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Abstract

This chapter gives an overview of the heat fluxes between lakes and their environment. The heat
budget of most lakes is dominated by heat fluxes at the lake surface, especially shortwave radiation,
incoming and outgoing longwave radiation, and the latent heat flux. The seasonality of these fluxes is
the most important driver for seasonal mixing processes in lakes. Changes in heat fluxes and the
resulting changes in lake thermal structure are the most direct impact of climate change on lakes.
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Glossary
Albedo Fraction of incoming shortwave radiation reflected at the lake surface
Energy flux Rate of energy exchange across an arbitrary or physically meaningful
boundary (e.g., a lake surface)
Equilibrium Lake surface temperature at which the net lake surface heat flux would
temperature be zero for given meteorological conditions
Heat flux A thermal energy flux

Incoming longwave
radiation

Thermal radiation at wavelengths > 3000 nm directed from the
atmosphere to the lake surface

Incoming shortwave
(solar) radiation

Radiant energy with wavelengths between ~300 and ~3000 nm,
emitted by the sun and reaching the lake surface after passing through
the atmosphere.

Lake surface heat fluxes

Heat fluxes between the lake surface and the atmosphere

Latent heat flux

Heat flux between the lake and the atmosphere due to evaporation or
condensation

Outgoing longwave
radiation

Thermal radiation at wavelengths > 3000 nm emitted from the lake
surface

Sensible heat flux

Heat flux between the lake and the atmosphere due to thermal
conduction

Surface mixed layer

Nearly homogeneous water layer extending from the lake surface to a
depth determined by recent turbulent mixing, in classical limnology also
referred to as the epilimnion




Introduction

The dynamics of heat fluxes determine lake water temperatures and stratification, which in turn
impact water quality and biota. Changes in lake heat budgets are the most direct and primary effect
of climate change on lakes, and the monitoring, modelling, and prediction of heat fluxes has a long
history in limnology with continued growth in applications for present-day management and
understanding of lakes. Due to the importance of heat fluxes to lake ecosystem functions and the
need to project the response of lakes to climate change, numerous book chapters (see Wetzel and
Likens 2000) and reviews on the topic exist (Henderson-Sellers 1986) as well as tools to support heat
flux calculations (Woolway et al. 2015). Here we summarize current knowledge of lake heat fluxes
and identify new future research challenges for the field of limnology.

Concepts
Components of the heat budget

Short-term temperature changes in lakes are the result of imbalance in heat losses or gains, most of
which occur at the lake surface (Figure 1). The timing and magnitude of surface energy fluxes vary in
response to atmospheric conditions and the properties of the lake surface. Energy is also lost or
gained to the lake below the surface, including from sub-surface inflows, sediment heat exchange,
and the attenuation of penetrative radiation within the water column. The heat content of the lake
(Utor) is defined by the temperature and volume of the water, as well as other water properties that
impact water density or specific heat. Any changes to thermal energy are driven by coincident
imbalance in energy fluxes (Hx) which are positive when entering the lake:

Utot/A=HS+HA+HW+HE+HC+HF+HD

Where A is the surface area of the lake. Heat fluxes include downward shortwave (Hs) and longwave
(Ha) radiation, outgoing longwave radiation (Hw), latent (He) and sensible (Hc) fluxes, advected energy
(Hg), and sediment heat flux (Hp).

Accurate measurements of water temperature and volume (used to estimate U;t) can be combined
with detailed measurements or estimates of energy fluxes (Hx) to define seasonal patterns in lake
heat budgets and temperature regimes. As an example, the seasonality of the components of the
lake surface heat fluxes for a temperate and a tropical lake are displayed in Figure 2. The values of
missing or uncertain heat flux measurements can be inferred by quantifying the remaining elements
of the heat budget and solving for the residuals, such as using temperature and measured energy
fluxes to estimate evaporation (Lenters et al. 2005, Winter et al. 2003), or conversely, process-based
lake temperature models predict temperatures by including measured or estimated heat fluxes in an
energy budget model (Hipsey et al. 2019). A wide range of equations has been used in process-based
models to parameterize lake surface heat fluxes. Henderson-Sellers (1986) summarized available
parameterizations for all surface heat fluxes, and specific sets of equations can be found, e.g., in
Livingstone and Imboden (1989), Fink et al. (2014), Woolway et al. (2015) or Hipsey et al. (2019).
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Figure 1. Components of the heat exchange between a lake and the environment.
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Figure 2: Components of the surface heat fluxes for temperate Lake Zug (Switzerland) and tropical
Lake Kivu (DR Congo, Rwanda). The fluxes were calculated with the lake model Simstrat (Goudsmit et
al. 2002; Gaudard et al., 2018) based on meteorological data from MeteoSwiss for Lake Zug, and the
MiroC5 control scenario from ISIMIP2a for Lake Kivu (F. Barenbold, pers. comm.). The lines show the
median values, the ranges the minima and maxima over a period of 30 years. The data were
smoothed with a window of 1 week. The effects of inflows and sediment heat exchange were not
included in the calculations.



