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Abstract Within the last decades, the water temperature of several European lakes has risen. It is
assumed that these temperature increases are due to a reconﬁguration of the heat-balance components.
This study explores the dominant modiﬁcations of heat exchange with the atmosphere and their temporal
evolutions. The objective is to identify the primary changes in heat ﬂuxes and the sequence of events of the
reconﬁguration for the period 1984–2011. For this purpose, a model was applied to Lake Constance to estimate the contributions of the individual heat ﬂuxes to the total heat balance. The results show that increasing absorption of solar radiation (10.21 6 0.13 W m22 yr21) and of longwave radiation (10.25 6 0.11 W
m22 yr21) was responsible for the lake surface warming of 0.046 6 0.011 C yr21. Heat losses to the atmosphere by longwave emission (20.24 6 0.06 W m22 yr21) and by latent heat ﬂux (20.27 6 0.12 W m22 yr21)
have intensiﬁed in parallel due to higher lake surface temperatures. The heat budget is in a quasi-steady
state, whereas incoming solar radiation and the warmer atmosphere increased the lake surface temperature; the warmer surface emits more longwave radiation and more water is evaporated. At each level of the
slowly increasing water temperature, the heat ﬂuxes are balanced. The overall change of the total heat content, however, is relatively little. Although the cooling effect of inﬂowing rivers decreased, this contribution
is also small.

1. Introduction
Water temperatures of many lakes worldwide have increased in the past decades. Arvola et al. [2010] attributed these observed changes in heat content of some lakes to increasing air temperatures found globally
[Solomon et al., 2007] as well as regionally [e.g., in the Alps: Brunetti et al., 2009]. The results summarized in
Table 1 from the literature support that the observed warming trends in lake water temperature are a convincing indication of a phenomenon comprising most notable North European and North American lakes,
irrespective of size.
In this study, we focused on the question of how different heat ﬂuxes have contributed to the observed surface temperature trend in Lake Constance, a large Central European lake. Observed temperature changes in
Lake Constance are within the range of the observations from other European lakes: Straile et al. [2003] calculated a signiﬁcant volume-weighted water temperature trend of 0.017 C yr21 for the period 1962–1998.
We assessed in detail the temporal evolution of the heat balance components at the surface of this lake.
The aim was to analyze their temporal behavior, and compare their contributions to the total heat budget.
In addition to components assessed in previous studies, we also included the cooling or warming effects of
the major inﬂow of the lake, the Rhine River. Finally, trends in the heat ﬂux components and their contributions to the observed increase of the water temperatures were evaluated.

2. Study Site, Data, and Methods
2.1. Lake Constance and Temperature Data Used
Lake Constance is situated on the Plateau north of the European Alps (Figure 1). The lake consists of the
two basins, Obersee (472 km2) and Untersee (62 km2), connected by the Rhine River. The main tributary is
the Alpine Rhine (called ‘‘Rhine River’’ in the following), contributing 61.8% to the total inﬂow, compared to
12.6% by Bregenzer Ach and 5.2% by Argen River [M€
urle et al., 2004]. In this study, we explored the
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Table 1. Temperature Trends in Lakes Across the Globe
Lake
Lake Washington, epilimnion
Eight lakes in Finland, surface, summer
Four lakes in the UK, surface, summer
Lake M€alaren, surface, summer
Lake Superior, epilimnion
Lake Michigan, epilimnion
Lake Huron, epilimnion
Lake Tahoe, epilimnion
Lake Geneva, surface
Lake Baikal, surface
Lake Zurich, epilimnion
Forty-one lakes around the world, surface
Seventy-two lakes around the world, surface
Lake Constance, entire lake

Trend ( C yr21)

Period

Significancea

Source

0.045
0.038
0.035

1964–1998
1970–2005
1960–2000
1965–1995
1979–2006
1979–2006
1979–2006
1970–2002
1983–2000
1945–2005
1955–1993
1985–2009
1985–2009
1962–1998

1
2
1
1c
1
1
1
1
1
1
1
1
2d
1

Arhonditsis et al. [2004]
Arvola et al. [2010]b
Arvola et al. [2010]
Arvola et al. [2010]
Austin and Colman [2007]
Austin and Colman [2007]
Austin and Colman [2007]
Coats et al. [2006]
Gillet and Quentin [2006]
Hampton et al. [2008]
Livingstone [2003]
Schneider and Hook [2010]
Schneider and Hook [2010]
Straile et al. [2003]

