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Validation of lake surface state in the HIRLAM v.7.4 NWP model
against in-situ measurements in Finland
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Abstraet. High Resolution Limited Area Model (HIRLAM), used for the operational numerical weather prediction in the
Finnish Meteorological Institute (FMI), includes prognostic treatment of lake surface state since 2012, Forecast is based on the
Freshwater Lake (FLake ) model integrated into HIRLAM. Additionally, an independent objective analysis of lake surface water
terperature {LSWT) combines the shon forecast of FlLake to observations from the Finnish Esvieonment Instioute (SYKE). The
resulting description of lake surfsce state - forecast Flake variables and analysed LSWT - was compared 10 SYKE observations
of lake water temperature, freeze-up and break-up dates as well as the ice thickness and soow depth for 200 2-2018 over 45 lakes
in Finland. During the ice-free period. the predicted LEWT corresponded to the observations with a slight overestimation, with
a systematic emror of + 0.91 B The colder temperatures were underrepresented and the maximum temperatares were too high.
The objective analysis of LEWT was able to reduce the bias to + 0035 K. The predicted freeze-up dates corresponded well the
observed dates, mostly within the accuracy of a week. The forecast hreak-up dates were far too carly, typically several weeks
ahead of the obaerved dates. The growth of ice thickness after freeze-up was generally overestimated. However, practically
o predicted snow appeared on lake ice. The absence of spow, presumably be due 1o an incorrect security coefficient value, is

suggested 10 be also the main reason of the inaccurate simalation of the lake ice melting in spring.

Copvright statement. & Authors 2018, This wark is distributed ander the Creative Commans Attribution 4.0 License.

1 Introduction

Lakes influence the energy exchange between the surface and the atmosphere, the dynamics of the atmospheric boundary Layer
and the near-surface weather, This is important for weather forecasting over the areas where lakes, especially those with a
large wearly variation of the water ternperature, freezing in sutamn asd melting in spring, cover a significant area of the surface
{Kheyrollah Pour et al., 2007: Laind et al, 2003 and references thereing. Description of the lake surface state influences the
mumerical weather prediction (MWP) results, in particular in the models whose resolution is high enough to account for even
the smaller lakes {Eerola et al.. 2014 and references thereing. Especially, the existence of e can be impoant for the numerical
forecast (Eerola et al., 2004; Cordeira and Laind. 2008).
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ternperature { LSWT ) combines the short forecast of Flake to observations from the Finnish Ervieonment Instioute (SYKE). The
resulting description of lake surfsce state - forecast FLake variables and analysed LEWT - was compared to 8YKE observations
of lake water temperature, freezing and melting dates as well as the ice thickmess and snow depth for 2002-200 8 over 45 lakes
in Finland. During the ice-free period. the predicted LEWT corresponded to the observations with a slight overestimation, with
a gyatematic ervof of + 0091 K. The colder iemperatures were underrepresented and the maximuom temperatunes were too high.
The objective analysis of LEWT was able to reduce the bias o + (035 K. The predicted freezing dates corresponded well the
observed dates. mosily within the sccuracy of a week. The forecast melting dates were far woo early, typically several weeks
ahead of the observed dates. The growth of ioe thickness after freezing was generally overestimated. However, practically mo
predicted snow appeared on lake iee. The absence of spow, found 10 be due o a technical error in HIRLAM, is suggested o be

alzo the reason of the inaccurate simulation of the lake jce melt in spring.

Copvright statement. & Authors 2018, This waork is distributed under the Creative Commaons Attribution 4.0 License.

