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ABSTRACT

When the resolution of numerical weather prediction (NWP) and climate models increases, it becomes more
and more important to correctly account for the lake—atmosphere interactions. One possible way to handle
lake effects is to use a lake model, which treats the lake surface temperature and ice conditions as prognostic
variables. Such a parametrisation eliminates the traditional for NWP need to prescribe lake characteristics
based on long-term climate averages. At the same time, new in situ and satellite measurements are becoming
available for an operational practice. This offers the possibility to assimilate lake observations into the NWP
models. We study the applicability of the prognostic and observation-based approaches and compare both. As
a first step towards integrated lake data assimilation and forecasting in NWP, we suggest using the results of
the prognostic lake parametrisation as the background for objective analysis (spatialisation) of the lake water
surface temperature observations. We run NWP experiments in the Nordic conditions, where the freezing and
melting of lakes can significantly influence local weather. Our results indicate that a lake model, usually used in
climate studies, works well also in the NWP model even without assimilation of observations. However, it is
possible to improve the description of the changing lake surface state by using good observation data. In this
case, the lake model provides a better background for the data assimilation than a lake surface temperature
climatology.
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1. Introduction From the point of view of NWP, the most critical
o . . periods are the freezing of lakes in autumn and the
It is widely recognised that lakes modify the local weather . .
) ) melting in spring, because frozen and unfrozen surfaces

and the structure of the atmospheric boundary layer in
their surroundings. When the resolution of numerical
weather prediction (NWP) and climate models increases,
it becomes more and more important to correctly account
for the lake—atmosphere interactions. Several recent papers

discuss the representation of lakes in NWP and climate

interact differently with the overlying air and are also
treated differently in the model. Lakes, especially large and
deep ones, retain heat accumulated during the summer
until late autumn due to the large heat capacity of water.
When cold air masses interact with relatively warm lake
water, atmospheric convection and turbulence occur. In
such situations, sensible and latent heat are intensively
transferred from the water to the air, which may lead to

models from the point of view of prognostic parameterisa-
tions: Mironov (2008), Dutra et al. (2010), Samuelsson
et al. (2010), Martynov et al. (2010), Mironov et al. (2010)
and Salgado and Le Moigne (2010). Assimilation of lake
observations into NWP models has received less attention,
perhaps because before now observations were not avail-
able over the majority of lakes.

fast cooling and freezing of lakes and enhanced snow
precipitation.

In a thick layer of ice, a relatively small amount of heat
is transferred by conduction from the underlying water
to the air. During winter, lake ice is usually covered by a
layer of snow, which tends to insulate more this small
heat flux from the atmosphere. The roughness of ice,

*Corresponding author. snow and water surfaces is different, which influences the
email: laura.rontu@fmi.fi turbulent fluxes of momentum, heat and moisture in the
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atmospheric surface layer. The radiative properties, short-
wave albedo and, to some extent, long-wave emissivity,
are also different for water, dry ice, dry snow, melting
snow and melting ice. Snow—ice albedo feedback mechan-
isms enhance the melting of snow and ice in spring.

In principle, interactions between atmosphere and differ-
ent types of underlying surface are treated by the different
parameterisations in the present-day NWP models. How-
ever, for successful parameterisation, it is necessary to
correctly describe the distribution of water, ice and snow
over water bodies in the model domain. This description
can be derived from observations. The water surface
temperature is usually obtained by interpolating the sea
water surface temperature (SWST) or the lake water sur-
face temperature (LWST) from observational points to
the model grid. To our knowledge, there are currently no
operational NWP models, which include a full prognostic
treatment of sea or lake thermodynamics. Thus, SWST and
LWST usually remain unchanged during the forecast. Lake
and sea ice concentrations (fractions) may be also obtained
from observations. Typically, the prognostic models keep
the ice concentration constant between the analysis times.

One of the main differences between NWP and climate
model is in the use of data assimilation. An NWP model
starts new short-range forecasts several times a day from
an initial state based on fresh observational information,
while a climate model utilises measurements only for
calibration and validation. The role of a prognostic lake
parameterisation is also different in NWP and climate
models. Climate models rely only on a parameterisation
while NWP models may benefit from the use of in situ or
space-borne lake measurements as a means of improving
the parameterisation result. In order to do this, advanced
methods of data assimilation would need to be applied to
avoid disturbing the balanced state of the atmospheric
model with observations, which are local and therefore
discontinuous. In the analysis of LWST, a prognostic lake
parametrisation coupled to the NWP model may play an
important role in the future by providing background
information. Over lakes for which there are no observa-
tions, the application of such a prognostic parameterisation
may replace the usage of climatological information.

