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The impact of lakes on the European climate is considered by analysing two 30-year
regional climate model (RCM) simulations. The RCM applied is the Rossby Centre
regional climate model RCA3.5. A simulation where all lakes in the model domain
are replaced by land surface is compared with a simulation where the effect of lakes is
accounted for through the use of the lake model FLake coupled to RCA. The difference
in 2m open-land air temperature between the two simulations shows that lakes induce
a warming on the European climate for all seasons. The greatest impact is seen during
autumn and winter over southern Finland and western Russia where the warming exceeds
1 °C. Locally, e.g. over southern Finland and over Lake Ladoga, the convective precipita-
tion is enhanced by 20%—40% during late summer and early autumn while it is reduced by

more than 70% over Lake Ladoga during early summer.

Introduction

One of the most important issues in climate
modelling and numerical weather prediction
(NWP) is the interaction of the atmosphere with
the underlying surface. For decades, the inter-
action with land and sea surfaces has received
much attention, whereas lakes have been either
disregarded or treated in a very simplistic way.
The reason for this is of course that land and sea
dominate the earth’s surface while lakes are only
regionally important.

In regions where lakes represent a non-neg-
ligible fraction of the surface their large ther-
mal inertia, as compared to the land surface,
may cause them to have a significant impact
on the regional climate. This is particularly the

case in the northern parts of Europe, Asia and
North America where the lake concentration is
high. Our intention in this paper is to quantify
the impact of lakes on the European climate
by applying a regional climate model (RCM).
Similar studies have been performed by Bonan
(1995) and Krinner (2003). These authors inves-
tigated the impact of lakes and wetlands on
a global scale using lake and wetland param-
eterisations in general circulation model (GCM)
simulations. Bonan did not distinguish between
lakes and wetlands while in the study by Krinner
lakes and wetlands were treated both separately
and in combination. An important assumption
made in these studies is that all lakes have a
fixed depth of 50 m. As we shall see in what
follows, this is an overestimation for the vast
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majority of lakes, at least in Europe, which has
important consequences for the results as to the
lake impact on regional climate.

In this study, as in Bonan (1995) and Krinner
(2003), a tiled surface scheme is used. That is,
any water in a grid square is treated independ-
ently of other sub-grid surfaces. The energy
fluxes from each individual tile are area weighted
to form grid-averaged fluxes. The advantage with
a tiled scheme is that contributions from surfaces
not dominating a landscape but still representing
important physical processes can be accounted
for. Another model where a tiled surface scheme,
including a 1-D lake model for the lake tile, is
introduced is the RCM CRCMS5 (Zadra et al.
2008). In a non-tiled scheme a grid square can
only be represented by a single surface type.
Thus, as inland water bodies seldom dominate
the area of a grid square for the horizontal
resolution used in today’s GCMs and RCMs,
except for a few very large lakes, the water frac-
tion is often totally disregarded in such cases.
For example, this is the situation in ECHAMS
(Roeckner et al. 2003) and in RACMO (van
Meijgaard et al. 2008). In ECHAMS the lake
temperature is solved from the heat budget equa-
tion, including growth equations for ice and
snow, assuming a constant-depth mixed layer
of 10 m. In RACMO a deep soil temperature is
used for the lake surface temperature assuming
that the lag of the deep soil temperature with
respect to the soil surface temperature is repre-
sentative also for a lake surface.

In RCMs and in NWP models, thermal fluxes
(i.e. fluxes of sensible and latent heat and radia-
tion fluxes) and momentum flux at the underly-
ing surface must be calculated over all surface
types, including lakes. To this end, the lake
surface temperature (temperature of the water
surface or of the ice surface if the lake in ques-
tion is frozen) is required. It is this variable that
communicates information between lakes and
the atmosphere. Then, the lake model can be
made simple as long as the lake surface tempera-
ture is well simulated. For climate simulations,
computationally efficient models (parameterisa-
tion schemes) are of high priority. There are both
1-D and 3-D lake models available (see Mironov
2008, and references therein) but 3-D models
are seldom considered for climate and NWP
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applications due to their high computational cost
(Leon et al. 2005). The 1-D lake models applied
in GCMs and RCMs range from one-layer bulk
models to multi-layer turbulence closure models.
For example, the RCMs RCA3 and RegCM3
use multi-layer models proposed by Ljungemyr
et al. (1996) and Hostetler et al. (1993), respec-
tively. The one-layer bulk models yield good
results only for shallow lakes since they assume
complete mixing down to the lake bottom thus
neglecting thermal stratification. The multi-layer
models are more appealing from the physical
standpoint but they are still considered compu-
tationally expensive in many climate and NWP
applications. A two-layer bulk model with a
parameterised temperature structure of lake ther-
mocline (Mironov 2008) is a computationally
efficient lake model that incorporates much of
the essential physics. That model, termed FLake
(http://lakemodel.net), is capable of realistically
simulating the vertical temperature structure of
shallow to medium-depth lakes (up to 40 or
maybe 50 m in depth). FLake is especially well
suited for being coupled to NWP and climate
models. In this study, FLake is coupled to the
RCM as used by Rossby Centre at SMHI.

Description of the models

The models applied are the Rossby Centre
regional climate model RCA and the lake model
FLake. In what follows, an overview of these
models is given and the coupling of the two
models is outlined.