1 Intesduction

Lakes influence the energy exchange between the surface and the atmosphere, the dynamics of the atmsospheric boundary Layer
and the near-surface weather, This is important for weather forecasting over the areas where lakes, especially those with a
large vearly variation of the water temperature, freezing in sutunn and melting in spring, cover a significant area of the surfsce
(Kheyrollah Pour et al., 2017 Laird et al., 2003 and references therein). Description of the lake surface state influences the
numerical weather prediction (MWEP) results, in particular in the models whose resolution s high enowgh 1o account for even
the smaller lakes {Ecrola et al., 2014 and seferences thereing. Especially, the existence of iee can be important for the numerical
forecast (Eerola et al.. 2004 Cordeira and Laird. 2008).
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In the Finnish Meteoralogical Instinate (FMI). the High Resolution Limited Area Model HIRLAM (Undén et al, 2002
Eerala, 200 3) has been applied since 1990 for the numerical shor-range weather forecast. In the beginning, the monthly cli-
matolegical water surface temperature for both sea {sea surface temperatune 55T ) and lakes (Lake Surface Water Temperatune
LEWT) was used. Since 2002, HIRLAM incledes a prognostic lake temperature parametesization based on the Freshwater
Lake Model {FLake, Mironov et al_, 20000, An independent objective analysis of observed LEWT (Ehevrollah Pour et al..
M0LT and references therein) was implemented in 200 1. The fractional ice cover (lake ice concentration in each gridsquare of
the model) is diagnosed from the analysed LSWT.

FlLake was designed to be used & a parametrization scheme for the forecast of the lake surface state in NWP and climate
masdiels, [t allows to predict the lake surface state in interaction with the atmospheric processes treated by the MWE model. The
riliative and turbulent fluses as well as the predicted spow precipitation from the atmospherie model are combised with Flake
processes at each time-step of the model integration in the model grid. where the fraction and depth of lakes are presceibed.

FlLake s been implemented into the other main Buropean NWP and regional climate rodels, fest into COSMO { Bliromoy
et al., 2000 then into ECMWE (Balsamo et al., 2002}, Unified Model (Rooney and Bomemann, 2013, SURFEX swrfsce
madelling framework {Masson et al., 2006), regional climate models RCA (Samuelsson e al., 20001, HCLIM (Lindsiedt
et al., 2005) and REMO (Fietikiiinen en al.. 2008}, among others, Description of lake surface stae and its influence in the
mumerical weather and climate prediction has been validated in varous ways. Results of case swdies, e.g. Berola et al. (2004}
and shortes-period NWP experiments. e.2. Berola et al. {20000; Rontw et al. (2012); Kheyrollab Pour et al. (2004 Kheyrollah
Pour et al. (2017 as well & elimate model results, e.g. Samuelsson et al. (20000 Pietkiinen e al. (2018), have been compared
with remote-sensing satellite data and fo-sim lake emperature and iee measurements as well as validated against the standard
weather observations. In general, improvermsent of the scores has been seen over regions where lakes occupy a significant anea.
Howwever, specific features of each of the host models influence the resulis of the coupled stmosphere-lake svstem as Flake
appears o be guite sensitive to the forcing by the atmospheric model.

The aim of the present study is 1o validate the lake surfsce state forecast by the operational HIRLAM NWP model using the
fr-zira LEWT measurements, lake ice freeze-up and break-up dates and measurements of ke and snow thickness by the Finnish
Envirenment Institate (Suomen Ympiristkeskus = 8YKE). For this purpose, HIRLAM analyses and forecasts archived by
FMI were compared with the observations by SYKE over the lakes of Finland from spring 2002 to summer 2008, To our
kowledge, this is the longest available detailed dataser that allows to evaluaste how well the lake surface state is siomlated by
an operational NWE madel that applies FLake parametrizations.