Shortwave radiation

Downwelling shortwave radiation (Hs) quantifies the direct energy from the sun as the sum of all
wavelengths in the range of ~300-3000 nm including near-ultraviolet, visible light, and near-infrared
radiation. As such, Hs varies according to latitude, cloud cover, elevation, and any landscape features
that may block the sun’s rays from reaching the lake surface (e.g., tall buildings, mountains, and tree
canopies). A portion of incoming radiation is reflected by the lake surface, and this loss is defined as
the albedo. The shortwave albedo varies according to location (including latitude and elevation),
time and day of year, and surface water conditions (e.g., presence of waves or ice cover). Empirical
formulations or look-up tables are available for estimating time-varying albedo (Cogley 1979) but it is
common to assume a constant value (e.g., Lenters et al. (2005)). After reflection of a fraction of
incoming shortwave radiation, shortwave radiation wavelengths beyond the range of visible light are
non-penetrative and are treated as a surface energy flux. Radiation of shorter wavelengths
penetrates below the surface to be attenuated within the water column or absorbed by the lakebed
(Kirk 1994). The percentage of non-penetrative shortwave radiative energy has been defined as
ranging from 35 % (Thiery et al. 2014) to 55 % (Hipsey et al. 2019).

Incoming longwave radiation

Downwelling longwave radiation (H,) is the radiative energy flux from the atmosphere, and the
magnitude of this flux depends primarily on the atmospheric temperature and humidity and cloud
cover. See Flerchinger et al. (2009) for various methods to estimate longwave radiation.
Approximately 3% of downwelling longwave radiation is reflected at the lake’s surface (the longwave
albedo) and the remaining energy is absorbed by the surface of the lake.

Outgoing longwave radiation

Longwave radiation is emitted from the lake (Hw) as a function of surface water temperature (in
Kelvin) to the fourth power. This outgoing energy flux is typically the largest energy loss term in a
lake heat budget, more than offsetting the gains of downwelling H4 in most cases (although see
section “Overall seasonal heat budget of lakes in different climate zones”). As such, the net sum of
incoming and outgoing longwave radiation is often measured near the surface of a lake with paired
upward- and downward-oriented sensors, which capture Hs and the sum of Hy and the portion of Ha
reflected upward, respectively. When direct measurements are not available, Hw is often estimated
as e0Ty? where € is the emissivity of water, o is the Stefan-Boltzmann constant, and Ty is the absolute
temperature of the water surface.

Latent heat flux (evaporation/condensation)

The flux of latent heat (He) at the lake surface quantifies the energy lost or gained to the lake via a
state change from liquid water to vapor (evaporation) or vapor to liquid water (condensation). These
state changes remove or add water to the lake and are therefore also relevant to the closure of the
lake’s water budget. Most latent heat exchange occurs as evaporation, where the magnitude of the
flux depends on the deficit of vapor in the air and the efficiency of removal, which is based on the
atmospheric conditions above the lake. Common methods for estimating the latent heat flux include
calculating a residual to the energy budget (Winter et al. 2003), eddy covariance (Nordbo et al. 2011),
and mass transfer coefficient parameterization (Rasmussen et al. 1995, Woolway et al. 2015);
alternative methods including pan evaporation, mass budget, and use of stable isotopes are also
applicable to estimating evaporative water loss.



Sensible heat flux

The sensible heat flux (Hc) contrasts with latent heat exchange in that no state change occurs and
energy is transferred via conduction between the lake surface and the atmosphere. As with Hg, Hc
can remove or add energy to the lake depending on the prevailing meteorological conditions and the
surface temperature of the lake, although most Hc fluxes are losses from the lake. The magnitude of
the H¢ flux depends on the difference in temperature between air and water and the atmospheric
removal. All primary methods listed above for estimating He either include a complementary
formulation for Hc (see Woolway et al. 2015) or involve partitioning the relative contributions of Hc¢
and He as part of the method (in the case of energy budget or eddy covariance methods).