The regional climate model RCA

In this study, we use an updated version of the
Rossby Centre regional climate model RCA3
(Kjellstrom et al. 2005, Samuelsson et al. 2006).
RCA3 is developed at Rossby Centre, SMHI,
and has been extensively used in a number of
climate scenario studies. RCA3 is one of the
RCMs participating in the European projects
PRUDENCE (Jacob et al. 2007) and ENSEM-
BLES (Sanchez-Gomez et al. 2008). Climate
scenarios based on RCA3 have been used as the
basis for recommended adjustments due to cli-
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mate change by the governmental Commission
on Climate and Vulnerability in Sweden (Pers-
son et al. 2007).

RCA3 includes parameterisations of radia-
tion (Savijarvi 1990, Sass et al. 1994), turbu-
lence (Cuxart et al. 2000), large-scale clouds and
microphysics (Rasch and Kristjdnsson 1998),
convection (Kain and Fritsch 1993, Jones and
Sanchez 2002), near-surface fluxes of momen-
tum and scalar quantities (Louis et al. 1982), and
land surface processes (Samuelsson et al. 2006).
In the updated version RCA3.5 (from hereon
referred to as simply RCA), the lake model
PROBE (Ljungemyr et al. 1996) is replaced
by FLake and the land-surface physiographic
information dataset is replaced by ECOCLIMAP
(Masson et al. 2003). The convection param-
eterisation is based on the scheme of Bechtold et
al. (2001; see also Kain and Fritsch 1993) which
distinguishes between shallow and deep convec-
tion.

The lake model FLake

FLake is a two-layer bulk model based on a
self-similar representation (assumed shape) of
the temperature profile in the mixed layer and
in the thermocline (Mironov 2008, Mironov et
al. 2010). The model incorporates (i) a flexible
parameterisation of the evolving temperature
profile, (ii) an advanced formulation to compute
the mixed-layer depth, including the equation
of convective entrainment and a relaxation-type
equation for the depth of a wind-mixed layer,
(iii) a module to describe the vertical tempera-
ture structure of the thermally active layer of
bottom sediments and the interaction of the
water column with bottom sediments, and (iv)
a snow-ice module. FLake carries a number of
ordinary differential equations for the quanti-
ties that specify the evolving temperature pro-
file in lakes. These are the temperature and the
thickness of the upper mixed layer, the tem-
perature at the water-bottom sediment interface,
the mean temperature of the water column, the
shape factor with respect to the temperature
profile in the thermocline, the temperature of
the upper surface of the ice, and the ice thick-
ness. Optionally, the bottom sediment module
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can be activated to determine the heat flux at the
water-bottom sediment interface. In that case
two additional quantities are computed, namely,
the depth of the upper layer of bottom sediments
penetrated by the thermal wave and the tempera-
ture at that depth. If the bottom sediment module
is switched off, the heat flux at the water-bottom
sediment interface is set to zero. If the snow
module is switched on, prognostic equations are
carried for the temperature at the snow upper
surface and for the snow thickness. Since the
snow module has not been thoroughly tested yet,
the recommended choice at present is to account
for snow above the lake-ice implicitly, namely,
through the changes of the ice surface albedo
with respect to shortwave radiation. Details of
the FLake physics are given in Mironov (2008).

The ability of FLake to predict the tem-
perature structure in lakes of various depths on
diurnal to seasonal time scales has been suc-
cessfully tested against data through single-col-
umn numerical experiments. Off-line sensitivity
experiments (Kourzeneva and Braskavsky 2005)
have indicated some characteristic features of
FLake performance. In many instances, the
mixed layer depth tends to be underestimated.
The sensitivity of the model results to the wind
fetch and to the optical parameters of the lake
water is not high. There is virtually no sensitivity
to the bottom sediments module switched on or
off except for long-term simulations of shallow
lakes. The mean lake depth is the main param-
eter to which the model is sensitive. Numerical
experiments suggest that the lake depth should
be limited to 40 m (perhaps 50 m). That is, an
artificial lake bottom should be set at a depth
of 40 m where the actual lake depth is larger.
The use of such device is justified since FLake
is actually not suitable for deep lakes (because
of the assumption that the thermocline extends
from the bottom of the mixed layer down to the
lake bottom). As no appreciable temperature
changes typically occur in deep zones of fresh-
water lakes, the use of false bottom should not
lead to a degradation of FLake performance.

As a lake parameterization scheme, FLake is
implemented (or on the way) into a number of
NWP and climate models. Further information
about FLake can be found at http://lakemodel.
net.
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The RCA-FLake coupling

RCA uses a tiled surface scheme where any
water within a given grid box is treated inde-
pendently of other sub-grid surfaces. The energy
fluxes from each individual tile are area weighted
to form grid-averaged fluxes. In RCA all types of
inland water (natural lakes, man-made reservoirs
and rivers, from hereon collectively referred to
as lakes) are modelled by FLake. If the informa-
tion is available there is a possibility to distin-
guish between three different lake categories
with respect to depth in each grid box; shal-
low (04 m), medium (4-8 m) and deep lakes
(> 8 m). The fractional area of the lakes and
their area-weighted depth for each category are
specified by combing the information on the lake
depth from the database developed by Kourze-
neva (2010) and the lake fraction information
from ECOCLIMAP (Masson et al. 2003). The
first version of the lake-depth database used in
this study was developed in May 2006. It pro-
vides reasonable coverage for most of Europe
(Kourzeneva 2010). When no information on
the lake depth is available but the ECOCLIMAP
data indicates that lakes are present within a grid
box, a default depth of 10 m is used. Any frac-
tion of inland water less than 1% is replaced by
land.