0.12
0.065
0.086
0.015
0.056
0.02
0.024
0.065 6 0.011
0.017

a

‘‘1’’ indicates a signiﬁcant trend and ‘‘2’’ a trend that is not signiﬁcant.
Arvola et al. [2010] analyzed long-term time series of water temperature for 25 European lakes. Here we take three representative groups for signiﬁcant positive, signiﬁcant negative, and no signiﬁcant trend.
c
Signiﬁcant negative trend. Arvola et al. [2010] provide the signiﬁcance but no trend value for Lake M€alaren.
d
Most not signiﬁcant trends are in South Africa and South America.
b

oligotrophic and monomictic Obersee. It has a maximum depth of 254 m and a volume of 47.6 km3.
The convective deep-mixing in winter usually reaches to a depth of more than 100 m in February.
Every few years, the seasonal mixing penetrates to the maximum depth of the lake. Complete freezing occurred in the past not more than twice per century [Magnuson et al., 2000] and the last time
in 1963 [Steinijans, 1976].
Two data sets were used to derive a continuous time series of surface water temperature: TW,FU, measured,
collected monthly at the deepest point of the lake between Fischbach and Uttwil (FU; Figure 1), and TW,Bregenz measured continuously at Bregenz (in the eastern Bay of Bregenz; daily means; Figure 1). TW,FU, measured is assumed to be representative for the entire lake. The differences between the two time series are
not random. Rather, TW;Bregenz 2TW;FU;measured follows an annual course, with up to 13 C in spring and 22 C
in winter. To establish a continuous surface water temperature time series for FU, the monthly observations
at FU were interpolated as follows: The difference
Dðti Þ5TW;Bregenz ðti Þ2TW;FU;measured ðti Þ

(1)

was calculated for all dates i for which temperature measurements existed at both locations. Then, these
differences were linearly interpolated for the time t between the measurements at ti and ti11:
DðtÞ5Dðti Þ1½Dðti11 Þ2Dðti Þðti11 2ti Þ21 ðt2ti Þ

(2)

Finally, the resulting time series of differences was subtracted from TW,Bregenz to get a time series of TW,FU:
TW;FU ðtÞ5TW;Bregenz ðtÞ2DðtÞ

(3)

The advantage of this method is the use of information about daily variation at Bregenz to calculate the
daily variations at FU, while the measured temperature at FU remains uncorrected for the point of time of
the monitoring.
The resulting annual mean surface water temperatures (TW,FU) show a trend of 0.046 6 0.011 C yr21 for the
period 1981–2011 (Figure 2a). Regarding the margin of error, this trend is approximately equal to the trend
in the original data of Bregenz (0.050 6 0.009 C yr21). The increase of the temperature of the entire water
body is 0.0150 6 0.0004 C yr21. This value is derived from the linear trend of the lake’s heat content calculated based on proﬁle measurements between 1984 and 2011 (3.085 6 0.079 3 1015 J yr21). The mean
annual maximum surface water temperature is 21 C in August (Figure 2b) and the mean minimum is
4.2 C in February. During the period 1981–2011, the absolute maximum surface temperature was 26.6 C in
summer 2003, and the minimum was 0.2 C in March 1985.
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The data show an increasing surface water temperature for Lake
Constance predominantly in the
ﬁrst half of the year (Figure 2c).
There is no or only little change
from mid-August to December.
The maximum value found in the
smoothed course is 10.12 C yr21
on day 175 (24 June). A strong
correlation to the changes in air
temperatures is notable (Figure
2c).
Besides discharge, water temperature of the Rhine River has been
measured since 1984 at the
gauging station Diepoldsau, 17
km upstream of the river mouth (including 3.5 km of an artiﬁcial channel reaching into the lake). Similar to
lake temperature and air temperature, the maximum river temperature is in August (13 C with variations
between 11.9 C and 17.6 C, Figure 3a). The pattern of seasonal trends is smoother (Figure 3b), but similar
to those of air and lake temperatures. The Rhine River temperature has been increasing by 0.028 6 0.007 C
yr21, which is half of the air temperature increase, and representative of other rivers in the central alpine
region [Hari and G€
uttinger, 2004].
Figure 1. Map of Lake Constance, Rhine inﬂow and outﬂow, as well as sampling stations:
(a) Constance, (b) G€
uttingen, (c) deepest point between Fischbach and Uttwil, (d) Friedrichshafen, (e) St. Gallen, and (f) Bregenz.

Several small rivers are neglected in this present study (38% of the total inﬂow). Their hydrology is characterized by a discharge peak in the spring, whereas the mean maximum discharge of the Rhine River is in
summer.