Regular space-borne information about the state of
lake surface is, in principle, available for assimilation in
NWP models, although these measurements were not used
in this study. For example, the lake surface temperature
and the ice fraction are derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) flying
on board NASA’s Aqua and Terra satellites (http://
modis.gsfc.nasa.gov). Kheyrollah Pour et al. (2012) com-
pared them with in situ measurements and also simulations
done using 1-D lake models. Ice conditions are measured
over Lake Vinern and Lake Vittern, which are large

Swedish lakes. These measurements are included in the
Baltic Sea ice chart (Gronvall and Seind, 2002), which is
presently used by the operational HIgh Resolution Limited
Area Model (HIRLAM, Undén et al., 2002) NWP model
at the Finnish Meteorological Institute (FMI). Information
on snow covering lake ice in spring is derived from MODIS
and AVHRR data in the Finnish Environment Institute
(SYKE), by applying the methods described by Luojus
et al. (2006). In principle, this information also may be
used in NWP models, although at present there are no
methods to assimilate it.

The present study focuses on data assimilation and its
interaction with the prognostic lake parameterisation in
an NWP model. Our main focus is on Nordic spring and
autumn conditions. We run various HIRLAM experiments
for the period of November 2009-May 2010. In these
experiments, in situ measurements of the surface tempera-
ture of lakes (but not satellite observations) have been
analysed in a simplified way. We want to contribute to the
ongoing discussion concerning questions such as: How
much we can benefit from observations of lake surface
temperature alone, without also including the prognostic
parameterisation? Would the application of a prognostic
lake parameterisation make assimilation of observations
less important? Do the results of the analysis or of the
parameterisation of the lake surface state really influence
the numerical weather forecasts on local or large scales?

This study continues the work reported by Eerola et al.
(2010). Compared to the earlier study, we have advanced in
several aspects. Firstly, we obtained more in situ observa-
tions of the surface temperature of lakes and we used them
in the analysis. Secondly, in the analysis, we used the
optimal interpolation method instead of successive correc-
tions. Thirdly, the LWST field produced by the prognostic
lake parameterisation was used as the background state for
analysis of observations. Fourthly, we utilised a model
climatology of prognostic lake variables developed by
Kourzeneva et al. (2012). Finally, we also studied the
behaviour of HIRLAM over lakes during the snow/ice
melting period.

We report on our recent experiments and discuss
problems detected. We present this material in the hope
of supporting those applying and developing lake prog-
nostic parameterisations in NWP models, where the use of
observations and data assimilation are essential.

2. Observations, data assimilation and the
prognostic model
In this section, observations, data assimilation methods

and the prognostic parameterisation are presented at a
general level. Section 3 describes the use of these methods
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in our experiments. In HIRLAM, the fraction of lakes in
each grid box and the lake depth are included in the
description of the physiography. The temperature of the
lake water surface and the fraction of ice in each grid box
may be obtained from the prognostic lake model or from
the analysis of surface observations. The lake model
predicts also the characteristics of the lake water tempera-
ture profile, the thicknesses of ice and snow layers and the
temperatures of ice and snow.

2.1. Observations and climate data

A common practice in NWP models is to use analysed
SWST, based on ship and satellite observations. Very often
climatological values for lakes are obtained by extrapola-
tion of SWST climatology from the nearest ocean (in this
paper, we will refer to these data as ‘ocean-derived’
climatology). A better solution is to apply climatological
values obtained from measurements.

In HIRLAM, for LWST pseudo observations are used
instead of observations. To produce them, climatological
values from different sources are used. For example, in the
previous operational version of HIRLAM, a so-called
‘Finlake’ climatology was used over Finland. This dataset
is derived from historical time series of the surface water
temperature combined with the freezing and break-up dates
of 10 lakes in Finland (Eerola et al., 2010). Also in the
previous operational version of HIRLAM, the European
Centre for Medium Range Weather Forecasts (ECMWF)
analysis data are used as pseudo observations. They
contain the surface temperatures of lakes, based on time-
lagged long-term averages of the simulated screen-level
temperature (Gianpaolo Balsamo, personal communica-
tion). These data cover all large lakes, including those in
the Scandinavian, Baltic and Karelian areas. Although
theoretically the use of climatological information in the
form of pseudo observations is not correct (see Section 2.2
for more details), this is a common operational practice.

In situ observations over large lakes also exist and may
be used by NWP models. The SYKE has 32 regular lake
water temperature measurement sites in Finland. The
temperature of the lake surface water is measured every
morning at 8:00 am local time close to the shore and 20 cm
below the water surface. The measurements are either
automatic (13 stations) or manual and are performed only
in ice-free conditions. At SYKE, a statistical moving-
average-type lake surface water temperature model (Elo
and Koistinen, 2002) is developed (it uses a short-wave
radiation index as an additional predictor). This model
works operationally using the latest observations to
calibrate it. It works well only when recent observations
are available. During the melting period in spring, the error
associated with the statistical fit may be large, because no

LWST observations are available when the lake is covered
with ice.

In this study, we used SYKE observations from 27 sites
over Finland, backed up with the statistical model (Fig. 1).
When available, present or previous day observations are
used; otherwise the value from the statistical fit is applied.
These observations only cover Finland, while typically a
HIRLAM domain is significantly larger. These observa-
tions are also used by the operational version of HIRLAM
since December 2010, replacing the Finlake climatology.

In the operational version of HIRLAM, information
about (sea) ice cover is obtained from different products,
such as the ECMWF analysis. This information is repre-
sented in the form of pseudo observations of the water
surface temperature using simple coding rules. If ice is
detected in a product, the water surface temperature
pseudo observation gets the value less than some threshold.
For lakes, this coding rule is also applied. In this study,
neither lake ice cover measurements nor satellite observa-
tions of LWST were used.