2 Lake surface state in HIRLAM

FLake was implemented in the HIRLAM forecasting system in 2002 | Kourzeneva et al., 2008; Eerola et al., 20005, The
msdiel wtilizes external datasets on the lake depth (Kourzeneva et al,, 2002a; Choulga et al., 2004} and the lake climatology
(Kourzeneva et al., 2012b). The latter is only needed in order to provide inital valoes of FLake prognostic variables in the
wery first forecast (so-called cold start). The use of real-time fr-sirn LSWT observations by SYKE for 27 Finnish lakes was
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In the Finnish Meteorological Institute (FMI). the High Resolution Limited Area Model HIRLAM (Undén et al., 2002
Eerola, 20013) has been applied since 1990 for the numerical shor-range weather forecast. In the beginning, the monthly cli-
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raliztive and turbulent Auxes from the atmospherie model are combined with FlLake processes at each time-step of the model
imtegration in the model grd, where the fraction and depth of lakes ae prescribed.
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20000 then into BOMWE (Balsamoe et al., 2002y, Unified Medel (Rooney and Borsemann, 2003}, SURFEX surface modelling
framework (Masson et al., 2006), regional climate models RCA (Samuelsson et al., 20000, HOLIM {Lindstedt et al, 2005) and
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In general, improvement of the scores has been seen over regions where lakes occupy a significant area. However, specific
featwres of each of the host models influence the resulis of the coupled atmosphere-lake system as FLake appears 1o be guite
sensitive 1 the forcing by the atmospheric model.

The aim of the present study is to use be-sine LSWT measurements, lake jce freezing and melting dates and measurements
af ice and snow thickness by the Finnish Environment Institute {Suomen YmplirisiGkeskus = SYKE) for validation of the lake
surfsce state forecast by the operational HIRLAM NWE model. For this purpose, HIRLAM analyses and forecasts archived
by the Finnish Meteorological Instinate (FI} were compared with the observations by 8YKE over the lakes of Finland from
spring 20012 to sumemer 2008, To our knowledge, this is the longest available detailed dataset thar allows to evaluate bow well
the lake surface state is simulated by an operational NWE model that applies Flake parametrizations.

2 Lake surface state in HIRLAM

FLake was implemented in the HIRLAM forecasting system in 2012 (Kourzeneva et al., 2008; Eerola et al., 2000}, The
madel utilizes external datasets on the lake depth (Kourzeneva et al, 200 2a; Choulga et al., 2004} and the lake climatolbogy
(Kourzenevi et al.. 2002k, The latter is only needed in order w provide initial values of FLake prognostic variables inthe very
first fovecast (so-called cold stanp, Real-time dn-sine LEWT observations by SYKE for 27 Finnish Lakes were obtained in 2011




DiffPDF « r20190321.pdf vs. r20190218-1.pdf « 2019-03-21

imtroduced in 2001 into the operational LSWT analysis in HIRLAM (Eerola et al.. 2010; Roatw et al., 20020 In the cument
operational HIRLAM of FMI, FLake provides the background for the optimal interpolation analysis (01, based on Gandin,
1965) of LSWT. However, the progrostic FlLake vanables are not corrected using the analysed LSWT. This would requine

e advanced data assimilation methods based on ez the extended Kalman filter (Kowrzeseva, 2004)
21 Freshwater lake model in HIRLAM

FLake is a bulk model capable of predicting the vertical temperature structure and mixing conditions in lakes of various depths
on time-seales from howrs to years (Mironoy et al., 20000 The model is based on two-layer parametric representation of the
evolving temperature profile in the water and on the integral budgets of energy foe the lavess in guestion. Bottom sediments
and the thermodynamics of the ice and swow on jce lavers are trested separately. Flake depends on prescribed lake depth
information. The progrostic and diagnestic variables of HIRLAM FlLake together with the analysed lake surface vasiables in
HIELAM are listed in the Appendix (Table A1)

At each time step during the HIRLAM forecast, Flake is driven by the atmospheric radiative and turbulent fluxes as well as
the predicted smowfall, provided by the physical parameterisations in HIRLAM. This couples the atmospheric variables over
lakes with the lake surfsce properties as provided by FlLake parametrization. Most importamly, FLake provides HIRLAM with
the evolving lake surfsce (water, o, snow) temperature and radiative properiies, that influence the HIRLAM forecast of the
grid-average near-surface lemperatures.