2.2. Meteorological Data
The Swiss weather service (MeteoSwiss) provides daily averages of air temperature at the station G€
uttingen
and of global radiation at the station St. Gallen for the entire study period since 1 January 1981. Daily

Figure 2. (a) Annual average surface water (blue) and air (black) temperatures T and its trend dT dt21 at Lake Constance for the period 1981–2011, (b) its observed annual course (including maxima and minima), and (c) the temporal trend dT dt21 at each day of the year (smoothed by a 60 day window). The two arrows indicate the warmest days in August and the coldest days in January and February.
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averages of cloud cover, wind speed, and
vapor pressure were obtained from the station in Constance (German Weather Service)
for the years 1981–2011.
Brunetti et al. [2009] observed a climate
change signal in the air temperatures of the
greater alpine region. This can be found as
well in the time series of air temperature and
surface solar radiation at Lake Constance. For
the period 1981–2011, the increasing trend of
annual mean temperature was
0.058 6 0.009 C yr21. This corresponds to an
accumulated increase of 1.8 C from 1981 to
2011 (Figure 2a). To a large extent, this
change was caused by higher temperatures
between February and June (Figure 2c). The
trends for the warmest days in August and
the coldest days in January and February
were only small (arrows in Figures 2c).
The surface solar radiation G at station St.
Gallen increased on average by 0.23 6 0.15 W
m22 yr21 between 1984 and 2011, mainly
since the beginning of the 21st century (Figure 4a). While there was a positive trend of
solar radiation all over the year, increased
radiation in summer was primarily responsible for this change (Figure 4b). Wild et al. [2009] found similar
increases of surface solar radiation at other stations in Europe, in the United States, and in parts of East Asia.
Since the end of a global dimming period from the 1950s to the 1990s, the recent global brightening has
been caused by efforts to reduce aerosol emissions and air pollution [Wild, 2009]. Actual data indicate that
2003 was not an exceptionally large positive anomaly, as Wild et al. [2009] mentioned.
Figure 3. (a) Observed mean course of the Rhine River inﬂowing water
temperatures Tin at Diepoldsau and (b) their temporal trends for the
period 1984–2011 (smoothed by a 60 day window). Note that the warming of the Rhine—concentrated to the spring/early summer season—
was approximately half of the atmospheric warming (Figure 2).

2.3. Heat Flux Equations
The net heat ﬂux H is the sum of all heat ﬂux contributions. Incoming ﬂuxes are accounted positive and outgoing ﬂuxes are negative. H is calculated by
H5HS 1HA 1HW 1HE 1HC 1HF

(4)

where HS is the shortwave absorption (pos), HA the longwave absorption (pos), HW the longwave emission
(neg), HE the heat ﬂux by evaporation/condensation, HC the heat convection (free and forced), and HF the
heat ﬂux caused by throughﬂow. The latter three components can have either sign. If H is negative, the
water body loses heat. If it is positive, energy is stored in the water body. Most of the heat is stored in the
very top and some of it is slowly transported into deeper parts by vertical advection. Thus, the effects of a
change in the heat balance on water temperature may be strongest at the lake surface and weaker in the
much larger deep water volume. Due to heat storage, it is essential to realize that trends in epilimnion water
temperature do not necessarily translate directly to trends in heat ﬂuxes.
2.3.1. Shortwave Absorption
The solar radiation is partially reﬂected at the water surface. G is the global radiation incident at the lake surface, measured in St. Gallen (shortwave radiation from the sun and scattered by the atmosphere), and AS is
the shortwave albedo (total reﬂectance) of the water surface. We assume constant optical properties of the
upper water layers. The amount of reﬂected radiation depends on the angle of the sun above horizon, and
on the proportion of direct (Fdir) and diffuse shortwave radiation (Fdiff). The latter is the radiation reaching
the surface after being scattered by clouds, particles, or air molecules in the atmosphere. The albedo of diffusive shortwave radiation (Adiff) is approximately constant at 0.066 [Burt, 1954]. Grishchenko [1959]
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measured AS at different wave heights, elevation angles from 0 to 70 , and different
cloud cover classes. His results showed that
the real albedo is higher at low solar elevations and lower at high elevations. In this
study, the mean monthly ‘‘Grishchenko
albedo’’ for the latitude of 50 , modiﬁed by
Cogley [1979], was used (Table 2). These
modiﬁcations were recommended as normal
for fair-weather albedo, assuming scattered
light cloud and a moderately agitated sea
surface by Cogley [1979]. HS is then given by
HS 5GFdir ð12Adir Þ1GFdiff ð12Adiff Þ

(5)

Fdir 5ð12C Þ½ð12C Þ10:5C 21

(6)

Fdiff 5ð0:5C Þ½ð12C Þ10:5C 21

(7)

with

were C is cloudiness in nondimensional units
of 0 (clear sky) to 1 (complete cover).
Figure 4. (a) Observed trend in annually averaged solar radiation G at station St. Gallen for the period 1984–2011. (b) Annual course of observed
trends dG/dt of daily solar radiation smoothed by a 60 day window.