2.2. Methods of analysis of water surface variables

Over water bodies in HIRLAM, there are two analysed
surface variables: the surface temperature of the water and
fraction of ice within the grid box. In the surface data
assimilation, the SWST and LWST are treated in a
similar manner. Both for SWST and LWST, analysis
means the horizontal interpolation of the observed values
to the latitude—longitude grid of HIRLAM. Analysis
is performed using optimal interpolation (Gandin, 1965).
In optimal interpolation, a background field (usually a
short-range model forecast or a previous analysis) is
combined with nearby observations. The weight of an
individual observation is calculated using autocorrelation
function, depending on the horizontal distances. Elevation
differences are also possibly included. The weight depends
also on the prescribed observation and background error
standard deviations.

In this study, lake observations were assumed to have
the observation error standard deviation of 1.5¢, while
the background error standard deviation for SWST and
LWST was assumed to be 1 °C. Autocorrelation function
was dependent on the horizontal distance only, although
in principle, also other factors which describe lake proper-
ties (e.g. lake depth) should be taken into account.

A quality check for the observations is made by
comparing them to the background field and to neighbour-
ing observations. The difference between the observation
and the background value at the observation point is
scaled using the observation and background error stan-
dard deviations. If the scaled difference is larger than some
threshold value, the observation is rejected. Another check
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Fig. 1.

for lakes (ECMWF LWST fields, Finlake data), are
interpolated to the model grid along with the real observa-
tions. This introduces inconsistency and gives the climatol-

unnecessary.

ogy a too-large weight. We will show later that the use
of a prognostic lake model makes pseudo observations

As traditionally ice cover observations are represented

in the form of the water surface temperature pseudo
observations, the fraction of ice over the sea and lakes

is diagnosed then from the analysed SWST and LWST.
A grid box over a lake (or over the Baltic Sea or in any

coastal zone) is assumed to be completely ice-covered

when the temperature of the water is less than 272.65K,
and where the temperature of the water is above 273.15K
there is no ice. Between these temperature thresholds, the
fraction of ice changes linearly. This procedure, although

common in NWP models, represents a very simplified
way of handling ice cover when it is not directly derived
from (satellite) measurements.

If the prognostic lake parameterisation is not applied
in HIRLAM, SWST and LWST remain unchanged during

a forecast. (However, the ice thickness and the temperature

of the ice surface are predicted by the parameterisation

Location of 27 SYKE lake temperature measurement
stations, shown with the grid box lake fraction in the operational

setup of HIRLAM with a horizontal resolution of 16.5km. The

blue colour indicates that more than 5% of the grid square is

covered by lakes. The letters denote the lakes mentioned in this

study: I — Lake Inari, H — Lake Haukivesi, S — Lake Saimaa,

O — Lake Onega, L — Lake Ladoga, P — Lake Peipsi.

is made using surrounding observations. The check applies

optimal interpolation of the nearby observations to the
observation point in question, and then estimates if the
scaled difference between the actual and interpolated
value is realistic. It is difficult to set objective criteria for
the quality control. In our experiments, quite a liberal

approach was adopted; only observations which deviated

of ice.) To provide the seasonal change and to guarantee
that the LWST does not drift to an unrealistic state
when observations are missing, the background field of
LWST is relaxed towards climatology. For this, a gridded
‘ocean-derived’ climatology is used. Thus, over lakes where
observations are not available, these artificial climato-
logical values determine the analysed field. In case the
prognostic lake parameterisation is applied (see Section
2.3), the state of the lake surface is provided by this
parameterisation and used as the background for the

unnecessary.

analysis. In this case, relaxation towards climatology is

In the first forecast-data assimilation cycle, the surface
analysis is replaced by the climatological values of the
surface variables. For LWST and the ice cover over the

lakes, the ‘ocean-derived’ climatology is used.

from the reference by more than 10 °C were rejected.
HIRLAM model runs, including analysis and forecast,
start four times daily (at 00, 06, 12 and 18 UTC). The
background is provided by the 6-h forecast of the previous
cycle. When the prognostic lake parameterisation is not
applied, LWST remains unchanged during the forecast,
thus the background in fact stands for the previous
analysis. Surface observations are introduced in each cycle,
even though they may be valid for the whole day. Pseudo

observations, which represent climatological information

2.3. Implementation of the prognostic lake model
FLake into HIRLAM

The Freshwater Lake model (FLake) (Mironov, 2008

Mironov et al., 2010) was originally included as a para-
meterisation scheme in the HIRLAM forecasting model
by Kourzeneva et al. (2008). Eerola et al. (2010) discuss
the specific features of the implementation of FLake into
HIRLAM. In the present study, a first version of the

’

integrated HIRLAM forecasting-data assimilation system
with FLake was built. Integration means that (1) the
description of lake properties (fraction of lakes within a
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grid box, lake depth) and a model climatology of FLake
prognostic variables was included; (2) during the forecast,
FLake is coupled to the atmospheric model and (3) the
prognostic LWST given by FLake provides the background
for analysis over the lakes.

