam, and Tw was closely related to Ta in both pre-
dam period and in post-dam period (Fig.  3a, b). There 
was also a strong response of Tw to Ta as the variation 
trends of Tw during the whole year were almost the 
same to Ta (Fig. 3a, b). In addition, the presence of dam 
increased the annual Tw by 0.55 ℃ while climate variation 
oppositely made it decreased by 0.26 ℃ (Table  4). It is 
noted that the long-term air temperature variation trend 
after 1980s showed an opposite rising trend. Therefore, 
climate variation impact on water temperature might 
show an opposite rising trend too. Moreover, flow regu-
lation below dam (Fig.  3c) had almost no impact on Tw 
variation in this study.

Table 2  Performance of the air2stream model applied to the Włocławek station, for pre-dam and post-dam periods

Model Evaluation Pre-dam Post-dam Pre-dam (Cai)

Period Calibration Validation Calibration Validation Calibration Validation

1952–1961 1962–1966 1972–1979 1980–1983 1952–1961 1973–1982

RMSE 0.92 0.96 0.93 1.03 0.90 1.31

NSE 0.99 0.99 0.99 0.98 0.99 0.97

Table 3  Parameter details of the pre-dam model, the post-dam model, and the pre-dam (Cai) model

Model a1 a2 a3 a4 a5 a6 a7 a8

Pre-dam 0.15 0.23 0.22 0.37 0.57 0.83 0.54 0.06

Post-dam − 0.04 0.16 0.12 − 0.18 0.90 0.88 0.54 0.10

Pre-dam (Cai) 0.14 0.22 0.21 0.39 0.39 0.63 0.53 0.04
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In particular, the climate variation effect can be divided 
into two distinct periods throughout the year. In sum-
mer (June–August), the climate variation caused monthly 
mean Tw to decrease by 0.87 ℃ while caused almost no 
variation on Tw during the rest seasons of the year, which 
was consistent with the seasonal variation of Ta between 
pre-dam period and post-dam period (Fig.  2b). When 
looking at seasonal changes of Tw due to dam presence, 
the results showed that autumn (September–Novem-
ber) was the most affected season with the warming 
reached 1.14 ℃, while the least affected season was win-
ter (December–February) when Tw experienced a warm-
ing of 0.10 ℃. The annual evolution of the thermal effects 
on downstream river Tw associated with overall impacts, 

climate variation, the presence of dam, and flow regula-
tion are clearly visible in Fig.  3d. It deserves pointing 
out that ∆Ttot exhibited a similar pattern to ∆Tcli too. In 
addition, the maximum absolute variations of Tw caused 
by damming and that induced by climate variation were 
both around 2 ℃.

As for the results based on Cai’s method (Table  4), it 
shows that the total variation of Tw is the same to the 
result calculated by the proposed method in this study. 
Also, the construction of dam increased the Tw by 0.66 ℃ 
on average, which is 0.11 ℃ higher than ours. And cli-
mate variation made it decreased by 0.27 ℃ on average 
as well. In addition, when looking at seasonal changes 
of Tw caused by climate variation and dam presence, the 

Fig. 3  Seasonal dynamics of Ta and Tw for a pre-dam and b post-dam periods, and c discharge Q, at the Włocławek gauge station. The annual 
evolution of thermal effects on Tw attributed to d overall impacts, climate variation, the presence of dam, and flow regulation

Table 4  The seasonal contributions of climate variation, damming, and flow regulation to downstream river water temperatures at 
the Włocławek station in two methods

All values are in Celsius degree (°C)

Methodology Tw change Spring (March–
May)

Summer (June–
August)

Autumn (September–
November)

Winter (December-
February)

Annual

This study ∆Ttot 0.42 − 0.18 0.80 0.20 0.31

∆Tclim − 0.08 − 0.87 − 0.10 − 0.01 − 0.26

∆Tdam 0.40 0.54 1.14 0.10 0.55

∆TQ − 0.03 0.00 0.08 0.07 0.03

Cai’s method ∆Ttot 0.42 − 0.18 0.80 0.20 0.31

∆Tclim 0.00 − 0.84 − 0.12 − 0.11 − 0.27

∆Tdam 0.57 0.66 0.93 0.47 0.66
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highest variation of Tw attributed to climate variation 
appeared in summer too, with almost the same value. 
And for the impact from dam presence, autumn was 
still the most affected season with the warming reached 
0.93 ℃, while the least affected season was winter when 
Tw experienced a warming of 0.47 ℃. It is noted that the 
seasonal evolution of the thermal effects on downstream 
river Tw caused by dam presence shows relatively less 
differences. In addition, we also analyzed the results at 
upstream Płock station (Fig. 1). It showed that the inter-
annual water temperature variation at Płock station and 
Włocławek station exhibited a similar pattern. Moreover, 
the impacts of dam presence on Tw were not significantly 
different (annual impacts were 0.57 ℃ and 0.66 ℃, sepa-
rately), even though there was a slight difference in intra-
annual impacts.