RCA and FLake are flux coupled, implying
that the system is energy consistent. In the tiled
surface scheme we distinguish between different
2m air temperatures (T2m) over the individual
tiles. We recognise T2m over lakes, over open
land, and over forest areas. A grid-box mean
T2m is simply an area-weighted value of these
individual values of T2m.

Methodology

To quantify the impact of lakes on the Euro-
pean climate we have analysed two 30-year
simulations with RCA (1961-1990). In the first
simulation (S-lake) lakes are present and RCA
is coupled to FLake. In the second simulation
(S-nolake) all lakes in the RCA domain are
replaced by land using the distribution of forest
and open land as already present in the grid box.
This replacement is done to preserve the charac-
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ter of the existing landscape. If the lake fraction
is 100%, which is the case only for two grid
boxes over Lake Ladoga, we chose to replace the
lake by open land only, using constant leaf area
index = 2, roughness length = 0.05 m, albedo =
20% and vegetation cover = 95%. By comparing
the results of the two simulations we identify
geographical regions where the effect of lakes is
most important in terms of climate conditions.
We quantify the effect of lakes on some mete-
orological parameters, such as 2-m tempera-
ture, precipitation and thermal energy fluxes. In
simulation S-lake the bottom-sediment module
of FLake is switched on. Snow over lake is not
treated explicitly; the effect of snow is accounted
for parametrically through the changes in the
surface albedo with respect to shortwave radia-
tion. The ice albedo is increased from the origi-
nal FLake value of 60% to 75% and the heat
transfer coefficient for ice is decreased from 2.29
Jm' st K'to 1.5 m' s K. The maximum
lake depth used in the simulations is 40 m as
suggested by earlier sensitivity studies.

Considering the density of lakes over Europe
it is obvious that the largest influence of lakes
should be expected in northern Europe (Fig. 1).
The percentage of lakes, accounting for their
fractional area coverage, found in different
depth intervals shows that the deep category
totally dominates when all lakes are considered
(Table 1). However, the percentage of lakes
whose depth is unknown and is therefore set to a
default value of 10 m in the simulations may be
high. Excluding lakes with depth of 10 m gives
quite a different distribution which is probably
closer to the real depth distribution for European
lakes (Table 1). The true distribution is likely
to be shifted even more towards shallow and
medium lakes as many lakes with unknown
depth are probably quite small and also shallow.
In spite of these findings we still apply 10 m as
depth for lakes with unknown depth. This is for
a very practical reason; RCA is applied globally
and we believe that 10 m may be a more globally
appropriate value than a value smaller than 10 m.
In a global perspective the northern latitudes are
probably dominated by shallow lakes for mor-
phological reasons.

The atmospheric model domain is resolved
by 102 x 111 grid points (the average horizontal
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Fig. 1. (a) Total fraction of lakes (%) and (b) depth of lakes (m) in the model domain. A relatively large fraction in
southern Finland (indicated by the red rhombus) is due to many small and moderately deep lakes (these lakes are
10 m deep in the S-lake simulation). Two large and deep lakes, Lake Ladoga (40 m) and Lake Onega (30 m) in

western Russia, are indicated with L and O, respectively.

mesh size is about 0.4°, that is about 50 km) and
24 levels in the vertical are used. The model
uses semi-Lagrangian dynamics and is hydro-
static. The time step is 30 minutes. The ECMWF
40-year reanalysis data (ERA40, see Uppala et
al. 2005) are used to specify the lateral and the
sea-surface temperature boundary conditions.

Comparison of model results with
observations

Seasonal averages of T2m over open land from
S-lake show deviations of mostly less than 2 °C
from observed climatology (Fig. 2). Note that we
evaluate the open land temperature and not the
grid-averaged temperature as is often the case
in similar model evaluations. The reason for this
choice is that most observations represent open
land conditions. The observed T2m climatology
is a mean value of monthly averaged two-meter
temperatures from Climate Research Unit (CRU,
Mitchell et al. 2005), Willmott (Willmott and
Matsura 1995) and ERA40 (Uppala et al. 2005)
gridded data sets. Winter and autumn show a
slight warm bias (model minus observation), in
the order of 1-2 °C, over the central and eastern
parts of the domain while the summer shows a
warm bias in the Mediterranean area, locally in
excess of 2 °C. The precipitation reveals a wet
bias of 10-20 mm month™ over the central and

northern parts of Europe as compared with that
in the CRU and Willmott data. Over southern
Europe, the wet bias was in the range 0-15
mm month™'. These biases in temperature and
precipitation are well within reported biases in
similar RCM studies (Hagemann et al. 2004).
They are small and should not violate the results
and conclusions of the present sensitivity study.
Monthly mean values of the simulated lake
surface temperature (LST) from simulation
S-lake are also compared with data from obser-
vations taken in four lakes (Fig. 3 and Table 2).
The simulation results are taken from the grid
squares, including correct lake category (shal-
low, medium, deep), where the lakes are located
(Table 2). The simulated LSTs for Vortsjirv and
Padjiarvi show a good agreement with observa-
tions (Fig. 3a and b). There is a tendency for an

Table 1. Percentage of lakes in different depth inter-
vals. The three categories of lakes as used in the
model are indicated by shallow, medium and deep,
respectively. The rightmost column gives the percent-
age distribution when excluding lakes with the default
lake depth of 10 m.