Inflows

The net heat flux Hr (W m) caused by an inflow with discharge Qi, and temperature T, is given by
Livingstone and Imboden (1989):

[
Hp = == Qun(Tin — Tour)

where ¢, and p are the heat capacity and density of water, respectively; and T, is the outflow
temperature, which is close to the lake surface temperature in most lakes. This equation assumes
constant lake volume with inflow equal to outflow. For calculating the full heat budget of a lake
including volume variations, all individual water fluxes and their temperatures need to be considered
(Winter et al. 2003), but in that case care must be taken when comparing components of the heat
budget that result from temperature changes with those resulting from volume changes.

If an inflow mixes into the surface mixed layer of a lake, the respective heat flux modifies the lake
surface temperature in a similar way as a change in a surface heat flux. As a consequence, the
outgoing longwave radiation and the latent and sensitive heat fluxes are modified, partially
compensating the heat flux from the inflow. Conversely, if the inflow plunges into the metalimnion,
as is typically the case for cold inflows in the warm season, it does not directly affect the lake surface
temperature, and the net heat flux from the inflow can accumulate in the lake until the next mixing
event. Cool plunging inflows can thus cause a significant cooling of a lake throughout the summer.
Similarly, direct groundwater inflows can modify hypolimnion temperatures of a lake (Safaie et al.
2017).

Heat exchange with the sediment

Heat is generally transported from the water column into the sediment by conduction during the
warm season and released back to the water during the cold season (Fang and Stefan 1998),
although diurnal heat exchange can also be relevant, especially in shallow lakes or littoral areas
where sediments receive direct solar radiation (de la Fuente 2014). The seasonal heat storage in
sediments is relevant mainly for the heat budget of shallow lakes, where the seasonal temperature
variation above the sediment is large and the heat capacity of the overlying water is comparably
small. However, the amount of heat that can be stored and exchanged is limited by the thermal
diffusivity of the lake sediment. Even for lakes with large seasonal temperature variation, the
seasonal heat flux between the sediment and the overlying water typically does not exceed a few W
m. The effects of heat exchange between the sediment and the water are therefore most
noticeable in ice-covered lakes where the heat fluxes across the lake surface are limited as well. Heat
release from the sediment can be an important driver for both horizontal currents and vertical
mixing in ice covered lakes (Kirillin et al. 2012).



Heat fluxes through ice cover

The presence of an ice cover completely modifies the heat fluxes at the lake surface (Leppéaranta
2015). The water temperature at the ice-water interface is fixed to 0 °C. The temperature at the
surface of the ice cover reacts to meteorological conditions, resulting in a temperature gradient
within the ice and a corresponding molecular heat flux. Shortwave radiation can partially penetrate
the ice cover and add heat to the underlying lake water. This is particularly important in spring when
the ice cover becomes thinner and incoming shortwave radiation increases. The warming of the near-
surface water can then induce convective mixing below the ice cover, as water density increases with
temperature at temperatures below 4 °C (Kirillin et al. 2012). The transfer of shortwave radiation
through the ice cover strongly depends on the ice properties and is reduced in the presence of snow.

Anthropogenic heat fluxes

Heat can be artificially added to or removed from a lake when water is used for cooling or heating
purposes. More than 4 GW of heat is introduced globally to freshwater systems from the cooling of
power plants. An estimated 44% of this heat directly enters reservoirs and lakes (Raptis and Pfister
2016) and in some cases causes considerable warming of these waterbodies. One of the best
investigated case studies is Lake Stechlin, which was used for cooling a nuclear power plant from
1960 to 1996, with significant effects on its mixing and stratification regime (Kirillin et al. 2013). The
remaining 56% of the heat is introduced into rivers, but can be further transported into downstream
lakes (Raman Vinna et al. 2017). More recently, freshwater systems have been increasingly used for
extracting heat for heating purposes, resulting in a cooling of the waterbodies. Heat extraction from
deep lakes using heat pumps provides a substantial potential for replacing fossil fuel (Gaudard et al.
2019). Wastewater also typically has different seasonal temperature dynamics than natural surface
waters, and its discharge into a lake can therefore modify the heat budget of a lake.

