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1. Introduction

Global warming has been occurring since industrialization, and, 

especially in the late 20th century, numerous unprecedented cli-

matic changes have been observed for the first time in decades 

or centuries [1]. For example, the mean air temperature has increased 

more rapidly over the last several decades than at any other time 

since the use of instrumental measurements [2, 3]. Additionally, 

during the last 138 years (1880–2017), 9 of the 10 highest global 

mean air temperatures have been recorded since 2000 [4]. Likewise, 

in South Korea, the highest annual air temperature since 1973 was 

recorded in 2016, the third highest was 2015, and the seventh highest 

was in 2017, clearly showing warming in recent years [5]. The 

surface water temperature of many lakes throughout the world has 

undergone rapid warming during recent decades [6-12]. It has been 

shown that lakes warming is, in some cases, greater than that observed 

for the surrounding air temperature [7], especially at mid latitudes 

including in North America and North Europe [9, 13]. 

Among several environmental changes caused by the climate, 

increased air temperatures affect the water cycle by increasing or 

altering water temperatures, which causes changes in river ecosys-

tems, water quality, and local weather [14-16]. This is because water 

temperature is one of the most important factors for physical, chem-

ical, and biological properties of aquatic habitats [17], fish growth 

[18], spawning rates [19], and water quality [20]. Changes in water 

temperature that are secondary to increased air temperature are asso-

ciated with alterations in the ability of species of fish and other 

aquatic organisms to adapt to changing environments, and also affect 

water quality, which governs biochemical reactions in water [21-23].

Water temperature changes are affected by several factors in 

addition to air temperature, such as radiant heat, the extent of 

obstacles shielding radiant heat, the temperatures of influent river 

water and groundwater from the basin, and heat transfer at the 

water surface. The effects of air temperature on water temperature 

differ by region and according to various other factors due to the 

physical characteristic of water having a higher specific heat than 

air [24, 25]. Due to the effects of the specific heat of water, even 

if the air temperature decreases the decline in water temperature 

is delayed and occurs more slowly [26]. Seasonally, greater losses 

of latent heat occur in summer than in winter due to evaporation, 
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and other forms of air-water temperature relationships can manifest 

due to the influx of groundwater after the rainy season or the 

influx of snowmelt in spring [14, 27]. Therefore, when analyzing 

the relationship between air and water temperatures, it is important 

to consider seasonal hysteresis depending on whether it is the 

rising limb (that is, when the temperature increases from early 

spring to summer) or the falling limb (when the temperature de-

creases from late summer to winter).

Lakes differ from rivers in size and other characteristics, which 

lead to differences in hysteresis [28]. The water temperature of 

a lake is a result of a combination of complex thermodynamic 

flux [12]. Changes in the thermal behavior of lakes lead to significant 

consequences for stratification and mixing regimes [13] and in 

the community structure of many habitats [29], with possible mod-

ifications of the biochemical compositions of some algae species 

[30]. Especially in deep lakes, increasing air temperatures ex-

acerbates the stratification that occurs mostly in summer and can 

create favorable conditions for cyanobacterial growth by decreasing 

dissolved oxygen (DO) levels in the deep-water layer and restricting 

vertical water movement [31, 32]. For many lakes, an increase 

in the surface water temperature in summer occurs in conjunction 

with an increase in the duration and intensity of the stratification 

period, with increased inhibition of vertical exchanges of mass, 

energy, and momentum between the epilimnion and hypolimnion 

[12]. Additionally, thermal stratification of lakes can intensify anox-

ia [33], increase bloom-forming cyanobacteria including toxic spe-

cies in summer [34], and cause changes in internal nutrient loading 

and lake productivity [33, 35]. 

To evaluate an increasing water temperature in a lake, consec-

utive water and air temperature data are required. However, in 

Korea, the majority of observed water temperature data are not 

continuous measurements, but rather are taken at specific times 

[36]. Consequently, because they are not synchronized with air 

temperature measurements, it is not possible to accurately interpret 

how changes in the water temperature of a given water body relate 

to climate change. Therefore, predicting and understanding water 

temperature are desired goals, and models of different types and 

complexities have been proposed ranging from simple regression 

models [37] to more complex process-based numerical one-dimen-

sional [38] and three-dimensional models [39]. Sharma et al. [37] 

developed models predicting annual maximum near-surface lake 

water temperature for lakes across Canada using four statistical 

approaches: multiple regression, regression tree, artificial neural 

networks, and Bayesian multiple regressions. 