Depth interval (m) All Excluding 10 m
0—-4 (shallow) 1.4 3.9
4-8 (medium) 7.8 21.8
8—40 (deep) 85.2 74.3
25-40 (deep) 5.6 15.6
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Fig. 2. Difference in T2m over open-land (°C) between the S-lake simulation and a climatological mean of the CRU,
Willmott and ERA40 data sets for the four seasons.

overestimation of the LST during the summers
of 1984 and 1985. However, this overestimation
does not seem to be related to any deficiency of
FLake since the T2m over open land is also over-
estimated as compared to observations. Although
the timing of observed lake freezing and of ice
break-up is based on climatology only (not on
the real measurements for the considered years),
it lends support to the simulated ice cover. Note
that the summer T2m over the lakes is generally
slightly higher than the T2m over the surround-
ing open land areas. The reason for this, as will
be shown in more details further on, is the differ-
ence in nighttime conditions between lakes and
open-land areas.

For deep Lake Ladoga, the 2-m air tem-
perature over lake clearly lags behind the sur-
rounding open-land temperature (Fig. 3c). As
inferred from the plot, the observed air tem-
perature climatology, although gridded (i.e. point

observations taken as representative for an area
and thus interpolated to specific grid points), is
chiefly based on open land values. As compared
with the observations, the simulated LST shows
a warm bias. The warm bias during autumn
reflects a general picture around this area of the
model domain (Fig. 2). In spring and summer,
the simulated T2m over open land is very close
to observations. The climatology of the observed
LST in May is just above 0 °C while the simu-
lated temperature is almost 5 °C. Still, the simu-
lated timing of ice break-up compares quite well
with the observations. Thus, there seems to be a
mismatch between the LST and the ice break-up
observations as used here. The reason for this
mismatch is not quite clear although the sources
of information on LST and ice conditions are
different (Table 2). For a large lake it is probably
nearly impossible to specify particular dates for
ice on/off. Large lakes remain partially covered
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Fig. 3. Simulated and observed temperatures and ice conditions (see also Table 2) for four lake sites: (a) Vortsjarv,
Estonia, (b) Paajarvi, Finland, (c) Lake Ladoga, Russia, and (d) Ammersee, Germany. The observed T2m band
embraces the individual observational data sets ERA40, CRU and Willmott, respectively.

Table 2. Characteristics of the lakes as used in the evaluation study and references to evaluation data sources for
lake surface temperature and ice on/off dates. The observed depth refers to mean depth. The RCA depth means
the depth used for the specific lake category in the grid square where the lake is located. The given time periods
represent both time series (T) and mean climate (C).

Lake (location) Lake depth  Surfface temp. Ice on/off period, RCA
———— period, source source period
Obs. RCA
Vortsjarv 3m 3m 1984-1989 (T), unknown, 1984-1989
(Estonia, 58.1°N, 26.2°E) http://clime.tkk.fi/ http://www.ilec.or.jp/
Paajarvi 15m 10m 1984-1989 (T), 1961-2002 (C), 1984-1989
(Finland, 60.8°N, 25.0°E) http://clime.tkk.fi/ Blenckner et al. (2004)
Ammersee 38m 35m 1985-1986 (C), - 1984-1989
(Germany, 47.6°N, 11.4°E) http://www.ilec.or.jp/ —
Ladoga 51m 40m 1959-1988 (C), 1948-1988 (C), 1961-1990

(Russia, 61.2°N, 31.5°E)

http://www.ilec.or.jp/

http://nsidc.org/data/lake_river_|

ice/
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by ice over certain period, and the water surface
temperature during that period may be quite
different from the ice surface temperature. It is,
therefore, difficult to say which value of LST is
representative of Lake Ladoga during the period
of partial ice cover.

The simulated LST over Ammersee (Fig.
3d) fits the observed climatology better than the
Lake Ladoga LST. Ammersee is located in an
area with complex terrain which is manifested
in the relatively broad spread in observed T2m
climatology. This is probably also the reason
for the discrepancy between the simulated T2m
over open land and the climatology. The T2m
over the lake lags the corresponding open land
temperature but the lag is not as pronounced as
for Lake Ladoga.

Comparison of simulations with
and without lakes

In the following much of the discussion is related
to a region in southern Finland and to a grid
square over the northern part of Lake Ladoga
(31.5°E, 61.2°N). The region in southern Finland
(Fig. 1) is represented by 38 grid squares in the
model domain and has on average 25% water
(21% deep lakes with mean depth 10.4 m and 4%
medium deep lakes with mean depth 2.8 m), 62%
forest and 13% open land in the S-lake simula-
tion. In the S-nolake simulation the fractions are
83% forest and 17% open land. The grid square
over Lake Ladoga has 88% water (only deep lake
with mean depth 40 m), 10% forest and 2% open
land in the S-lake simulation and 83% forest and
17% open land in the S-nolake simulation.

The differences between the simulations are,
among other things, related to the difference
in surface properties between land (depending
on snow conditions) and lake (depending on
ice conditions), e.g. albedo and surface rough-
ness. Given the fractions of forest and open land
the snow-free land albedo becomes 12%. The
albedo for water is specified to 7% and for lake
ice to 75%. During the snow season the land
albedo depends on simulated snow fraction and
age of snow but reaches a monthly mean value
of 34% in February. The momentum rough-
ness length, z,, for a snow-free land surface is
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0.2-1 m depending on the fractional coverage
of forest, z, for snow on open land is 5 X 103 m,
z, for water is based on a Charnock formulation
(Charnock 1955) and z,, for lake ice is 8 X 10~ m.