Concept of equilibrium temperature

The equilibrium lake surface temperature is a useful proxy for the responses of lakes to climate
variability and climate change (Schmid et al. 2004). A lake surface equilibrium temperature can be
calculated as the temperature for which the net heat flux at the lake surface is zero given a set of
meteorological conditions (Edinger et al. 1968). The lake surface temperature tends to exponentially
approach this equilibrium temperature if meteorological conditions are held constant. A deviation of
the lake surface temperature from the equilibrium temperature of 1 °C results in a heat flux from the
lake of ~30 W m™. This heat flux would be sufficient to cool a water layer of 1 m thickness by 1°C
within 1.6 days. Consequently, for constant meteorological conditions, and assuming that the
incoming solar radiation is entirely absorbed within the surface mixed layer, the lake surface
temperature would exponentially approach the equilibrium temperature with a time scale of 1-2
days for a 1 m thick mixed layer or 1 month for a 20 m thick mixed layer. In shallow lakes or in
stratified lakes with a shallow surface mixed layer, the lake surface temperature is therefore often
close to this equilibrium temperature. For a wide range of meteorological conditions, a change in air
temperature of 1°C results in a change in lake surface equilibrium temperature of ~0.8 °C (Schmid et
al. 2014). In small and shallow lakes, but also in stratified deeper lakes, a trend in air temperature is
therefore expected to result in a corresponding trend in lake surface temperature of ~80% of the air
temperature trend.

Overall seasonal heat budget of lakes in different climate zones

The importance and seasonality of the different heat fluxes varies with latitude and in different
climate zones (e.g., Figure 2). This results in different lake thermal regimes, and also a different
sensitivity of lakes in different climate zones to climate change (Maberly et al. 2020). Climatic and



lake-specific factors (such as morphometry) modulate the seasonal heat budgets in lakes and
contribute to global diversity in lake thermal regimes.

In temperate and boreal climate zones, where the majority of lakes are located, the seasonality of
the heat budget is mainly driven by the strong seasonality of incoming shortwave and to a lesser
extent incoming longwave radiation. As a result, large seasonal amplitudes of lake surface
temperatures and dimictic or monomictic mixing regimes are common in these climate zones. The
lag between lake temperatures and atmospheric conditions also results in seasonality of outgoing
heat fluxes (Livingstone and Imboden 1989), including latent and sensible heat fluxes, which peak in
the summer or late fall. Lakes that become cold enough for surface ice to form experience modified
heat fluxes and as day length and Hs increase in the spring, have a lagged response to warming until
ice melts and surface waters return to tighter coupling with atmospheric heat exchanges.

In the tropical climate zone, incoming shortwave radiation is relatively constant throughout the year.
Lake surface temperatures vary seasonally only within a few °C, and temperature differences
between the surface and bottom waters are typically small, resulting in a more dynamic behaviour of
the mixed layer depth than in temperate lakes (Lewis Jr. 2000). The lowest lake surface
temperatures, and consequently deep mixing events, often occur during the local dry season, when
low relative humidity and seasonal winds increase evaporative heat losses and decrease incoming
longwave radiation.

Indirect anthropogenic impacts on heat fluxes

Anthropogenic uses of water and land can result in significant changes to lake heat budgets, which in
turn modify lake thermal regimes and ecosystem functions. Tanentzap et al. (2008) examined
Clearwater Lake in Canada, where forest regrowth and deacidification (along with coincident changes
in water clarity) resulted in lower wind speeds and a colder, more strongly stratified lake. Urban
heating impacts on lake heat fluxes can be significant, but few studies exist that describe this
phenomenon (although see Cosgrove and Berkelhammer 2018). Using lakes as storage volumes for
pumped-storage hydropower can strongly affect their heat budget and thermal properties (Kobler et
al. 2018). Other examples of indirect alterations to heat fluxes via anthropogenic change include
interventions that modify lake surface area, morphometry, and flowrates via impoundment,
channelization, water diversion, and sedimentation. Additionally, agricultural drainage and
wastewater effluents have been mostly examined for rivers, but can also affect lake heat budgets
(Gaudard et al. 2018). The impact of these anthropogenic alterations on water temperatures
depends on their relative magnitude in the overall energy budget of a lake.