As a first step towards the integrated lake data assimila-
tion system, a simple concept of peaceful coexistence
between FLake prognostic parametrisation and lake ana-
lysis block was developed (see Fig. 2). This concept means
that FLake predicts the mixed layer temperature, the
mean water temperature, the bottom temperature, the ice
temperature, the snow temperature, the mixed layer depth,
the ice thickness and the snow thickness. Based on the
FLake prognostic variables, the surface temperature over
the lake and the fraction of ice (1 or 0, as a lake grid
box is considered either ice-covered or free of ice) are
diagnosed. At each time step of the HIRLAM forecast,
FLake is driven by the atmospheric radiative and tur-
bulent fluxes provided by the physical parameterisations
in HIRLAM, which combine the atmospheric variables
over lakes with the lake water surface properties described
by FLake. The predicted lake surface properties provide
the background for the next analysis cycle, when new
observations are introduced into the model.

With new observations, the analysed LWST and ice
fraction may differ from the background provided by
FLake. However, FLake continues to integrate the prog-

nostic equations in time directly from the results of the
previous forecast cycle, omitting the analysis. It works in
the same way as it works in a climate model, where the
time integration is not interrupted by the assimilation of
new information. The fields of prognostic lake variables
are not influenced by the data assimilation. In fact,
the analysed LWST and ice fraction do not influence the
atmospheric forecast either, because FLake (but not the
analysis) provides the lake surface state during the fore-
cast. The LWST and the ice fraction provided by the
analysis can be considered as an independent output from
HIRLAM, perhaps useful for applications.

In our experiments, we used the snow-on-ice parameter-
isation in FLake [in Eerola et al. (2010), the snow-on-ice
block was switched off]. We introduced a constant snow
density and modified the snow and ice albedoes, as
suggested by Semmler et al. (2012). For the radiation
transfer in water and snow, the light extinction coefficient
was set to values representing turbid lake water (5m ")
and fully opaque ice and snow (10’ m ).

The bottom sediment parametrisation in FLake was
inactive. Despite application of a zero flux lower boundary
condition, for boreal lakes there is no drift of the bottom
temperature in FLake. This is because during the freezing
period, the bottom temperature is kept close to the
maximum water density point, see Kourzeneva et al.
(2012) for more details and explanations.

PEACEFUL COEXISTENCE OF SURFACE DATA ASSIMILATION AND FLAKE

OBSERVATION/CLIMATE INPUT

ECMWF analysis = climate
Baltic sea observations
Finlake climate data/
SYKE lake observations

- FLake prognostic lake variables provide
background for the LWST analysis but are
not influenced by the data assimilation

e During the forecast, the HIRLAM surface
layer and radiation parametrizations
combine the lowest model level atmospheric
variables with the evolving lake surface
state given by Flake

» FLake parametrisation uses the predicted

atmospheric fluxes at each time step

SURFACE
LAKE DATA | SURFACE LAYER PARAMETRIZATIONS FORECAST
FIELDS
'NTER'Z?I'BAT'ON SCREEN LEVEL VARIABLES
ASSIMILATION | TURBULENT AND RADIATION FLUXES 1
DIAGNOSTIC

LAKE SURFACE LAKE SURFACE
TEMPERATURE TEMPERATURE
AND ICE COVER FLAKE PARAMETRIZATIONS AND ICE COVER

* with own prognostic lake variables :?

y

<

Fig. 2.

Schematic representation of the concept of peaceful coexistence between lake analysis and lake parameterisation by FLake.
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For our experiments, information about lake depth from
the lake database for NWP by Kourzeneva (2010) was
combined with the lake fraction in the HIRLAM physio-
graphy description [see Undén et al. (2002) for details]. For
the very first, so-called ‘cold’ start of FLake, climatological
values of the prognostic lake variables were retrieved from
the model lake climatology dataset developed by Kourze-
neva et al. (2012). This information is required by FLake in
order to start prognostic calculations at any time
of the year. In HIRLAM, the model lake climatology is
used only for the ‘cold’ start but not for relaxation of
the analysed LWST towards climate values or for any
other purposes.

3. Experiment setup

Three main series of HIRLAM experiments (CLI, ANA
and FLK) were performed over a Nordic domain (Table 1).
ECMWF and Finlake pseudo observations (both repre-
senting climatology) were assimilated in the climatological
experiment (CLI). Over lakes, real observations were
absent and prognostic parameterisation was not applied.
The background for the LWST analysis was provided
by the previous analysis, which was relaxed towards
the ‘ocean-derived’ climatology. The same ‘ocean-derived’
climatology was used instead of the analysis in the first
forecast cycle. This setup was used in the FMI operational
HIRLAM model before the year 2010.

In the analysis experiment (ANA), SYKE observations
were used instead of Finlake pseudo observations. ECMWF
pseudo observations were used, but no lake prognostic
parametrisation was applied. Background and relaxation
were treated as in the CLI experiment. Thus, the only
difference between the CLI and ANA experiments was in
the use of SYKE observations. This setup was used in the
operational HIRLAM system at FMI until February 2012.