Two-meter air temperature

In general, the presence of lakes had a warming
effect on the T2m climate for all seasons (Fig.
4). Considering that this result is based on dif-
ferences in the open-land T2m (see above), the
effect of lakes should have been communicated
to the surrounding land through the atmospheric
boundary layer whose structure and transport
properties are modified if lakes are present in
the model domain. The presence of lakes also
affects cloudiness, thus modifying the surface
radiation budget and hence the near-surface tem-
perature. In autumn, the warming effect of lakes
is certainly expected since lakes are relatively
warm as compared to the surrounding land. The
thermally active soil layer has a lower inertia
than the water column of most lakes and does
therefore cool more quickly. The warming effect
during winter is mainly explained by the fact
that the ice season usually extends from mid
winter until mid spring. During the first half of
the winter lakes are still warmer than the land
surface would be if lakes are replaced with land.
Another contributing factor to the winter warm-
ing could be heat transfer through the ice. Using
satellite remote sensing data Jeffries ez al. (1999)
estimated the heat flux through lake ice in Alaska
to be about 10 W m higher than the heat flux
from the soil.

The warming effect due to lakes during
summer is less obvious. The reason for this
warming can be explained by a relatively high
LST during nighttime (Fig. 5). For the area
in southern Finland the T2m over lakes is on
average higher than the T2m over surrounding
open land from 15 UTC to 6 UTC. Then, the
lakes heat the atmospheric boundary layer which
manifests itself in the increase of the tempera-
ture at the lowest model level above the surface
(located at approximately 90 m in these simula-
tions) and in the increase of T2m (Figs. 4 and 6).

The inclusion of lakes decreases the ampli-
tude of the temperature diurnal cycle in summer
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e

Fig. 4. Differences between the simulations S-lake and S-nolake for the four seasons winter, spring, summer and
autumn. The differences concern T2m over open land (°C). The grey lines indicate areas for which p = 0.05 (t-test).
Thus, the null hypothesis is rejected and mean differences for areas within grey lines do not contain 0 at a 95%
confidence interval level. Note that p < 0.05 for all coloured areas.

(Fig. 5). The effect is actually seen all around the
year but it is most pronounced during summer
when the diurnal cycle amplitude is reduced
by more than 0.5 °C. Notice that both the daily
minimum two-metre temperature T2m_. and the
daily maximum two-metre temperature T2m_
are increased for all seasons (Figs. 7-8). The
increase in T2m_ . is, however, larger than
the increase in T2m__, leading to a reduced
amplitude of the diurnal cycle. The increase
in T2m__ during summer is probably due to a
slight decrease in cloudiness and a correspond-
ing slight increase in the downward shortwave
radiation (not shown). The presence of lakes also
increases the downward longwave radiation in
the morning hours during spring, hence a slight

increase in T2m__ for this season. However, the
reason for the increased downward longwave
radiation is not clear.

For all seasons except spring the temperature
at the lowest model level is found to be higher in
the presence of lakes (Fig. 6). The only noticea-
ble difference at this level during spring is a local
cooling over Lake Ladoga. Due to high thermal
inertia of large lakes, their surface temperature
remains low during spring, leading to a colder
boundary layer over lakes than over land. The
open land T2m during spring shows an increase
over southern Finland (Fig. 4). The reason is
probably a decrease in cloudiness and, as a con-
sequence, an increase in downward shortwave
radiation (not shown).
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Fig. 5. Simulated summer-season (JJA) mean diurnal
cycle of two-metre air temperatures as area averaged
over a region in southern Finland (Fig. 1). The T2m lake
temperature cycle is calculated from six hourly model
output while the T2m open land cycles are calculated
from three hourly output.
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Precipitation

The major differences in precipitation between
the simulations with and without lakes are seen
in the convective component (Fig. 9). Differences
are shown only if they exceed 5 mm month™. The
differences are, however, restricted to only a few
regions of Europe and to only two seasons, viz.,
summer and autumn (Fig. 10). The lake district
in southern Finland and the large and deep Rus-
sian lakes, Lake Ladoga and Lake Onega, are the
areas where the difference in precipitation is most
pronounced. Over southern Finland, the convec-
tive precipitation in August is increased by more
than 20%. Over Lake Ladoga the effect is even
stronger; convective precipitation is decreased by
more than 70% in July and is increased by nearly
40% in September. A possible reason for the
increase in convective precipitation is an addi-

Fig. 6. As Fig 4 but for temperature (°C) at the lowest model level (at 90 m).
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Winter
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Fig. 7. As Fig 4 but for differences in daily maximum of T2m over open land (°C).

tional heating and moistening of the atmospheric
boundary that facilitate the triggering of convec-
tion. This situation takes place when the lake
surface is warm (summer over southern Finland
and autumn over Lake Ladoga). A stable bound-
ary layer that develops over a relatively cold lake
surface (summer over Lake Ladoga) suppresses
the vertical heat and moisture transport and hence
suppresses convection.

One should bear in mind that the partitioning
between large-scale and convective precipita-
tion is usually very dependent on the convec-
tion scheme used in the atmospheric model. A
similar study performed with a different con-
vection parameterisation may give different
results. However, we only look at the differences
between the two simulations using the same con-
vection parameterisation. It is then expected that
the result is more generally valid than only for

the particular model using a particular convec-
tion parameterisation scheme.

Thermal energy fluxes

For the grid square over Lake Ladoga, the dif-
ferences in thermal energy fluxes (Fig. 11d)
between the two simulations are quite large
as compared with the magnitude of the fluxes
themselves (Fig. 11b). These differences reflect
the replacement of a large and deep lake area
(S-lake) by land only (S-nolake). The lag in
latent heat flux between the two simulations (Fig.
11b) is in accordance with the effect on convec-
tive precipitation as discussed earlier (Fig. 9b).
As expected, the replacement of a smaller frac-
tional area of more shallow lakes by land only,
as in southern Finland, does not show as large
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Fig. 8. As Fig 4 but for differences in daily minimum of T2m over open land (°C).

differences in fluxes (Fig. 11c) as compared to
the fluxes themselves (Fig. 11a).