Lake Paldang, which is largest drinking water source in South 

Korea, is the sole source of tap water for 26 million people, represent-

ing half of South Korea’s population. Therefore, conservation of 

water quality and the health of aquatic ecosystems in Lake Paldang 

are very important. In this study, we assessed the tendencies in 

the variations of long-term changes in air and lake water temper-

atures using the seasonal Mann-Kendal test and examined the effects 

of air temperature changes on water temperature in Lake Paldang, 

South Korea. In addition, the relationship between air temperature 

and water temperature was investigated, and we acquired daily 

mean water temperature data based on a numerical model and 

analyzed the effects of changes in air temperature on the water 

temperature of the lake as well as the hysteresis effect.

2. Methods and Materials 

2.1. Study Area

Lake Paldang is the artificial reservoir created via the construction 

of the Paldang Dam in 1973. It is located at the upper stream of 

the Han River, South Korea. For the purpose of power generation 

and water supply for 26 million people including the citizens of 

the Seoul Metropolitan area, Lake Paldang is a very important water 

resource. Due to the importance of Lake Paldang, this watershed 

has been managed by a strict regulation plan to prevent water 

pollution. The volume of the lake is 244 million tons, and the water-

shed area is approximately 23,800 km2. The watershed area compared 

to the water surface area (36.5 km2) is very large and the average 

depth of the lake is around 6.5 m. The residence time is very short, 

comparatively, such that it seems to be a stream-like reservoir. 

2.2. Analysis of Air and Water Temperature Trends at Lake 

Paldang Using the Mann-Kendall Test

Daily mean air temperature data from the Yangpyeong Weather 

Station (Korea Meteorological Administration), which is the closest 

weather station to Lake Paldang, were used [40]. For water temperature, 

weekly data from the Paldang Dam (PD) site in front of Paldang 

Dam provided by the Water Environment Information System were 

used [41]. For long-term air temperature changes, temperatures from 

1973 (i.e., when the Yangpyeong Weather Station meteorological 

data began to be revealed) until 2018 were compared. To analyze 

water temperature trends with changing air temperature in Lake 

Paldang, statistical analysis of the period from 2004‒2018 was per-

formed, during which time data were collected for both variables. 

In terms of techniques for statistical analysis, the widely used seasonal 

Mann-Kendall test [42, 43] was utilized to analyze annual trends 

in monthly mean temperature. The Mann-Kendall test [44, 45] was 

also used to analyze seasonal trends based on seasonal mean temper-

ature (spring, summer, fall, and winter). The test is a non-parametric 

test commonly employed to detect monotonic trends in series of 

environmental, climate, or hydrological data. After performing the 

Mann-Kendall test for each season, unified trends were obtained 

by calculating the weighted sums, thereby excluding seasonality [42]. 

The Mann-Kendall statistics for the g th season are calculated 

as [44, 45]: 

(1)

(2)

The mean of S is E[S]=0 and the variance σ2 is: 

(3)

where p is the number of the tied groups in the data set and 

tj is the number of data points in the j th tied group. The statistic 
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S is approximately normally distributed, provided that the following 

Z-transformation is employed: 

(4)

The statistics S is closely related to Kendall’s τ, as given by 

(5)

where 

(6)

According to Hirsch et al. [42], the seasonal Mann-Kendall sta-

tistic, , for the entire series is calculated according to 

(7)

For the Sen’s slope [46], a set of linear slopes is calculated 

as follows:

(8)

for (1≤ i < j ≤ n), where d is the slope, X denotes the variable, 

n is the number of data points, and i and j are the indices. 

Sen’s slope is then calculated as the median from all slopes; 

b=Median dk. The intercepts are computed for each timestep 

t, as given by:  

(9)

The seasonal Sen’s slope is calculated as follows: 

(10)

for each (xij, xik) pair, i = 1,2,…, m, where 1 ≤ k ≤ j ≤ ni and 

ni  is the number of known values in the i th season. The seasonal 

slope estimator is the median of the dijk values. A p-value of < 

0.5 at 95% confidence indicates a statistical trend. A positive value 

for the Kendall statistic (S) indicates an increasing trend, and a 

negative value indicates a decreasing trend. To investigate the extent 

of trends in relation to the Mann-Kendall test, the Sen’s slope 

and the seasonal Sen’s slope (the seasonal Kendall slope estimator) 

were obtained [42, 46, 47]. Data were constructed by month and 

the analyses were performed using the statistical program R 

(ver.3.6.1).