The prognostic experiment (FLK) combined FLake
parameterisation with SYKE observations using the con-
cept of peaceful coexistence. Pseudo observations and
relaxation of the analysis to the ‘ocean-derived’ climatology

were excluded. The lake model climatology dataset was
used for the ‘cold’ start of the prognostic lake variables.
No SYKE observations were available over the large
lakes, for example, over Lake Ladoga, Lake Onega, Lake
Peipsi, Lake Vdnern and Lake Vittern. Hence, the FLK
experiment showed over these lakes how LWST analysis
and FLake behave without observations and influence
of climatology. We suggested that this setup for the present
reference version of HIRLAM - version 7.4, which is
prepared for operational use at FMI from February 2012.

Experiments CLI, ANA and FLK were started from
1 November 2009. Forecast-data assimilation cycles run
until 31 May 2010. In addition, two short 4-week experi-
ments (SYK-c and SYK-w) were performed starting
from 20 June, 2011, in order to study the impact of the
model lake climatology on the HIRLAM forecasts.
In both experiments, FLake and SYKE observations
were included. The setup for both was similar to the
FLK experiment setup. The difference between them was
that SYK-c used initial values of the prognostic lake
variables given by the lake model climatology (‘cold’ start),
while SYK-w continued the time integration using results
of a previous experiment (‘warm’ start).

For all experiments, we used HIRLAM version 7.4betal
with a horizontal resolution of 6.8km over a Nordic
experiment domain (as in Eerola et al., 2010) and 65 levels
in vertical between the surface and the 10hPa level in
the atmosphere. For the upper-air data assimilation, the
3-D variational method was used. Four data assimilation —
forecast cycles with the forecast lead time of 9h started
at 00, 06, 12 and 18 UTC every day. The lateral boundary
conditions for the atmospheric model were provided by
the fields of ECMWF analysis.

4. Experiment results

In this section, we present and analyse snapshots of
the experiment results. A 15th December, 2009 case
study focuses on lake freezing. An example of Lake
Haukivesi reveals differences between model experiments

Table 1. Definition of the HIRLAM experiments

Experiment FLake Observations Lake initialisation Comment
CLI No ECMWFP" + Finlake LWST® climatology

ANA No SYKE*+ECMWF® LWST® climatology

FLK Yes SYKE?" only LWSTC +in-lake? climatology

SYK-c Yes SYKE"+ECMWE® LWSTC +in-lake? climatology Cold start
SYK-w Yes SYKE®+ECMWEF® Previous experiment Warm start

“Observed LWST over 27 lakes in Finland.
®Climatological pseudo observations over the largest lakes.
“For analysis.

9For FLake.
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in spring-time lake melting. Results of the summer experi-
ments highlight a problem related to the lake model
climatology. Finally, screen-level temperature validations
are presented and discussed.

4.1. The 15th December, 2009 case study

In mid-December 2009, a strong cold air outbreak occurred
over the unfrozen Lake Ladoga and the Gulf of Finland.
In the MODIS Aqua satellite image (Fig. 3, from the
site http://lance.nasa.gov/imagery/rapid-response/subsets/),
North—West to South—East convection lines can be seen
over the Baltic Sea, while a mesoscale cyclone developed
over Lake Ladoga. HIRLAM could handle the evolution
of convection and forecast these cloud formations, but
only when the lake surface state was correctly described
(experiment results are not shown).

A comparison of the ice fraction suggested by the main
experiments (CLI), (ANA) and (FLK) (Fig. 4) revealed
that the climatological (CLI) and analysis (ANA) experi-
ments, without FLake but using ECMWF pseudo observa-
tions (based on climatology) over Lake Ladoga, assumed
that the entire lake was frozen. In fact, in these experi-
ments, Lake Ladoga froze at the beginning of December.
A setup with FLake but without the ECMWF data
(FLK) correctly indicated that the largest part of Lake
Ladoga was still unfrozen. In this experiment, the entire
lake froze during the first half of January, which corre-
sponded well to the available MODIS satellite images (not
shown).

In all experiments, for Lake Ladoga the difference
between the analysis and background in terms of LWST
and ice fraction was insignificant. The SYKE observations
do not cover Lake Ladoga, and the nearest lakes for

30E

Fig. 3. MODIS Aqua view over Gulf of Finland (in the middle)
and Lake Ladoga (on the right) in the afternoon on 15 December
2009. Note the mesoscale cyclone over Ladoga and convection
lines over Gulf of Finland.

which there are SYKE observations are too far away to
influence Lake Ladoga grid points. The same is true for
the Finlake pseudo observations used in the CLI exp-
eriment. In CLI and ANA, the climate-based pseudo
observations from ECMWF considered the temperature
of Lake Ladoga to be below the freezing point. Thus,
using the prognostic parameterisation based on FLake
even without data assimilation led to the best results over
Lake Ladoga.