Discussion
More reasonable results by isolating the impact of flow 
regulation from damming
The advantage of the approach proposed in this paper is 
that it can detach the individual influence of flow regula-
tion from the whole thermal impacts resulting from dam 
presence. Although the air2stream model has been suc-
cessfully used in many areas of Europe, such as Croatia, 
Switzerland, and Poland [33, 34, 50], hardly any other 
examples have been shown for similar studies of the indi-
vidual effects of climate variation, damming, and flow 
regulation on river thermal dynamics. Moreover, the sea-
sonal variation of Tw caused by climate variation and dam 
presence seems more reasonable when compared with 
the results based on Cai’s method. In detail, for the sea-
sonal variation of Tw attributed to climate variation, these 
two methods’ results are almost the same in summer and 
autumn, while there is a slight difference in winter and 
spring (Table 4). Even though the difference is only about 
0.1 ℃ in winter and spring, the results obtained by our 
approach are more consistent with the seasonal distri-
bution of air temperature (Figs. 2b,  3d). In contrast, the 
impact on annual Tw from damming is less prominent, 
but the intra-annual variation is greater with a more 
noteworthy maximum value in autumn. Flow regulation 
effects are included in climate change effects rather than 
damming effects in Cai’s method [5]. This might account 
for the differences between the results from the proposed 
approach and Cai’s method. Since the impacts from 
flow regulation are very small in this case study, the dif-
ferences between these results are also slight. However, 
although the impacts from flow regulation below dam for 
the Włocławek reservoir are very small, it might be more 
noticeable in other reservoirs [40], leading to more differ-
ent results between these two methods.

Warming effect of damming throughout the year
To disentangle the underlying mechanisms that cause the 
whole year warming effect of damming on downstream 
river Tw, river thermal pattern and thermal inertia effect 
are analyzed below. As mentioned before, Tw exhibits a 
similar variation pattern to Ta at intra-annual time scales 
(Fig. 2b, c). So does the variation pattern of ∆Ttot to ∆Tcli 
(Fig.  3d). It is preliminarily assumed that the variation 
pattern of river Tw in this study area is dominated by Ta. 
To demonstrate this, thermal pattern of the Vistula River 
is further analyzed. According to the thermal classifica-
tion [33], there are two thermal patterns based on the 
different slope values of the linear regression between 
Tw and Ta (threshold ≈ 0.55). One is thermally reactive 
pattern (above threshold) representing a strong response 
of Tw to Ta. Another one is thermally resilient pat-
tern (below threshold) representing a damped response 
of Tw to Ta. In our study, the slope values of the linear 
regression between Tw and Ta during pre-dam and post-
dam periods are 0.98 and 1.02, respectively, which are 
all above the threshold. That indicates the downstream 
river’s thermally reactive pattern did not change after 
the dam had been built, and the river remained a strong 
response of Tw to Ta. In addition, since Tw is higher than 
Ta almost throughout the whole year, the river is always 
in the state of heat dissipation regarding the interaction 
between the river and the atmosphere. With the larger 
thermal inertia of water stored in the Włocławek reser-
voir in comparison with that of the downstream river, 
and the river’s thermally reactive pattern, the down-
stream river reach will dissipate more heat than that in 
the reservoir. Thus, the released water always acts as a 
warming source when participating in the heat exchange 
of downstream river reach, resulting in a warming effect 
of damming. The elevated water temperature below some 
small dams has also been noticed by Lessard and Hayes 
[22]. In this perspective, the results are different from 
that of the Three Gorges Dam in the Yangtze River [5]. 
Also, there is not a significant warming effect of dam-
ming in winter compared to that of the Three Gorges 
Dam because of the different climatic conditions between 
these two study areas.

Ecological influence induced by flow regulation
The presence of dam changes natural river regime, such 
as the thermal regime and the hydrological regime, 
which in turn affects the existing water quality, aquatic 
habitat attributes, and the general health of river ecosys-
tems [5, 21, 40]. Studies have shown that the change in 
the manner of the hydroelectric power plant operation 
has changed the hydrological regime of the Vistula River, 
leading to the erosion (deepening and narrowing) in the 
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downstream of the river channel [12]. It may cause the 
unintended consequences of losing habitat variability and 
river fauna differentiation [30]. Therefore, to improve the 
downstream channel’s erosion situation, the flow regu-
lation below dam may need to be changed. However, 
changing the flow regulation below dam may also affect 
the river’s thermal regime that is related to the health of 
river ecosystem as well [40]. The changes in the thermal 
dynamics caused by flow regulation of the Włocławek 
reservoir have been poorly reported, which makes it dif-
ficult to assess the total potential impact of flow regu-
lation on the ecosystem. Thus, the result that the flow 
regulation of the Włocławek reservoir almost has no 
significant effect on downstream river thermal dynam-
ics in our study will, hopefully, contribute to set scien-
tific guidelines for water resources managers and aquatic 
ecologists.

Conclusions
In this study, we proposed a new air2stream-based 
approach for investigating the impacts of climate varia-
tion, damming, and flow regulation on river water tem-
perature. Apart from the advantage of the air2stream 
model itself, the advantage of this approach is that it can 
refine the individual influence of flow regulation in a sta-
tistically physical way. By comparing the results based on 
our proposed method and Cai’s method, it seems that 
this method can provide more reasonable and useful 
results for decision-making.

This methodology was used in the Włocławek Reser-
voir, quantifying the impacts of climate variation, dam-
ming, and flow regulation on river water temperature 
during the period of 1952–1983. The results revealed 
that Tw rose after the construction of dam. Specifically, 
the dam presence increased the Tw throughout the 
whole year, while climate variation oppositely made it 
decreased. Also, the annual increase due to damming 
exceeded the impacts from climate variation. In addi-
tion, for the impact of dam presence, autumn was the 
most affected season while the least affected season 
was winter. However, flow regulation below dam had 
almost no impact on Tw variation. This study extends 
the current knowledge about impacts of climate varia-
tion and hydromorphological conditions on river water 
temperature, and is helpful for sustainable river/reser-
voir management.

With the limitation of the air2stream model, some fac-
tors that may also have an impact on the thermal conditions 
of the river (e.g., the daily precipitation and ice forming) 
cannot be taken into account in this study. Besides, we still 
used an older approach (Particle Swarm Optimization) for 

the calibration of the air2stream model that may affect its 
performance. Therefore, further research can be extended 
to the improvements of the air2stream model and the cali-
bration method.
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