The difference in total net thermal energy
flux shows a positive peak in May and in June
for the region in southern Finland (Fig. 11c) and
for Lake Ladoga (Fig. 11d), respectively. Thus,
the surface in the S-lake simulation, includ-
ing the lakes, gain heat energy with respect to
the S-nolake simulation. The main contributions
to this difference are differences in shortwave
net radiation (which is larger in the simulation
S-lake due to the lower albedo of water as com-
pared to land) and evaporation (which is strongly
suppressed in S-lake mainly due to cold lake
surface temperature). The effect of the albedo
difference between lake and land is also seen in
the change of the sign of the net shortwave radia-
tion difference from April to May over southern
Finland; the albedo decreases in both simula-

tions but the decrease in S-lake is more dra-
matic as snow covered ice is replaced by water.
The suppressed evaporation over lakes in early
summer is not only explained by the forming of
a stable boundary layer over the cold lake sur-
face but a lower roughness of the water surface,
as compared to the land surface, also contributes
to a reduced latent heat flux. During autumn,
the evaporation loss from the warm lake surface
appears to be much larger than from a cold (and
drier) land surface, a reduction of fluxes due to
a small water-surface roughness being a second
order effect.

The difference in total net thermal energy
flux shows a negative peak in November and in
December for the two locations, respectively. The
main contributing components are differences in
the longwave radiation, evaporation, and sensible
heat flux. Lake Ladoga acts as a source of sensi-
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ble heat flux for the atmosphere during August—
January (Fig. 11b) in contrast to the lake area in
southern Finland where the surface (grid-aver-
aged flux) in both simulations acts as a source
during summer but as a sink during winter.

Discussion and conclusions

The purpose of this study was to investigate and
quantify the impact of lakes on the European
climate. For this purpose, two 30-year climate
simulations are set up and analyzed with the aid
of the regional climate model RCA3.5. In the
simulation S-lake, all lakes are modelled apply-
ing a two-layer bulk model FLake, whereas in
the simulation S-nolake, all lakes are replaced
by land. Off-line sensitivity studies with FLake
suggest that FLake is most sensitive to the lake
depth and that a mean depth to the bottom of
the lake in question yields the best results in
terms of the lake surface temperature and the ice
characteristics. For this reason we used, prob-
ably the best available, information on observed
lake depth covering Europe provided by the lake
depth data set by Kourzeneva (2010). Unfor-
tunately, the mean depth of many inland water
bodies is still unknown. In the present study, all
those water bodies are given a “default” depth
of ten metres. This value is perhaps an overes-
timation for a number of regions in Europe but

is taken to be a reasonable zero-order estimate
globally. A default lake depth will be replaced
with the actual depth as the lake depth data set
gets updated (the work is underway).

Generally, a comparison of S-lake and
S-nolake shows that lakes induce a warming
effect on the European ambient air temperature
two meters above the surface (T2m) over open
land, particularly over northern Europe where
many lakes are located and the fractional area
coverage of lakes is substantial. Thermal inertia
of shallow lakes is larger than thermal inertia of
a thermally active soil layer. This enables lakes
to damp the variability in temperature and lag
the response to atmospheric forcing as compared
with a land surface. It is then not surprising that
lakes induce a warming effect during the cool-
ing period of autumn and winter. Over southern
Finland and around the large Russian lakes, Lake
Ladoga and Lake Onega, the warming effect
of lakes is shown to be over 1 °C, close to the
large lakes even over 1.5 °C, on a seasonal basis
during autumn and winter. Areas in southern
Sweden and large parts of Finland and of west-
ern Russia show significant warming of more
than 0.5 °C. These numbers are comparable to
the bias found in climate modelling and in NWP
(Hagemann et al. 2004, Kjellstrom et al. 2005).
In this regard, the results indicate that the effects
of lakes should be accounted for in atmospheric
models, at least in regions with many lakes.
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Fig. 10. As Fig 4 but for convective precipitation (percentage).

Lakes have less of an influence on the spring
and summer climates. During summer, there is
still a warming effect that is explained by the
relatively warm surface water of lakes at night.
Even in spring, there is a warming tendency over
southern Finland that is small but still statisti-
cally significant. In contrast to the other seasons,
the spring warming is only induced by indirect
effects related to reduced cloudiness and the
ensuing increased downward shortwave radia-
tion. Please recall that all these results refer to
the T2m over open land. The T2m averaged over
the entire atmospheric-model grid box which
includes both land and lakes experiences a cool-
ing effect of lakes not only during spring time,
but also during summer time for the deepest
lakes. Bonan (1995) and Krinner (2003) used
a lake depth of 50 meters for all lakes present
in their GCM domains. This depth is close to

the actual mean depth of Lake Ladoga. These
authors came to the conclusion that lakes induce
a cooling effect on the summer climate. Our
results support this conclusion when considering
summer grid-box mean T2m over Lake Ladoga,
where the fractional area coverage of lake water
is large in the RCA domain. However, for the
majority of European lakes the mean depth is
less than 50 m and the fractional area coverage
is quite small. Then, the cooling effect of lakes
is less pronounced (if at all), and the warming
effect is seen if the T2m over land part of the
model grid box is considered.