2.3. Measurement of Air and Water Temperature in the 

Influent Stream of Lake Paldang

Together with the air temperature data from the Yangpyeong 

Weather Station, water temperature data for the influent streams 

of Lake Paldang were gathered from the automated water quality 

monitoring stations installed at Yangpyeong, Gapyeong, and 

Gyeongancheon (Table S1, Fig. 1). To compare the three locations, 

water temperature data measured at 5-minute intervals between 

2015 and 2018 were obtained from each station [41], and the data 

were converted to measurements of the daily mean water 

temperature. The depth of the water temperature measurements 

was 2 m at Yangpyeong and Gyeongancheon and 4 m at Gapyeong. 

Because the open water temperature data had already undergone 

screening and confirmation to remove abnormal values, separate 

data pre-processing was not performed.

Fig. 1. Major influent river and stream to Lake Paldang and the water 

temperature monitoring sites.

2.4. Measurement of Surface Water Temperature at Lake 

Paldang

To examine the relationship between air and water temperatures 

at Lake Paldang, continuous water temperature data were used. 

Surface water temperature data measured at the PD between May 

13th and June 16th, 2016 and between April 5th and July 3rd, 

2018 were used to determine the daily mean water temperature. 

In addition, to understand the water temperature distribution based 

on the annual isothermal distribution at the PD, water temperature 

data measured weekly at 1-m intervals between 2013 and 2018 

were compared.
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2.5. Water Temperature Hysteresis at Lake Paldang Using 

a Numerical Model

To acquire continuous data for water temperature of all layers 

of Lake Paldang, considering water temperature changes by depth, 

a numerical model was constructed based on the EFDC-NIER model 

used in the Water Quality Forecasting System (National Institute 

of Environmental Research). The Environmental Fluid Dynamics 

Code (EFDC) is a numerical model developed by the Virginia 

Institute of Marine Science and managed by the U.S. Environmental 

Protection Agency (EPA). It is used for multidimensional inter-

pretation of hydrodynamics, sediment transport, warm/cool water, 

total maximum daily load (TMDL), and water quality in various 

water bodies, including rivers, lakes, marshes, and estuaries. The 

governing equations include the continuity equation, the horizontal 

and vertical (x, y, z) kinetic equations, the density state equations, 

transport equations, and the heat balance equation [48, 49].

The Lake Paldang numerical model consists of boundary con-

ditions and is divided into weather conditions and influx and efflux 

conditions. For the weather conditions, data from the Yangpyeong 

Weather Station were used. Influx consisted of effluent flow from 

the Bukhan and Namhan Rivers (Cheongpyeong Dam and Ipo Weir), 

tributary streams (Jojong, Guun, Byeokgye, Mukhyeon, Heuk, and 

Gyeongan streams), and basic environmental facilities 

(Yangpyeong, Yangseo, Gwangdong, and Gangha). Efflux consisted 

of efflux from the Paldang Dam power generator and spillway and 

intake from the tap water source. For the influx volume, data for 

the efflux volumes from Cheongpyeong Dam and Ipo Weir were 

used, and for the flow volume from influent streams, water level-flow 

volume relationship curves for each river were used to calculate 

flow volume based on water level data from the water level monitor-

ing stations. For influent streams without water level data, it was 

estimated using the basin area ratio. For the water level data and 

the effluent flow volume from Paldang Dam, Cheongpyeong Dam, 

and Ipo Weir, data provided by the Korea Water Management 

Information System were used [50]. For the water temperature 

data for each boundary condition, data from the Water Environment 

Information System were used [41]. The modeling results of the 

Lake Paldang numerical model, in comparison to the measured 

data (water level, water temperature, and water quality) using the 

absolute mean error (AME) and root mean square error (RMSE), 

were evaluated (Table S2). The AME and RMSE have the same 

units as the relevant variable and a result closer to zero indicates 

better representation of the observed values.