For Finland, the difference between the ANA and
CLI experiments was small. This is because both the
SYKE observations and Finlake climatology indicated
that the lakes in Finland were mostly frozen at that
time. The results of FLK over Finland also agreed with
those of ANA and CLI. For the rest of the domain,
ANA and CLI experiments used the same climate-based
pseudo observations and relaxation to the ‘ocean-derived’
climatology. Thus, outside Finland, much larger differ-
ences appeared between the ANA and CLI experiments
on the one hand, and the FLK experiment on the other
hand. The large Karelian lakes, including Lake Onega,
behaved like Lake Ladoga; according to the climatology
they were frozen but according to FLake they were
unfrozen, which was more realistic. The case of Scandina-
vian, Baltic and Kola Peninsula lakes was the opposite;
they were unfrozen according to the climatology but were
frozen north of 60N according to FLake. In this case,
FLake alone also produced the best results. Hence, there
seems to be no benefit from using the climatological
LWST information in addition to the lake model.

4.2. Freezing and melting of Lake Haukivesi

We compared the observed and simulated freezing and
melting dates of Lake Haukivesi during 2009-2010.
Lake Haukivesi is a large lake in South-eastern Finland
(see Fig. 1 for the location), with lake centre coordinates
of 62.11N, 28.39E, a surface area of 562km” and a mean
(maximum) depth of 9m (55 m). According to SYKE visual
observations (Table 2), the whole lake was frozen on
14 December, 2009, and the ice broke up on 4 May,
2010. The last autumn in situ measurement indicated that
the water surface temperature was already close to 0 °C
on the 5th of November. The first spring measurement
showed a temperature of 5 °C on 5 May, 2010. Well
before this, on 2 April, the SYKE statistical model
indicated a temperature rise above 0 °C. Note that the
water temperatures are measured close to the shore while
the visual observations attempt to estimate the ice cover
over the whole lake.

The observed temperatures and the temperatures esti-
mated by SYKE statistical model were used by the ANA
and FLK experiments and were all accepted by the model’s
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min=0 max=1 mean=0.354178
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Fig. 4.

min=0 max=1 mean=0.324822

0.010.05 0.2 0.4 0.6 0.8 0.9 0.95

min=0 max=1 mean=0.382772

0.010.05 0.2 0.4 0.6 0.8 0.9 0.95

Fraction of lake ice in a grid square (0—1) at 06 UTC on 15 December, 2009, according to the analysis by the (a) CLI, (b) ANA

and (c) FLK experiments. The grid squares where the lake fraction is greater than 25% are shown.

quality control. No other observations or pseudo observa-
tions were available over Lake Haukivesi. The closest
neighbouring lakes with observations are located more
than 100km from Lake Haukivesi and thus weakly
influence the result of analysis there. The visual observa-
tions of ice cover were used for validation only.

Table 2 shows that the freezing dates according to the
ANA (with analysis but without FLake) and FLK (with
analysis + FLake) experiments were close to each other
and to the date indicated by the LWST observations,
but were too early compared with the visual observations
(as one could expect).

The situation in spring is more problematic; the melting
of Lake Haukivesi occurred already in early April in the
ANA and FLK experiments. This was because in the
analysis the too warm SYKE statistical estimate was used

Table 2. Ice freezing and break-up dates of Lake Haukivesi in
2009-2010

Freezing Break-up
Observed
SYKE LWST > 0°C 4 December 5 May/2 April®
SYKE visual 14 December 4 May
Simulated
CLI analysed 26 November 5 May
ANA analysed 2 December 2 April
FLK analysed 5-7 December 2 April
FLK predicted 4 December 15 April

“SYKE statistical model.

instead of the observations which had not yet begun.
We may conclude that only the measurements, but not
the statistical model, should be applied during spring.
In addition, it seems to be useful also to utilise the visually
observed freezing and break-up dates for the ice cover
analysis.

In the forecast part of the FLK experiment, FLake
suggested a break-up date of the 15th April independently
of observations. This was a few weeks later than estimated
by the ANA and FLK analysis, but was still 3 weeks earlier
than visually observed. This points to a need to test more
wintertime FLake parameterisation and to develop data
assimilation system for lakes. In the FLK experiment, the
HIRLAM analysis and forecast showed a different state
for Lake Haukivesi during 2weeks in spring. This was
due to the peaceful coexistence approach (as described
in Section 2.3). Only the forecasted lake state was used
by the atmospheric model. The improved background did
not lead to a better analysis here because the erroneously
estimated observations were dominant.

4.3. Problem of initialisation at the ‘cold’ start

Operational NWP model simulations or modelling experi-
ments must be able to start at any time of the year.
When FLake is applied, a model lake climatology is
needed in order to provide realistic initial values for the
prognostic lake variables, namely the characteristics of the
water, ice and snow temperature profiles and thicknesses of
ice and snow. Our basic experiments started at the
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beginning of November, when most of the northern lakes
are in a well-mixed state and are quite correctly described
by the model lake climatology (Kourzeneva et al., 2012).

The situation in spring and summer was more compli-
cated. Our first attempts to start FLake experiments in
spring, when lakes are covered by ice, were unsuccessful
as the ice never melted. Additional experiments (SYK-c
and SYK-w) were performed to study the problem. SYK-c
was initialised using the model lake climatology. SYK-w
was continued from previous experiment, which started in
the autumn.