2.3.2. Longwave Absorption
According to the Stefan-Boltzmann law, the
atmosphere acts as an infrared radiator.
With this approach, the longwave radiation that enters the water body is
4
HA 5ð12AL ÞEa rT^ a

(8)

with the Stefan-Boltzmann constant r (5.67 3 1028 W m22 K24), the absolute temperature of the atmosphere T^ a [K] and the emissivity Ea. The incoming radiation is reduced by the albedo for the infrared radiation AL [-], that is set to 0.03 [Raphael, 1962]. The emissivity is mainly determined by humidity and clouds.
To estimate Ea we used



1=7
Ea 5a 110:17C 2 1:24 ea =T^ a

(9)

where ea is the water vapor pressure [hPa] and a [-] is a calibration parameter. Livingstone and Imboden
[1989] found a value of a 5 1.09 for Lake Aegeri (Switzerland).
In the present study, a was calibrated (all other parameters were known) with the assumption that the integrated net heat ﬂux H(t) for the observation period of January 1984 to December 2011 is equal to the
observed change of heat content of the entire lake in the same period (Figure 5), DEH,1984 to 2011 5 1.79 3
108 J m22. For both calculations, seasonality was removed by a low-pass ﬁlter. The difference between the
measured DEH,1984 to 2011 and the time integral of the net heat ﬂux was minimized to negligible 0.04 3 108 J
m22 by setting a to a value of 1.0592 with a high sensitivity of dDEH,1984 to 2011/da 5 2.63 3 1011 [J m22].

Table 2. Monthly Mean Albedo of Open Water Under Fair-Weather Conditions
Month
ASa
a

January

February

March

April

May

June

July

August

September

October

November

December

0.220

0.161

0.108

0.084

0.075

0.073

0.074

0.080

0.099

0.144

0.210

0.241

Albedo of open water at a latitude of 50 [Grishchenko, 1959], modiﬁed by Cogley [1979].
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Total heat content EH [J]

ΔEH,1984 to 2011 = 8.43×1016 J
= 1.79×108 J m-2

2.3.3. Longwave Emission of a
Lake
The Stefan-Boltzmann law was
also used to calculate the longwave emission from the lake surface at the absolute water
temperature T^ w [K]. Based on the
results of Davies et al. [1971], the
lake surface emissivity Ew 5 0.972
was used in this study:
4
HW 50:972rT^ W

(10)

Year

2.3.4. Evaporation and
Condensation
Generally, there are two processes that cause evaporation and
associated latent heat ﬂux from
the lake to the atmosphere: free
and forced convection. In free convection, vapor is transported due to buoyancy-induced ﬂow in the atmosphere. Forced convection refers to the wind-induced evaporation. The amount of evaporation depends,
therefore, on the interaction between these processes for different wind conditions [Sill, 1983]. Heat loss
due to evaporation can be deﬁned by equation (11), which is based on the widely used Dalton’s law.

Figure 5. Heat content of Lake Constance relative to 0 C for the period Jan 1985–Dec
2011 based on monthly temperature proﬁle measurements (thin line). DEH, 1984 to 2011
was derived from the smoothed data (5 years low-pass ﬁltration by local regression; bold
line).

HE 52f ðes 2ea Þ

(11)

The higher the positive difference between the saturated water vapor pressure (es [mbar]) and the water
vapor pressure of the air over the lake (ea [mbar]), the higher is the latent heat ﬂux into the atmosphere.
There is condensation if es < ea. es is approximated by the Magnus formula given by WMO [2008]:
es 56:112exp ½ð17:62TW Þ=ð243:121TW Þ

(12)

The empirical function, f [W m22 mbar21], mainly depends on wind speed. Livingstone and Imboden [1989]
suggested equation (13) as a parameterization for Lake Aegeri (Switzerland). This function includes free convection and is not zero for no wind. It also includes an instability term that is deﬁned by the difference
between water and air temperature:
f 54:811:98u10 10:28ðTW 2Ta Þ

(13)

u10 [m s21] is the wind velocity at 10 m above the lake surface. TW [ C] is the lake surface water temperature.
Equation (13) is based on the work of Kuhn [1978] at Lake Zurich, and we assume that it is a good estimate
also for nearby Lake Constance. McJannet et al. [2012] showed that evaporation can also depend on lake
size or wind fetch. However, the size dependence is relevant particularly for water bodies much smaller
than Lake Zurich and Constance.
2.3.5. Forced and Free Convection
The so-called Bowen ratio b5HC =HE is proportional to the ratio of temperature differences and water vapor
pressure differences between the water surface and the atmosphere [Bowen, 1926]:
b5HC =HE 5c½ðTW 2Ta Þ=ðes 2ea Þ

(14)

with the psychrometric constant
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Table 3. Summary of the Calculated Mean Annual Averages and Trends of
the Heat Fluxes at Lake Constance for the Period 1984–2011
Heat Flux
HS
HA
HW
HE
HC
HF
H (total)