3. Results and Discussion

3.1. Analysis of air and water temperature trends at Lake 

Paldang

3.1.1. Long-term air temperature trends

Examination of the long-term air temperature changes in the Lake 

Paldang basin showed an increasing trend in the annual mean temper-

atures between 1973 and 2018 at the adjacent Yangpyeong Weather 

Station (Fig. S1). From 1997, the annual mean air temperature exceeded 

10°C, and was continually ≥ 12°C after 2014. On August 1st, 2018, 

the maximum air temperature was 40°C, which was unprecedentedly 

high. The monthly mean air temperatures also showed mostly increas-

ing trends from 1973‒2018 (Fig. S1 and Fig. 2).

Seasonally, the periods showing differences in air temperature 

were spring (March‒May) and fall (September‒November), while 

there was no considerable difference between July‒August and 

winter (December‒February). The lowest temperatures were ob-

a b

c d

Fig. 2. Comparison of monthly air temperature in Yangpyeong (observed data from Yangpyeong Weather Station, 1973–2018) in (a) spring, 

(b) summer, (c) fall, and (d) winter.



Environmental Engineering Research 26(4) 200177

5

served in January.

We used the Mann-Kendall and the seasonal Mann-Kendall 

tests to investigate statistical trends in the air temperature changes. 

As shown in Table 1, the majority of trends in air temperature 

changes showed positive S values, indicating increasing temper-

atures; excluding the daily maximum air temperature trends in 

summer, winter, and fall, the majority of the increasing trends 

were statistically significant. In terms of the trends related to 

the seasonal Mann-Kendall test, the seasonal Sen’s slope for month-

ly mean air temperature during the 46 years was 0.05°C/yr. The 

slope was especially steep for the daily minimum air temperature 

(0.08), which was greater than that for daily maximum air temper-

ature (0.02).

In terms of the Sen’s slope, the seasonal mean air temperature 

in the fall (September‒November) increased by 0.06°C/yr; however, 

the increase in the daily minimum air temperature was higher 

(0.10°C/yr). The air temperature in spring (March‒May) also in-

creased by 0.05°C/yr, which was similar to other seasons. However, 

the daily maximum air temperature increased by 0.04°C/yr, which 

was higher than in other seasons. These results demonstrate that 

the air temperature has been increasing during the 46 years included 

in the study, that the daily minimum air temperature shows an 

increasing trend, and that the seasonal increases in the daily mini-

mum air temperature were greater in the fall and winter compared 

to the spring and summer. These trends are similar to those observed 

in other studies outside Korea [6, 8, 11]. 

3.1.2. Comparison of air and water temperature trends at Lake 

Paldang

We examined trends in the water temperature at Lake Paldang 

using weekly water temperature data measured at the PD during 

the last 14 years, between April 2004 and December 2018, that 

were provided by the Water Environment Information System [41]. 

The data consisted of mean weekly water temperature measure-

ments, by depth, unlike the continuously measured air temperature, 

and were divided by season from March‒December, because the 

water freezes in January and February. When the monthly mean 

water temperature was compared by year (Fig. 3), the water temper-

ature showed a weaker increasing trend compared to the increase 

in air temperature, the water temperature in August increased more 

than in July, and the water temperature also showed an increasing 

trend in September.

a b

c d

Fig. 3. Comparison of monthly water temperature at Lake Paldang in (a) spring, (b) summer, (c) fall, and (d) winter.

Table 1. Analysis of Air Temperature Trends at Yangpyeong (observed data from Yangpyeong Weather Station, 1973–2018) 

Class
Mean temp. Lowest temp. Highest temp.

S Slope (℃/yr) S Slope (℃/yr) S Slope (℃/yr)

Year (1973–2018)1) +* 0.05 +* 0.08 +* 0.02

Season2)

Spring +* 0.05 +* 0.07 +* 0.04

Summer +* 0.04 +* 0.07 + 0.01

Fall +* 0.06 +* 0.10 + 0.01

Winter +* 0.05 +* 0.09 + 0.03

*p < 0.05
1) Seasonal Mann-Kendall test and seasonal Sen’s slope, 2) Mann-Kendall test and Sen’s slope
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To compare the trends in air and water temperatures during 

the same period, the trends were analyzed using the Mann-Kendall 

test and seasonal Mann-Kendall test (Table 2). In terms of air temper-

ature changes in the last 14 years, the seasonal Sen’s slope for 

the monthly mean air temperature was 0.06°C/yr, which is slightly 

higher than that of the last 46 years (0.05). However, by season, 

the air temperature tended to increase more in spring and summer 

than in the fall and winter, and were also higher than the increases 

in air temperature in the spring and summer over the 46 years. 