The lake surface (water or ice) temperature suggested
by FLake, just after the start of the experiments, was
more than 10 °C colder in SYK-c than in SYK-w (Fig. 5).
In SYK-c, thick ice covered the Scandinavian lakes
above 63 N, while there was no ice in SYK-w, which was
correct (figure not shown). This means that the ice cover
in the lake model climatology is unrealistic for northern
latitudes in spring. In their current form, these data do
not provide a sufficiently good starting point for NWP
simulations. In the SYK-c experiment, it took over 2 weeks
of simulation to reach realistic analysed values of lake
temperatures over lakes where observations were available.
However, by the middle of July, the average LWST over all
of the lakes was still more than 2 °C colder in SYK-c
compared with SYK-w.

Another problem, which is related to snow on ice, was
revealed comparing the lake climate fields and experi-
ments started in autumn (e.g. FLK). In the FLake setup
used to develop the lake model climatology, the snow

block was switched off. Hence, in this dataset, there is no
snow on lake ice, and the snow temperature is set to
be identical to the ice temperature. The results of HIRLAM
experiments, which do apply the snow-on-ice block in
FLake, depend on the starting time. In the case of an
autumn starting time, the atmospheric model will produce
snowfall, which will be accumulated on lake ice and will
be handled by FLake. Until the early spring, presumably
the maximum thickness of the snow layer will be reached.
During the entire snow season, the presence of snow will
also influence the growth of ice in FLake. On the contrary,
in a spring experiment starting from the model lake
climate dataset, perhaps in winter on the time of maximum
actual snow depth, snow will start accumulation from
zero. In practice, in such an experiment, a snow depth has
no chance to reach realistic values before melting. The
break-up date will be different in the two experiments
due to the different snow cover. Thus, it is desirable to
include estimates of the climatological snow depth into the
lake model climatology dataset.

4.4. Validation of the screen-level temperature

We compared six-hour forecasts with synoptic observations
(SYNOP) at all stations in Northern Scandinavia, in the
Baltic area and in North-western Russia (WMO, World
Meteorological Organisation, blocks 01, 02, 26, 22). A
monthly systematic error (bias) between the forecasted and
the observed screen-level temperature was calculated. All of
the experiments showed a cold bias of —0.32 to —0.65 °C

min=273.088 max=297.729 mean=288.67

273 275 277 280 284 288 292 296

Fig. 5.
and (c) their difference. Lakes are masked out as in Fig. 4.

min=273.15 max=296.4 mean=277.114

273 275 277 280 284 288 292 296

min=-2.92065 max=19.3059 mean=11.5515

-20 2 4 6 8 1012141618

Lake surface temperature (K) on 20 June, 2011, at 06 UTC according to the parameterisation by FLake in (a) SYK-w, (b) SYK-c
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in April-May and in November—December, while in the
middle of winter there was almost no bias. According to
operational verification (available on www.hirlam.org), the
small cold bias in short-range forecasts is typical in the
current version of HIRLAM, and not related to the
handling of lakes in particular. Note also that these general
verification scores smooth the results, for example, by
combining a warm bias of the coldest temperatures with a
cold bias of the warmest temperatures. For other predicted
variables, we found no significant differences in the
verification scores between our experiments.

In our experiments, the influence of different kinds of
lake data assimilation and parametrisation on verification
scores was minor. The smallest cold bias in November
occurred in the ANA experiment, where the Swedish and
Norwegian lakes were incorrectly not frozen while the s
tate of the Finnish lakes was more correctly described
(based on observations). Locally, large positive bias
values were noticed close to the unfrozen Swedish and
Norwegian lakes. In spring, the largest cold bias was
shown by the CLI experiment, where many lakes were
frozen for too long due to the use of the cold Finlake
pseudo observations and relaxation to ‘ocean-derived’
climatology. On the contrary, in the FLK and ANA
experiments, some of the Finnish lakes were too warm as
a result of using the SYKE statistical estimates (see
discussion in Section 4.2).

The large difference between the additional cold and
warm start experiments of SYK-c and SYK-w also showed
up in the validation (Fig. 6). Just after the start of the

experiments, the cold bias of SYK-c over Finland was
typically one degree larger than in SYK-w, and the RMSE
was half a degree larger. Within 2 or 3 weeks, the screen-
level verification scores of two experiments converged
and were equal during the last week. In both experiments,
the bias tends to be largest during the night and morning
(00 and 06 UTC).

5. Discussion

From the point of view of data assimilation, there are
different types of lakes in HIRLAM: (1) the largest lakes
where climatological surface temperature data are available
from ECMWF, for example, Lake Ladoga, Lake Saimaa,
Lake Inari, Lake Peipsi, Lake Vidnern and Lake Vittern
in our experiment domain; (2) the 27 Finnish lakes, for
which SYKE observations are available, and ECMWF
data exist also for some of them; (3) lakes close to the lakes
where observations exist (and influenced by the neigh-
bours); (4) lakes where only ‘ocean-derived’ climatology
is available for LWST; and (5) lakes which are too small
or incorrectly described by the model physiography.