Impacts of climate change on heat fluxes and heat budgets

All heat fluxes mentioned in section “Components of the heat budget” can be modified by climate
change. The most direct impact of climate change results from changes in air temperature. Increased
air temperature leads to increased incoming longwave radiation and modifies the sensible heat flux
between the lake and the atmosphere. For many individual lakes, high correlations between annual
or seasonal mean air temperature and lake surface temperature have been observed. At a global
scale, for a large number of lakes, the correlation between long-term trends in summer air
temperature and lake surface temperature is less consistent (O'Reilly et al. 2015). This observed
variability can result from different reactions of different lakes to the forcing, from surface water
temperature trends in some lakes being affected by other factors (e.g., trends in clarity), or from the
uncertainties in the observed trends of either air or lake surface temperature. Locally, climate change
can also lead to modified incoming solar radiation, relative humidity, average wind speeds, and the
timing and magnitude of hydrologic fluxes, with corresponding impacts on lake heat fluxes. For
example, reduced wind speeds have been proposed to have accelerated warming of lakes in the



Northern Hemisphere (Woolway et al. 2019). For boreal and temperate lakes, climate change
typically results in a prolongation of the summer stratified period with a significant additional
accumulation of heat throughout the summer, which then needs to be removed again in autumn
before complete lake mixing can occur.

Conclusions / Synthesis

The heat fluxes between lakes and the environment determine the dynamics of their thermal
structure, and in consequence, are a control on biogeochemical processes in lakes. The heat budget
of an individual lake depends on the local climatic conditions and is modulated by the lake’s
properties. While incoming shortwave and longwave and outgoing longwave radiation contribute
most to the heat budget, other heat fluxes can nevertheless be relevant for driving seasonality, e.g
the latent heat flux in tropical lakes. Modification of the heat fluxes, and in consequence of the
thermal structure, is the most direct impact of climate change on lakes. The heat budget of lakes can
otherwise be affected by anthropogenic activities, either directly by heat discharge or extraction, or
indirectly by changes in a lake’s watershed.

Knowledge gaps

e The spatial heterogeneity in lake thermal properties, fluxes, and in-lake responses to forcings
(e.g., evaporative cooling, locations of warm water inflows, and complex wind fields) may be

relevant but has rarely been investigated.
e Direct measurements of heat fluxes (e.g., eddy covariance for sensible and latent heat) are

rare.

e The representation of heat fluxes in numerical lake models is often simplistic and constrained
by measurement limitations (e.g., single point weather observations).
e Data for calculating fluxes is biased to temperate regions, and few studies have taken place
at high altitude or in tropical lakes.
e Studies quantifying the effects of diffuse anthropogenic heat sources (e.g., urbanization, land
use change) on lake temperatures are rare.

Case studies

surface temperature

Lake Country Coordinates Main Topic Key Reference
Lake Valkea-Kotinen Finland 61°14'N/25°03'E Measurements of heat Nordbo et al. (2011)
fluxes over a boreal lake
Lake Stechlin Germany 53°09'N/13°01’E Impact of thermal Kirillin et al. (2013)
discharge
Lake Constance Germany, 47°35'N/09°28'E Climate change effects on Fink et al. (2014)
Switzerland heat fluxes
Lower Lake Zurich Switzerland 47°15’'N/08°40'E Contributions of forcing Schmid and Koster
factors to recent warming (2016)
Tub Lake Wisconsin, USA 45°16’N/91°27'W | Sediment heat budget for Likens and Johnson
small temperate lakes (1969)
Mirror Lake New Hampshire, 43°56'N/71°41'W | Energy budget method to Winter et al. (2003)
USA estimate evaporation
Lake Taihu China 31°25'N/120°13'E | Factors driving evaporation | Xiao et al. (2020)
in a subtropical lake
Nam Co China 30°42'N/90°33’E Heat fluxes at high altitudes | Wang et al. (2015)
Lake Kivu DR Congo, Rwanda 02°00’S/29°00'E Effect of rainfall on lake Rooney et al. (2018)

Lake Tanganyika

Burundi, DR Congo,
Tanzania, Zambia

06°30'S/29°50’E

Sensible and latent heat
fluxes

Verburg and
Antenucci (2010)
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Relevant Websites

e Great Lakes Operational Forecast System (GLOFS), includes calculated surface heat fluxes for
the Laurentian Great Lakes: https://www.glerl.noaa.gov/res/glcfs-fvcom/ncast.php

e Lake Heat Flux Analyzer (Woolway et al., 2015), a Matlab code package for calculating heat
fluxes for lakes: https://github.com/GLEON/HeatFluxAnalyzer
e Copernicus Global Land Service (CGLOPS) - lake surface temperatures from remote sensing :

https://land.copernicus.eu/global/products/Iswt

e Output of Inter-Sectoral Impact Model Intercomparison Project, including simulated lake
surface heat fluxes by several lake models for a number of climate scenarios: https://esg.pik-
potsdam.de/search/isimip/
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