This warming rate is consistent with the rapid annual average 

increase in air temperatures and ocean surface temperatures over 

a similar time period (1979‒2012) [1]. For individual lakes, air 

and lake temperature trends often diverged, emphasizing the im-

portance of understanding the various factors that control lake 

heat budgets rather than assuming that lake temperatures will re-

spond similarly to air temperatures [11]. However, this was not 

considered in this study. 

Surface water temperature also showed an increasing trend, the 

extent of which (0.07 °C/yr) was higher than that of the air 

temperature. However, unlike the continuously measured air tem-

perature, water temperature could only be measured weekly and 

so direct comparisons are difficult. Nevertheless, the increases 

in the surface water temperature and depth average temperature 

in summer were relatively large (0.29°C/yr and 0.13°C/yr, re-

spectively) with statistical significance (p < 0.05), which is thought 

to be because, due to the increased air temperature, factors such 

as solar radiation and tropical nights also affect heat energy transfer 

and accumulation in water bodies, and these effects are especially 

strong in lakes and other water bodies with long retention times 

[14]. Islam et al. [51] used the Air2Stream model, which is a 

state-of-the-art hybrid river water temperature model relying on 

heat budgets with a similar formulation and approach as a lake 

surface temperature model, to investigate changes in air and water 

temperature between 1950 and 2015 at the Fraser River Basin in 

British Columbia, Canada, and reported that the summer water tem-

perature increased by approximately 1°C in 17 rivers during this 

time. Kwak et al. [52] modeled water temperature in the Fourchue 

River in Quebec, Canada using the CMIP5 climate model and RCP 

2.6, 4.5, and 8.5 climate change scenarios, and predicted that median 

water temperatures in June would increase by 0.2–0.7°C, resulting 

in favorable temperatures for trout growth and altering the habitats 

of coldwater species.

3.2. Changes in air and water temperature in influent 

streams to Lake Paldang

3.2.1. Relationship between air temperature and water temper-

ature

As shown in Fig. 4, when the daily mean water temperatures in 

Lake Paldang and its influent rivers are compared with the daily 

mean air temperatures at the Yangpyeong Weather Station, the 

water temperature shows a smaller increase compared to the air 

temperature (Air temp. Y.P.). Although there were differences each 

year, in general, the water temperatures at Gyeongan Stream (Water 

temp. G.A.) and Namhan River (Water temp. Y.P.) were higher 

than the air temperature from September to the following February 

(i.e., when the air temperature was decreasing) and the water temper-

ature showed a similar increase to the air temperature from March 

onwards. At Bukhan River (Water temp. G.P.), from April or May, 

the increase in water temperature was slower and smaller than 

that of the air temperature. Then, entering August, when the air 

temperature peaked the change in water temperature became similar 

to that of the air temperature. The rate of increase in the water 

temperature was slower at Gapyeong due to middle layer efflux 

from the upstream Cheongpyeong Dam and also a result of measure-

ments being taken at a 4 m depth. From September, when the 

air temperature was decreasing, the water temperature at all three 

locations decreased, but remained higher than the air temperature. 

For Lake Paldang, the surface layer water temperature was continuously 

monitored for some time periods in 2016 and 2018, and after conversion 

to mean daily water temperature the results were similar to Namhan 

River (Water temp. Y.P.). This is thought to be because, as the colder 

water from Bukhan River and the warmer water from Namhan River 

meet at Lake Paldang, the temperature difference led to the formation 

of a density gradient and the upper layers at the PD, downstream 

from Lake Paldang, are predominantly composed of less dense 

water from Namhan River. Research on the effects of temperature 

on density supports these suggestions [53]. 

3.2.2. Water temperature hysteresis in the influent rivers to Lake 

Paldang

In addition to air temperature, several other factors affect water 

temperature; due to the important physical characteristic whereby, 

water has higher specific heat than air, hysteresis is an important 

factor affecting water temperature [14, 54]. When air and water 

Table 2. Trend in Air Temperature (mean, lowest, and highest) in the Yangpyeong Area and Water Temperature of Lake Paldang (2004-2018)

Class

Air temp. Water temp.