Annual Average (W m22)
116.3
313.2
2363.5
242.6
214.6
29.3
20.5d

Climate Trend (W m22 yr21)
a

b

0.21 6 0.13
0.25c 6 0.11
20.24c 6 0.06
20.27c 6 0.12
0.03a 6 0.075
0.01a 6 0.048
20.01a 6 0.18

a

No signiﬁcant trend: Mann-Kendall test with signiﬁcance level a 5 0.05.
b
Standard error of trend estimate (standard deviation of the trend
estimate).
c
Signiﬁcant trend: Mann-Kendall test with signiﬁcance level a 5 0.05.
d
Considering model errors this value is consistent with 0 W m22.

 
c5 cp p =ð0:622Lv Þ

(15)

were cp is the heat capacity of air (1005 J
kg21 K21 at 20 C), p is the air pressure in
[hPa], and Lv is the latent heat of vaporization (2.47 3 106 J kg21 of water). For
Lake Constance c  0.62 hPa K21 on
average.
Following Livingstone and Imboden [1989]
by inserting equation (11) into equation
(14), the sum of forced and free sensible
heat ﬂux can be calculated by
HC 52cf ðTW 2Ta Þ

(16)

2.3.6. Throughflow
The entry or withdrawal of thermal energy by river inﬂow and outﬂow relative to TW is described by equation (17) [Livingstone and Imboden, 1989]:
HF 5cp qQðTin 2TW ÞA21
0

(17)

cp is the speciﬁc heat of water (4200 J kg21 K21), and q is the density of water (1000 kg m23). Q is the outﬂow of water, Tin is the inﬂow temperature, and A0 is the lake surface area. With reference to the study of
Auerbach [1952], it is assumed that the outﬂow temperature is identical to the surface water temperature.
Hence, this approach potentially underestimates HF slightly because it does not consider possible portions
of deeper—and therefore colder—water in the outﬂow.

3. Results
3.1. Annual Course of Radiative Components
Table 3 lists the mean annual values and trends for all six heat ﬂux components. The uncertainty is given as
the estimated standard deviation of the trend estimates. The mean annual courses are shown in Figure 6.
The shortwave absorption reaches a maximum of 216.2 W m22 in summer and a minimum of 27.3 W m22
in winter (Figure 6a). Clouds damp the amount of shortwave energy that penetrates into the water. In
summer, the variation of the daily averaged HS is higher than that of the other heat ﬂux components. This
variability is indicated by the smoothed interquartile distance between the 25% and 75% quantiles (or 5%
and 95% quantiles) shown in Figure 6a.
The maximum absorption of longwave radiation from the atmosphere HA is in August (372.6 W m22, Figure
6b) and the minimum of 255.4 W m22 is reached in February. The variation of this largest heat input is
almost independent of the season. 50% of the values occur within an interval of 35 W m22. In winter, this
interval is slightly wider.
Most of HA is compensated by the major heat loss, the longwave emission HW from the water surface (Figure 6c). The maximum heat loss occurs in August (2412 W m22) and the minimum in February (2327.5 W
m22). The mean interval width, that demarcates 50% of occurrence, is 11 W m22. In winter, this interval is
slightly smaller (5 W m22). The maxima of HW and HA are delayed by approximately 2 months in respect
to HS. In spring and summer, the water temperature increases and stores thermal energy even after shortwave input passed its annual maximum. The maximum water temperatures are reached when air temperatures and the absorption of HA start to decline in August. Thus, the switch from heat storage (positive H) to
heat release (negative H) is triggered dominantly by HA.
3.2. Annual Course of Nonradiative Components
The monthly mean maximum heat loss by evaporation HE is 276.0 W m22 in August (Figure 6d). The lowest
heat loss by evaporation is in March (HE 5 215.3 W m22). HE reaches daily averaged negative values of up
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0.5 quantile (median)

mean monthly values

Figure 6. Mean monthly values and smoothed annual course (60 day window) of the six heat ﬂux components at Lake Constance for the period 1984–2011: (a) shortwave absorption,
(b) infrared absorption, (c) infrared emission, (d) evaporation/condensation, (e) sensible heat ﬂux, and (f) Rhine River throughﬂow. Besides the averages (bold line), the 0.5, 0.25, 0.75, and
0.95 quantiles are shown.

to 2257.4 W m22 (18 September 2005). Condensation occurs primarily from February to June and it reaches
up to 32.9 W m22 (20 March 2004). The mean annual heat loss by evaporation is 242.6 W m22. Assuming a
latent heat of vaporization of 2.473106 J kg21, the equivalent annual amount of evaporation is E 5 544 mm
yr21. With a surface area A0 of the Upper Lake Constance of approximately 472 km2 [M€
urle et al., 2004], this
corresponds to an average water loss of 8.1 m3 s21. Gurtz et al. [1997] calculated 10.4 m3 s21 with E 5 699
mm yr21 with a different wind function, and by using water temperatures that were estimated from air
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H
H-HF
H-HE
H-HC

temperature. Given the fact that measured surface temperatures are used in
the present study, the real evaporation
should be close to the new estimates
and the older estimates of 600 mm yr21
by Kleinschmidt [1921]. E is slightly
higher than the mean drinking water
withdrawal of 5.5 m3 s21 [M€
urle et al.,
2004].