Krinner (2003) also looked at the impact of
wetlands on climate. He came to the conclusion
that wetlands act to increase the evaporation
during summer and to warm the climate during
winter. Interestingly, the influence of wetlands
on the climate according to Krinner (2003) is
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Note that all fluxes are positive downwards, thus positive LE difference means less evaporation in S-lake.

very similar to the influence of shallow and
medium-depth lakes in the present study.

The impact of lakes on the precipitation is
only very locally significant as compared with the
impact on the temperature. The strongest signal is
seen in the convective precipitation component.
In southern Finland, there is an increase of con-
vective precipitation of about 20% in July and
August, whereas over Lake Ladoga the increase
reaches 40% in September. Over southern Fin-
land there is no significant decrease of precipita-
tion due to lakes at any time over the year, but
over Lake Ladoga there is a reduction of con-
vective precipitation of more than 70% in June
due to a suppressed evaporation. This effect on
precipitation around deep and large lakes was
also found by Krinner (2003). He showed that the

summer precipitation around Laurentian Great
Lakes decreases, a result which is also supported
in numerical simulations by Lofgren (1997).

In closing it is stated that results of regional
climate modelling are sensitive to the presence
of lakes. Excluding the effect of lakes from the
atmospheric-model physics leads, among other
things, to seasonal bias in near-surface tempera-
ture of the order of 1 °C. In regions with many
small to medium size relatively shallow lakes
and around large and deep lakes, lakes also
induce considerable changes in convective pre-
cipitation and in evaporation rates. The present
study is restricted to Europe but similar results
are expected for the northern parts of Asia and of
North America. The impact of lakes on regional
climate is dependent on the mean lake depth



128

used in the simulations. Since the mean depth of
many lakes in Europe and all over the world is
unknown a default depth is used as a zero-order
approximation. In this regard, further develop-
ment of the lake depth data set (Kourzeneva
2010) is of great importance for climate studies.

Acknowledgements: The work was partially supported by
the Visby Programme at the Swedish Institute through the
project “Lakes and regional climate”, by the EU Commis-
sions through the projects INTAS-01-2132 and INTAS-05-
1000007-431, and by the Nordic Network on Fine-scale
Atmospheric Modelling (NetFAM). The model simulations
were made on the climate computing resource Tornado
funded with a grant from the Knut and Alice Wallenberg
foundation.

References

Bechtold P., Bazile E., Guichard F., Mascart P. & Richard E.
2001: A mass-flux convection scheme for regional and
global models. Q. J. Roy. Meteorol. Soc. 127: 869-886.

Blenckner T., Jirvinen M. & Weyhenmeyer G. 2004. Atmos-
pheric circulation and its impact on ice phenology in
Scandinavia. Boreal Env. Res. 9: 371-380.

Bonan G.B. 1995. Sensitivity of a GCM simulation to inclu-
sion of inland water surfaces. J. Climate 8: 2691-2704.

Charnock H. 1955. Wind stress on a water surface. Q. J. Roy.
Meteorol. Soc. 81: 639-640.

Cuxart J., Bougeault Ph. & Redelsperger J.-L. 2000. A tur-
bulences scheme allowing for mesoscale and large eddy
simulations. Q. J. Roy. Meteorol. Soc. 126: 1-30.

Hagemann S., Machenhauer B., Jones R., Christensen O.B.,
Déqué M., Jacob D. & Vidale P.L. 2004. Evaluation of
water and energy budgets in regional climate models
applied over Europe. Climate Dynamics 23: 547-567.

Hostetler S.W., Bates G.T. & Giorgi F. 1993. Interactive nest-
ing of a lake thermal model within a regional climate
model for climate change studies. Journal of Geophysi-
cal Research 98(D3): 5045-5057.

Jacob D., Birring L., Christensen O.B., Christensen J.H., de
Castro M., Déque M., Giorgi F., Hagemann S., Hirschi
M., Jones R., Kjellstrom E., Lenderink G., Rockel B.,
Sanchez E., Schir C., Seneviratne S.I., Somot S., van
Ulden A. & van den Hurk B. 2007. An inter-comparison
of regional climate models for Europe: design of the
experiments and model performance. Climatic Change
81: 31-52.

Jeffries M.O., Zhang T., Frey K. & Kozlenko N. 1999. Esti-
mating late-winter heat flow to the atmosphere from the
lake-dominated Alaskan North Slope. Journal of Glaci-
ology 45: 315-324.

Jones C.G. & Sanchez E. 2002. The representation of shal-
low cumulus convection and associated cloud fields in
the Rossby Centre Atmospheric Model. HIRLAM News-
letter 41, SMHI, Norrkoping.

Samuelsson etal. + BOREAL ENV. RES. Vol. 15

Kain J.S. & Fritsch J.M. 1993. Convective parameterizations
for mesoscale models: the Kain-Fritsch scheme. AMS
Monograph 46: 1-246.

Kjellstrom E., Bérring L., Gollvik S., Hansson U., Jones C.,
Samuelsson P., Rummukainen M., Ullerstig A., Willén
U. & Wyser K. 2005. A 140-year simulation of Euro-
pean climate with the new version of the Rossby Centre
regional atmospheric climate model (RCA3). SMHI
Report in Meteorology and Climatology 108: 1-54.

Krinner G. 2003. Impact of lakes and wetlands on
boreal climate. J. Geophys. Res. 108(D16), 4520,
doi:10.1029/2002JD002597.

Kourzeneva E.V. 2010. External data for lake parameteriza-
tion in Numerical Weather Prediction and climate mod-
eling. Boreal Env. Res. 15: 165-177.