Mean temp. Lowest temp. Highest temp. Surface Depth average

S Slope S Slope S Slope S Slope S Slope

Year (2004–2018)1) +* 0.06 + 0.04 + 0.05 +* 0.07 - -

Season2)

Spring +* 0.13 +* 0.12 +* 0.2 + 0.06 + 0.03

Summer + 0.13 + 0.05 + 0.1 +* 0.29 +* 0.13

Fall - -0.2 - -0.05 - -0.04 + 0.01 + 0.02

Winter - -0.03 - -0.14 - -0.05 + 0.04 + 0.03

* p<0.05
1) Seasonal Mann-Kendall test and seasonal Sen’s slope, 2) Mann-Kendall test and Sen’s slope 
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temperatures were compared at 10-day intervals (Fig. 4) in the 

influent rivers to Lake Paldang, the period when air and water 

temperatures were increasing and the period when they were de-

creasing can be divided at approximately Day 220. Namhan River 

and Gyeongan Stream showed similar changes in air and water 

temperatures both when the water temperature was increasing 

(rising limb) and when it was decreasing (falling limb). On the 

other hand, at Gapyeong the increase and decrease of water temper-

ature was delayed compared to the air temperature, and seasonal 

hysteresis was clearly observed, especially during the falling limb. 

As described above, the water temperatures at Gyeongancheon 

and Yangpyeong were measured at a depth of 2 m while the water 

temperature at Gapyeong was measured at a depth of 4–5 m. 

Therefore, while the water temperature closer to the surface at 

a

b

c

Fig. 4. Relationships between air temperature and water temperature hysteresis in the influent rivers to Lake Paldang: (a) Yangpyeong, (b) Gyeongancheon,

and (c) Gapyeong.
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Gyeongancheon and Yangpyeong was affected directly by the air 

temperature, at Bukhan River (Gapyeong) measurements were af-

fected by the low temperature of the river water itself as well 

as the colder water due to middle layer efflux from Cheongpyeong 

Dam. In addition, for the effect of influent on water temperature, 

Webb et al. [28] investigated catchments ranging in size from 2.1‒601 

km2 using multiple regression analysis representing increasing flow 

volume and thermal capacity that give rise to reduced water 

temperatures. This is consistent with previous multivariate analysis 

of river temperatures [55].

When the data were divided into the rising and falling limbs 

around mid-August (Day 220) and the correlations between air and 

water temperatures were compared using daily mean values (Fig. 

4), the coefficients of determination were ≥ 0.9 in most cases, demon-

strating strong correlations. Seasonally, rivers in South Korea show 

slightly lower water temperatures than air temperatures in summer, 

however, water temperatures in winter have been reported to be 

higher than air temperatures by up to 10°C [25]. For smaller river 

or stream such as the Gyeongan Stream, the association between 

water and air temperature is even stronger [37, 56]. At Yangpyeong 

and Gyeongancheon, the water-to-air temperature ratio was similar 

in the rising limb and the falling limb (i.e., 0.80–0.82) and it is thought 

that the majority of shallow rivers will exhibit similar characteristics. 

Meanwhile, at Gapyeong, the correlation was strong (coefficient of 

determination, 0.9), however, the water-to-air temperature ratio in 

the rising/falling limb was around 0.7, and the intercept values differed 

between the rising and falling limb, whereby the effects of the middle 

layer water temperature delayed the decrease in water temperature 

in the falling limb, showing hysteresis. The specific heat of water 

is higher than that of air, and water temperature shows hysteresis 

compared to air temperature. Therefore, in terms of the scale of 

a water body, a lake that has absorbed more heat energy can be 

predicted to show greater hysteresis between air and water temper-

ature, and the water temperature across all depths can be expected 

to show a greater delay than the surface layer [57, 58].

3.3. Changes in Air and Water Temperature at Lake Paldang

When continuous water temperature data from the surface layer at 

Paldang Dam (Fig. S2, Water temp. P.D.) in 2016 and 2018 were 

converted to daily mean water temperatures and compared with the 

air temperatures, the patterns were generally similar to the Namhan 

River (Yangpyeong), where the water temperature was generally higher 

than the air temperature. When the air and water temperature were 

compared at 10-day intervals between April and September, the sur-

face layer water temperature at Lake Paldang increased at a similar 

level to the air temperature during the rising limb, whereas there 

was no clear trend in the falling limb (up to September) (Fig. 5).