The ﬂux of sensible heat HC is the smallest contribution to the heat balance of
Lake Constance at the waterJ F M A M J J A S O N D
atmosphere boundary layer (Figure 6e):
The maximum monthly heat loss due to
Figure 7. Mean annual course of the net heat ﬂux of Lake Constance, and net
HC is in December (240.1 W m22) and
heat ﬂux reduced by the individual contributions of the nonradiative heat ﬂuxes
the minimum is reached in spring (4.7 W
for the period 1984–2011.
m22 in March). HC ﬂuctuates in a range
22
of up to 124 W m in winter and approximately half of this in summer. The mean annual heat loss by HC is
214.6 W m22 in the period 1984–2011, which is one third of HE.
Overall, the Rhine River has a cooling effect on Lake Constance (Figure 6f): the mean annual heat loss by HF
is 29.2 W m22. There is a characteristic annual course: shortly after the spring warming in March and April
there is a drop from 0.3 W m22 in April to a cooling of 225.1 W m22 in July. From July to April, this cooling
diminishes asymptotically to 0 W m22 until the next spring warming. This characteristic cooling starts in
April because air and lake water temperatures exceed the inﬂow temperature at this time. The variation of
HF is small in winter/spring (IQD is 1.5 W m22), and it is high in summer (IQD is 15 W m22). The maximum warming in the period 1984–2011 occurred on 10 April 1986 with a daily mean of 9 W m22. The maximum cooling in the same period was 2105 W m22 on 18 July 1987.
The contribution of the nonradiative components to the heat balance H was evaluated by removing individual components from H (Figure 7). H decreases approximately linearly from May to July. If HF is removed
from H the ‘‘sloping plateau’’ disappears (Figure 7). The mean annual course of H gets a rounder top. This is
the period when the Rhine River throughﬂow contributes most to the total H. In summary, (i) HE is the main
nonradiative part of the heat balance equation, (ii) in summer the cooling effect of HF is higher than that by
HC, and (iii) from October to April the contribution by the Rhine River is very low.
3.3. Trends in the Annual Heat Components
The trends for the individual heat components were derived from the smoothed time series to avoid the
distortion of trend calculation by extreme weather events (the low-pass ﬁlter is a local linear regression with
a window of 60 days). The linear trends of the annual means are listed in Table 3. There are two signiﬁcant
trends in the radiative heat ﬂuxes at Lake Constance: the annual means of the longwave irradiation HA and
emission HW increased signiﬁcantly (Figures 8b and 8c; Mann-Kendall test with signiﬁcance level a 5 0.05).
The annual means of the absorbed shortwave radiation HS increased (Figure 8a). But this trend is merely signiﬁcant at a level of a 5 0.17.
Regarding nonradiative heat ﬂuxes, the annual mean of HE changed signiﬁcantly. The annual maximum
heat loss by HE increased (Figure 8d). There is also a small but signiﬁcant decrease of the annual spring
warming in HF (diamond symbols in Figure 8f). This is due the fact that around day 100, the warming trend
of the cold lake (0.08 C yr21) has been larger than that of the warm inﬂow temperatures (0.04 C yr21),
decreasing the difference between the two temperatures.
3.4. Trends in the Annual Course of the Heat Components
To evaluate the changes of the heat ﬂuxes on each day of the year during the period 1984–2011, a linear
trend of the annual values was calculated for each speciﬁc day of the year. The aim was to explore the seasonality of the mean annual course of changes (Figure 9). The trends were ﬁtted to the data by robust
regression using iteratively reweighted least squares [Holland and Welsch, 1977]. The calculated annual
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Figure 8. Linear temporal trends for the period 1984–2011 in the annual mean, annual maximum, and annual minimum of (a) shortwave absorption, (b) infrared absorption, (c) infrared
emission, (d) latent heat ﬂux by evaporation/condensation, (e) sensible heat ﬂux by forced and free convection, and (f) heat input by the Rhine River throughﬂow.