Kourzeneva K. & Braskavsky D. 2005. Lake model FLake,
coupling with atmospheric model: first steps. In:
HIRLAM Workshop Report, Fourth SRNWP/HIRLAM
Workshop on Surface Processes and Assimilation of
Surface Variables jointly with HIRLAM Workshop on
Turbulence, SMHI, Norrkoping, pp. 43-54.

Leon L.F., Lam D., Schertzer W. & Swayne D. 2005. Lake
and climate models linkage: a 3-D hydrodynamic contri-
bution. Advances in Geosciences 4: 57-62.

Ljungemyr P., Gustafsson N. & Omstedt A. 1996. Param-
eterization of lake thermodynamics in a high resolution
weather forecasting model. Tellus 48A: 608-621.

Lofgren B.M. 1997. Simulated effects of idealized Lauren-
tian Great Lakes onregional and large-scale climate. J.
Climate 10: 2847-2858.

Louis J.F., Tiedtke M. & Geleyn J.F. 1982. A short history
of the PBL parameterization at ECMWE. In: Workshop
on Boundary Layer Parameterization, European Centre
for Medium-Range Weather Forecasts, Reading, U.K.,
pp- 59-79.

Masson V., Champeaux J.L., Chauvin F., Mériguet C. &
Lacaze R. 2003. A global database of land surface
parameters at lkm resolution for use in meteorological
and climate models. J. Climate 16: 1261-1282.

Mironov D.V. 2008. Parameterization of lakes in numeri-
cal weather prediction. Description of a lake model.
COSMO Technical Report, No. 11, Deutscher Wetterdi-
enst, Offenbach am Main, Germany.

Mironov D., Heise E., Kourzeneva E., Ritter B., Schneider N.
& Terzhevik A. 2010. Implementation of the lake param-
eterisation scheme FLake into the numerical weather pre-
diction model COSMO. Boreal Env. Res. 15: 218-230.

Mitchell T.D. & Jones P.D. 2005. An improved method of
constructing a database of monthly climate observations
and associated high-resolution grids. Int. J. Climatol. 25:
693-712.

Persson G., Birring L., Kjellstrom E., Strandberg G. & Rum-
mukainen M. 2007. Climate indices for vulnerability
assessments. SMHI Report in Meteorology and Clima-
tology 111: 1-64.

Rasch PJ. & Kristjdnsson J.E. 1998. A comparison of the
CCM3 model climate using diagnosed and predicted
condensate parameterisations. J. Climate 11: 1587-1614.

Roeckner E., Bauml G., Bonaventura L., Brokopf R., Esch
M., Giorgetta M., Hagemann S., Kirchner I., Kornblueh



BOREAL ENV. RES. Vol. 15 -

L., Manzini E., Rhodin A., Schlese U., Schulzweida U.
& Tompkins A. 2003. The atmospheric general circula-
tion model ECHAMS, part I. Report 349, Max-Planck-
Institut fiir Meteorologie, Hamburg.

Samuelsson P., Gollvik S. & Ullerstig A. 2006. The land-sur-
face scheme of the Rossby Centre regional atmospheric
climate model (RCA3). SMHI Report in Meteorology
122: 1-25.

Sanchez-Gomez E., Somot S. & Déqué M. 2008. Ability of an
ensemble of regional climate models to reproduce weather
regimes over Europe—Atlantic during the period 1961—
2000. Clim. Dyn. 33, doi: 10:1007/s00382-008-0502-7.

Sass B.H., Rontu L., Savijarvi H. & Réisdnen P. 1994.
HIRLAM-2 Radiation scheme: Documentation and tests.
Hirlam technical report no. 16, SMHI, Norrkoping.

Savijarvi H. 1990. A fast radiation scheme for mesoscale
model and short-range forecast models. J. Appl. Met.
29: 437-447.

Uppala S.M., Kallberg P.W., Simmons A.J., Andrae U., da
Costa Bechtold V., Fiorino M., Gibson J K., Haseler J.,
Hernandez A., Kelly G.A., Li X., Onogi K., Saarinen S.,

Lakes in climate and NWP modelling 129

Sokka N., Allan R.P., Andersson E., Arpe K., Balmaseda
M.A., Beljaars A.C.M., van de Berg L., Bidlot J., Bor-
mann N., Caires S., Chevallier F., Dethof A., Dragosavac
M., Fisher M., Fuentes M., Hagemann S., Holm E.,
Hoskins B.J., Isaksen L., Janssen PA.EM., Jenne R.,
McNally A.P., Mahfouf J.-F., Morcrette J.-J., Rayner
N.A., Saunders R.W., Simon P., Sterl A., Trenberth K.E.,
Untch A., Vasiljevic D., Viterbo P. & Woollen J. 2005.
The ERA-40 Re-analysis. Q. J. Roy. Meteorol. Soc. 131:
2961-3012.

van Meijgaard E., van Ulft L.H., van de Berg W.J., Bosveld
F.C., van den Hurk B.J.J M., Lenderink G. & Siebesma
A.P. 2008. The KNMI regional atmospheric climate
model RACMO version 2.1. KNMI Technical Report
302, KNMI, De Bilt.

Willmott CJ. & Matsuura K. 1995. Smart interpolation of
annually averaged air temperature in the United States.
J. Appl. Met. 34: 2577-2586.

Zadra A., Caya D., Coté J., Dugas B., Jones C., Laprise
R., Winger K. & Caron L.-P. 2008. The next Canadian
regional climate model. Physics in Canada 64: 75-83.