As shown in Fig. 5, the ratios between water and air temperature 

(slope) at Lake Paldang were similar to Yangpyeong in the rising 

limb and similar to Gapyeong in the falling limb. This is thought 

to be due to the fact that the water temperature in the rising limb 

was higher in Namhan River than in Bukhan River, creating a 

difference in the water density that resulted in water from Namhan 

River being located in the upper layers. Meanwhile, in the falling 

limb, hysteresis in the lake causes the water temperature to decline 

more slowly. When a lake is deep and is connected to water bodies 

that have different temperatures (like Lake Paldang), differences 

in water temperature develop by depth due to density currents, 

resulting in stratification [53]. Because this also influences the 

mixing of water bodies, the use of continuous data from different 

depths is very important. Stefan and Preud’homme [27] performed 

a linear correlation analysis of water and air temperature in 11 

rivers in the Mississippi River basin in the central US. They derived 

the general equations W.T = 5.0 + 0.75 × A.T for the daily water 

temperature and W.T = 2.9 + 0.86 × A.T for the weekly water 

temperature and reported that the time lag between water and 

air temperature occurred at a scale of several hours to several 

days, depending on the river size (including depth and breadth) 

and that an increase in the river depth was associated with a longer 

time lag. The daily water-to-air temperature ratios in the influent 

rivers to Lake Paldang in the rising limb were generally similar 

to those in the falling limb (i.e., 0.81–0.82).

In front of PD site, the water depth is > 20 m, and Fig. S3 

shows the isothermal distribution maps by depth from 2013‒2018. 

Changes in water temperature affect water quality and algae out-

breaks in bodies of water [31, 59], and the times of year during 

Fig. 5. Relationship between air temperature and surface layer water temperature at Lake Paldang.
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c

d

e

Fig. 6. Yearly variation between air and water temperatures of the whole depth of Lake Paldang, according to model simulation, in (a) 2014, 

(b) 2015, (c) 2016, (d) 2017, (e) 2018.
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which large changes in water temperature occurred were March 

(i.e., after thawing), June, and July‒September. In March, the air 

temperature began to increase after thawing, in June there was 

a large temperature increase, and in July and August high temper-

atures persisted, affecting cyanobacteria abundance [31, 59]. In 

terms of the times when the water temperature exceeded 25°C 

(Fig. 6), high water temperatures persisted for the longest duration 

in 2014, however, the maximum depth was around 10 m, while 

in 2015, temperatures ≥ 25°C were observed up to a depth of 17 

m. In 2016 and 2018, high water temperatures (≥ 25°C) were observed 

at depths up to 19 m and 20 m, respectively. Thus, the distribution 

of water temperature by depth differed each year and the air temper-

ature affected not only the surface layer but also influenced changes 

in the water temperature at different depths. In particular, cyanobac-

teria appear due to a combination of increasing water temperatures, 

competition and predation, light, retention time, low washout rate, 

nutritive salts, strong vertical stratification, air temperature, and 

stabilization of water layers [31]. Of these factors, air temperature 

is closely related to increasing water temperatures, light, strat-

ification, and stabilization. When stratification occurs, if mixing 

between layers ceases and the water body of water stabilizes, con-

ditions become favorable for cyanobacterial growth. If stratification 

persists for a long time, or all layers show long-term high temperatures, 

the water body stabilizes which can result in long-lasting cyanobacte-

rial blooms [59]. Water temperature is one of the most important 

determining factors for physical and ecological processes and it 

is also a governing factor for fish growth and spawning [17].