courses of trends (thin lines in Figure 9) were smoothed with a window of 14 day (bold lines in Figure 9) to
reduce the inﬂuences of extreme weather conditions that could distort the trends at individual days of the
year. These calculations are the basis of the following ﬁndings:
HS increased in spring and summer by up to 2.2 W m22 yr21 on 8 April (day 98; smoothed data, Figure 9a)
and 2.0 W m22 yr21 on 8 June (smoothed data, day 158). Also the trends are strongly varying. HA did not vary
as much as HS but increased by up to 1.38 W m22 yr21 on 13 June (day 164, smoothed data, Figure 9b). The
total radiation input (HS 1 HA) approximately increased by 3 W m22 yr21.in June in the period 1984–2011.
The mean annual increase of the radiation input (0.46 W m22 yr21) is 15% of this value. This additional heat
input is mainly compensated with a trend to more evaporation HE and infrared emission HW in the ﬁrst part of
the year (Figures 9c and 9d). As expected, the shape of changes in the annual course of HW corresponds to
the surface water temperature changes (Figure 2c). Increasing absorption of HS in spring and early summer
increases the energy storage of the lake. This heat storage is reduced by increasing longwave emission HW
with a delay of about 2 months. This is why increasing HS is not balanced out immediately. HW and its trend
increase a few weeks later than HS. The characteristic patterns of the trend in HW (for instance the abrupt
decline between day 180 and day 210) and in the other heat components are not random: The Runs-Test on
Randomness [O’Brien and Dyck, 1985] was applied to the not-smoothed annual trend curves. It showed that
the trend of each day is not random (a 5 0.05) and is correlated to the trends of the neighboring days. Similar
trends on subsequent days indicate a robust signal of change within a speciﬁc month or period.
On average, there is a tendency to increasing evaporation HE of about 20.27 6 0.12 W m22 yr21 (Figure
9d). Evaporation increased until midyear (up to 21.79 W m22 yr21 on day 185, 4 July, smoothed data), followed by an immediate step to a lower increase of evaporation in the second half of the year. HC did not
change with a clear seasonal pattern (Figure 9e). The outstanding features of the trends in the annual curve
of HF are the low scatter in winter and the high ﬂuctuations in summer (Figure 9f). The peaks around the
day 160, 190, and 250 are not random noise (Runs-Test on Randomness).
3.5. Trends in the Relative Contributions to the Net Heat Flux
In the previous section, we showed the temporal trends for the period 1984–2011 for each heat ﬂux component separately. Here the seasonal contributions of the heat ﬂux components are compared with each
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Figure 9. Slopes of temporal trends in the heat components for each day of the year (ﬁne line) for Lake Constance: (a) shortwave absorption, (b) infrared absorption, (c) infrared emission, (d) heat ﬂux due to evaporation/condensation, (e) heat convection, and (f) Rhine River throughﬂow. The bold line represents the 14 day running average of the temporal trend.
Summary in Table 2.

other. Figure 10d shows the mean annual course of relative contributions of the six individual ﬂuxes to the
net heat ﬂux. The radiative ﬂuxes contribute on average 91% with a maximum of 96% in spring and a minimum of 89% in winter. These fractions were not constant during the period 1984–2011. The fraction of HS
increased by up to 0.04% yr21 on 18 April (day 108, Figure 10e). The fraction of HA decreased in the ﬁrst half
of the year and was approximately constant in the second half (Figure 10a). The shape of the change of the
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Figure 10. The seasonal mean course of the fractions of the absolute values of the heat components in relation to the total sum of the absolute heat ﬂuxes at Lake Constance in the
period 1984–2011: (a) dHA =dt  H21 . (b, c, e, f, g) as in Figure 10a for the heat ﬂux components HW, HC, HS, HE, and HF, respectively. (d) shows the daily-averaged fractions of the six heat
ﬂuxes in relation to the daily-average total heat ﬂux.

HW fraction is similar to HA, but all trends are negative (Figure 10b). The contributions of the nonradiative
ﬂuxes have remained almost constant, except for an increasing HE fraction in summer (Figure 10f) and a
slight decrease of the HC fraction in winter (Figure 10c).

4. Summary and Discussion
We calculated the dominant heat ﬂuxes at the surface of Lake Constance for the period 1984–2011. The
Rhine River, a point source of thermal energy, was also considered in the balance equation. Based on these
time series and their trends, the processes responsible for the measured increasing surface water temperatures of Lake Constance were evaluated.
Besides absorption of the longwave radiation HA, the shortwave radiation HS is the dominant additional
heat input. HS has an annual course with a minimum of 27 W m22 in winter and a maximum of 216 W
m22 in summer. These values are in the range of values that were found by Livingstone and Imboden [1989]
for Lake Aegeri for the period 1974–1983 (minimum of 35 W m22 in winter and a maximum of 195 W m22
in summer) and by Kuhn [1978] for Lake Zurich (minimum of 20 W m22 in winter and maximum of 220
W m22 in summer). HS increased on average by 0.21 6 0.13 W m22 yr21, mainly due to high values in the
last decade. Longwave radiation emitted by the atmosphere is the main heat source of the lake. HA oscillates from 373 W m22 in August to 255 W m22 in February (Lake Aegeri, Livingstone and Imboden [1989]:
360 W m22 in August and July to 257 W m22 in February; Lake Zurich, Kuhn [1978]: 340 W m22 in July to
265 W m22 in February). The trend analysis showed that HA increased with a trend of 0.25 6 0.11 W m22
yr21. This is slightly higher than the increase of HS.
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Surface water temperature TW,FU [°C]