In any operational NWP domain most lakes belong
to the category where no observations are available.
The Freshwater Lake model (FLake) parameterisation
may work either alone or in peaceful coexistence with
spatialised observations for the lakes of all categories
except the poorly defined ones. Realistic results seem to
be possible when FLake is applied without assimilation of
observations and climatological data. Based on the present
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Fig. 6.

Time-series of bias (lower curves with squares) and RMSE (upper curves with circles) of the predicted grid-average screen-level

temperature of SYK-c (red) and SYK-w (green) experiments against 39 SYNOP stations in Finland between 20 June and 15 July, 2011. The
number of cases is depicted by the black line. Left y-axis: temperature in °C, right y-axis: number of cases, x-axis: date. Statistics are based
on the initialised analyses and 6-h forecasts started at 00 and 12 UTC every day. Note that the initialised analysis contains values diagnosed

from FLake, and not the analysed temperatures.
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study, we suggest replacing the use of all climate-based
lake information with the prognostic parameterisation by
FLake. This means excluding the Finlake and ECMWF
pseudo observations as well as the SYKE statistical
LWST model estimates, at least during the melting period.
Application of a lake parameterisation also means that
relaxation of the analysis towards the ‘ocean-derived’
climatological LWST becomes unnecessary.

More work is needed to find and implement new in
situ and space-borne observations of lake temperature
and ice cover for real-time use in operational NWP
practice. Over our Nordic domain, priority should be given
to satellite observations, mainly over the largest lakes.
MODIS-based temperature and ice cover data might be
used. Assimilation of visual observations of ice freezing and
break-up dates should be considered. For the analysis
methods, improved autocorrelation functions need to be
constructed for the optimal interpolation. These might
take into account lake depth (in addition to horizontal
distance and possibly altitude difference), which is pre-
sumably the most important parameter influencing lake
thermodynamics.

When testing the concept of the peaceful coexistence
of lake observations and the prognostic lake model, we
gained an insight into the needs for lake data assimilation
in NWP models. Currently, observations in fact do not
influence the results of prognostic lake parameterisation
and the atmospheric forecast. To ensure that the observed
LWST consistently influences both FLake and the atmo-
spheric model, advanced data assimilation methods are
needed.

To initialise an experiment or an operational forecast by
an NWP model where FLake is applied, climatic values of
the lake prognostic variables are needed. They are provided
by the lake climatology for NWP (Kourzeneva et al.,
2012). We noticed that the ice thickness in this dataset
seems to be overestimated during spring in Northern
Europe. The same conclusion was made and discussed by
Kourzeneva et al. (2012). Another problem is that in the
model lake climatology, an estimate of the snow depth
over lake ice is currently not given. An improvement of
the dataset especially for springtime would be beneficial
for NWP applications.

6. Conclusions and outlook

To summarise, we give preliminary answers to the ques-
tions posed in Section 1. The first question: How much we
can benefit from observations of lake surface temperature
alone, without including a prognostic parameterisation?
We need a good background to be able to optimally use
information from the observations. Too large differences

between observed and simulated lake surface temperatures
may lead to the rejection of the observations in the data
assimilation. The best background seems to be attained by
the prognostic lake parameterisation. Good observations
by themselves may also improve the analysis of LWST
and lake ice cover. However, in this case, (1) an adjust-
ment of methods of the optimal interpolation to LWST is
needed and (2) the quality of the LWST climatology used
for relaxation gains more importance. Currently, in situ
measurements of lake parameters are sparse and only few
space-borne observations used to cover the rest of the
lakes. For these reasons, we would suggest the application
of the prognostic lake parameterisation in all cases.

The second question was: Would the application of a
prognostic lake parametrisation make the use of observa-
tions less important? Prognostic lake parameterisation
leads to a better description of the surface state of the
lake, especially for lakes where observations are unavail-
able. Currently, such lakes represent the majority of lakes
treated in NWP models. In this case, the parameterisation,
which depends on the current state of the atmosphere,
replaces the lake climatology, which only reflects the
average conditions. This should improve the results. To
make the prognostic parameterisation more realistic, espe-
cially for winter conditions and melting of ice, improve-
ments of FLake seem to be desirable.

For lakes where observations are available the lake
parameterisation provides the background for the analysis.
However, in the peaceful coexistence setup, the observa-
tions are not yet tied to the parameterisation. In this study,
we saw large differences between the analysed and pre-
dicted LWST fields in spring but not in the autumn.
Further development of advanced lake data assimilation
is necessary.

The third question was: Do the analysis and parameter-
isation of the lake surface state influence local or larger-
scale numerical weather forecasts? Until now, we have
seen only local effects related to near-surface temperatures,
which may also show up in the verification. There are
cases where the lake surface state affects the local weather,
for example, the Lake Ladoga mesocyclone case discussed
in Section 4.1. With the increase in NWP model resolution,
more attention is paid to the accuracy of local weather
forecasts. Thus, more accurate representation of lakes
in NWP models is increasingly important even if significant
larger-scale effects are not detected. In addition, local
effects may be long-lasting and dependent on the season.
More studies, including forecasts with longer lead times
than used here, are needed to quantify the importance of
lake effects on predicted temperature, precipitation, cloudi-
ness and wind.
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