3.4. Analysis of Water Temperature Hysteresis Using a 

Numerical Model of Lake Paldang

To investigate water temperature hysteresis, we used a numerical 

model to acquire continuous daily data for water temperature. The 

AMEs for the modeled water temperature values and the actual 

measured values between 2014 and 2018 were 0.6–1.8°C and the 

RMSEs were 0.7–1.8°C, demonstrating the reproducibility of water 

temperature changes in Lake Paldang. Daily data (excluding the 

period with subzero air temperatures to account for phase changes 

in water) were divided into the rising limb and the falling limb 

and regression analyses were performed on the air and water temper-

atures at the PD (Fig. 6, Table S3). At a significance level of p 

< 0.010, the coefficient of determination was usually ≥ 0.9, except 

for data from the falling limb of 2016 where the coefficient of 

determination was 0.89. This means that the air temperature had 

strong explanatory power for analyzing water temperature changes, 

and in particular, the rising limb showed a stronger relationship 

between air and water temperature than the falling limb.

Ratios between the mean water temperature by depth and the 

air temperature at Lake Paldang were similar in the rising limb 

and the falling limb, at 0.71–0.80 and 0.69–0.75, respectively. 

Conversely, the intercept was 1.31–3.52 in the rising limb and 

6.35–8.15 in the falling limb (representing an increase of around 

4–5°C) and the decrease in water temperature in the falling limb 

was more delayed than the increase in the water temperature in 

the rising limb. The differences in the intercept between the rising 

and falling limbs were large in 2014, 2015, and 2016, i.e., when 

the air temperature was high. For large water bodies (such as lakes 

and marshes), after a, increase in water temperature, providing 

there is no water exchange due to heavy rain [32], even when 

the air temperature begins to fall there is a delay before the water 

temperature also declines [26]. In particular, if there is a delay 

in the decrease in the water temperature at the start of the falling 

limb, biological activity in the water persists, which can lead to 

the continuation of algae outbreaks [31, 59]. Generally, an increase 

in water temperature leads to major cyanobacterial proliferation, 

however, Elliott [60] reported that cyanobacteria are approximately 

as sensitive to water temperature and retention time as other algae 

species, and that higher water temperature and longer retention 

time are associated with prominent cyanobacterial proliferation. 

Compared to other species, cyanobacteria show more acceleration 

in their growth rate with higher water temperatures. When the 

temperature of the surface layer increases a process of stratification 

begins, and if the summer becomes longer the duration of strat-

ification is extended, resulting a longer period of stabilization [34], 

which is a factor in the persistent appearance of cyanobacteria. 

Therefore, when the air temperature increases, due to water temper-

ature hysteresis in lakes and marshes, the water temperature de-

clines more slowly, and the longer period of high water temperatures 

increases the possibility of persistent cyanobacteria blooms which 

are well adapted to high water temperatures.

4. Conclusions

Based on long-term air and water temperature data for Lake Paldang, 

the largest water source in South Korea, the relationship between 

air and water temperature was investigated by studying hysteresis 

of the water temperature and using a numerical model. Over 46 

years, the air temperature in the Lake Paldang drainage basin in-

creased by 0.05°C/yr (seasonal Sen’s slope), and the daily minimum 

air temperature increased by 0.08°C/yr, meaning that the increase 

in minimum air temperature was responsible for the increase in 

annual air temperature. In terms of air temperature changes in 

the last 15 years, the seasonal Sen’s slope for the monthly mean 

air temperature was 0.06°C/yr, which is slightly higher than that 

of the last 46 years (0.05°C/yr). Analysis of the water temperature 

using a numerical model showed that the coefficient of determi-

nation was ≥ 0.86. During the period when the water temperature 

was increasing (rising limb), the ratios of the air temperature to 

the water temperature (0.71–0.77) were relatively close to that during 

the time when the water temperature was decreasing (falling limb; 

0.70–0.76). However, the intercept values were 0.13–3.52 in the 

rising limb and 6.62–7.78 in the falling limb, and, therefore, there 

was a 4–5°C increase in temperature. In particular, in 2015, 2016, 

and 2018, the intercept values in the falling limb were ≥ 7, exhibiting 

hysteresis in which high water temperatures were slow to decline. 

Lake Paldang is a river-type reservoir with a shorter retention time 

than other large artificial lakes. However, Lake Paldang exhibits 

more water temperature hysteresis than its influent rivers. The 

rising and falling limbs did not show a large difference in the 

extent of water temperature change (i.e., the slope) at Lake Paldang. 

However, the water temperature has not rapidly decreased and 

the duration of the decrease is longer due to hysteresis. In this 
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study, water temperature hysteresis using long-term data may con-

tribute to the management of water quality and the ecosystem 

of Lake Paldang.
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