Both HA and HS are the dominant processes that caused the increasing mean
annual surface water temperatures TW.
This higher temperature level induced
compensatory heat ﬂuxes with approximately the same value. Consequently,
the net heat budget did not change
despite higher surface water temperaSurface water temperature [°C]
tures. The correlation coefﬁcient
HA+HS [W m-2]
between the annual TW and the annual
HA is 0.60 (p value 5 6.931024),
Year
whereas that between TW and HS is 0.58
(p value 5 1.331023). The correlation
Figure 11. Mean annual surface water temperature of Lake Constance (right) and
analysis makes no statements about
the sum of annual longwave radiation absorption HA and shortwave absorption
HS (left) for the period 1984–2011.
causality. However, assuming that TW
does not cause air temperature
changes, it is the combination of HA and HS that caused the trend in the mean annual surface water temperature (Figure 11). The correlation coefﬁcient between the sum of HA 1 HS and TW is, therefore, higher at 0.89
(p value 5 3.13310210). Between April and June, the relative contribution of HS to the total heat ﬂuxes
strongly increased, while that of HA decreased. This additional energy input due to solar radiation is stored
in the water body and is released with a delay of about 2 months by HW and by a higher evaporation
throughout the year. This conjecture is based on the fact that the relative contribution of HA and the compensating HW decreases while HS increases. The increase in HS is expected to be a transient phenomenon
due to recent improvements in air quality, whereas continued warming of lake surface temperatures in the
future is expected to be caused almost entirely by increasing HA.
The nonradiative components did not cause the TW to increase. Rather they changed as a consequence of
higher water temperatures. The trend of the annual heat ﬂux by evaporation/condensation (20.27 6 0.12
W m22 yr21) was caused by more evaporation in summer due to increasing water vapor pressure deﬁcit in
summer. This conﬁrms the calculated trends for North-American lakes owing to climate change [Hondzo
and Stefan, 1993]. Heat convection changed by only 0.03 6 0.075 W m22 yr21with no signiﬁcance and speciﬁc seasonal structure. The mean annual heat contribution of the Rhine River did not change and is even
negative. The total tendency of nonradiative processes adds up to 20.23 W m22 yr21 that is completely
dominated by evaporation. In summary, the increasing heat input by HA and HS is to a similar extent compensated by increasing outgoing longwave radiation and evaporation.
Considering the increasing demand for lakes as heat sinks and heat sources, the changing heat balance has
to be taken into account if heat usage schemes are developed. For instance, the operation of heat extraction and heat release will reduce or enhance the effects of trends in local meteorological conditions,
depending on the seasonal distribution of heat extraction.

5. Conclusions
In this study, we searched for signiﬁcant modiﬁcations in the heat ﬂuxes responsible for the observed
warming within a large European lake, Lake Constance. We can conclude: (i) these changes predominantly
appear in the radiative heat ﬂux components and in evaporation. Shortwave and longwave radiation from
the sky, longwave emission from the water surface, and latent heat ﬂux show almost equivalent absolute
trends with compensating effects. The effects of these four components, thus, balance out and, therefore,
the heat budget is in quasi-steady state, (ii) The mechanisms of the temporal change over the last 3 decades
were as follows: the increasing longwave radiation from the warmer atmosphere plus increasing shortwave
radiation (total of 10.46 W m22 yr21) caused higher surface water temperatures. The warmer surface subsequently emitted more longwave energy and more water evaporated (in equal contributions), both of which
compensated for the warming (20.51 W m22 yr21) from a higher level of surface heat exchanges, (iii) As a
result of the intensiﬁcation of the radiative ﬂuxes, the temperature difference between summer and winter
increased. However, the total heat content of the lake has changed very little as individual cold winters
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were able to reset the warming trend in summer. This is consistent with the increasing surface temperature
observed in summer and the negligible temperature trends in winter, (iv) The Rhine River has considerable
inﬂuence on the heat balance during summer (225.1 W m22). However, inﬂow effects contribute minimally
to the overall seasonal heat budget (1%) without a temporal trend.
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