Implementation of FLake mode] as a parametrization scheme in HIRLAM was based on the experiments described by Romtu
et al (200 2p. Compared o the reference version of FLake (Mironov et al., 20107, minor modifications were introduced, namely,
wee of constant show density = 300 kgm . meleculas keat conductivity = 1 Jm—'s K", constant albedos of dey snow = 075
and ice = 0.5, Botom sediment caleulations were excluded. Global lake depth database (GLDE v.2, Choulga et al., 20045 was
wsed for derivation of mean lake depih in each gridsquare. Fraction of lake was taken from HIRLAM physiography database,
where it originates from GLOC {Loveland et al., 20000

Lake surface temperature is diagonosed from the mixed layer terperature for the unfrozen lake gridpoints and from the bee
of siow-ob-ice iemperature for the frozen points. In Flake, ice starts o grow from an assumed value of one millimeter when
terperature reaches the freezing point. The whole lake tile in a gridsquare is considered by Flake either frozen o unfrozen.

Snowy o dce is accumulated from the model’s spowfall at each time step during the nemerical integration.
22 Ohjective analyszis of LSWT observations

A comprehensive description of the optimal interpelation (O1) of the LSWT observations in HIRLAM is given by { Kheyrollah
Powr et al., 2007). Shoaly, LSWT analysis iz obtaised by correcting the FLake forecast at each gridpoint by wsing the weighted
average of the deviations of ehservations from their background values. Prescribed statistical information about the observation
and background error vasiance as well as the distance-dependent amocorrelation between the locations (observations and
gridpoints) are applicd. The real-time observations entering the HIRLAM surface analvsis system are subject 1o quality control

in two phases. First, the observations are compared vo the background. provided by the Flake short forecast. Second. optimal

to b used for the operational LEWT analysis in HIRLAM (Eerola @ al.. 2000; oot et al., 20025 In the current operational
HIELAM at FMI FlLake provides the background for the optimal interpolation analysis (01, based on Gandin, 1965) of LSWT.
However, the prognostic Flake wvariables are not cormected using the analysed LEWT. This would require more advanced data

assimilation methods based on ez the extended Kalman filter { Kourzeneva, 2004).
L1 Freshwater lake model in HIRLAM

FLake is a bulk mode] capable of predicting the vermical temperature structure and mixing conditions in lakes of various depths
on time-scales from howrs to years (Mironoy et al., 20000, The model is based on swo-layer parametric representation of the
evolving temperature profile in the water and on the integral budgets of energy for the lavers in guestion. Bottom sediments
and the thermodynamics of the ice and snow on jce layers are treated separately. Flake depends on prescribed lake depth
information. The progrostic and disgnostic variables of HIRLAM FLake wogether with the analysed lake surface variables in
HIELAM are listed in the Appendix (Table A1)

At each time step of the HIRLAM forecast. FLake is driven by the atmospheric radiative and turbulent fluxes provided by the
physical parameterisstions in HIRLAM. This couples the atmospheric variables over lakes with the lake surface properties as
provided by Flake, Most importantly, FLake provides HIRLAM with the evolving lake surface (water. ice, snow ) iemperature,
that influences the HIRLAM forecast of the grid-average near-surface lemperaturnes.

Imiplementation of FLake mode] as a parametrization scheme in HIRLAM was based on the expenments described by Romtu
etal., 2012, Compared to the reference version of FLake (Mironov et al, 20000, minor modifications were introduced, namely,
use of constant snow density = 300 kgm— 3, molecular beat conductivity = | Jn—!s- 1K~ constant albedos of dey snow =075
and ice = 0.5, Bottem sediment caleulations were exclided. Global lake deptl database (GLDE v.2, Choulga et al., 20045 was
wsed for derivation of mean lake depth inoeach gridsquare. Fraction of lake was taken from HIRLAM physiography database,
where it originates from GLOC {Loveland et al., 2000).

Lake surface temperature is diagnosed from the mixed layer ternperature for the unfrozen lake gridpoints and from the ice
or siiw-on-ice temperatuse for the frozen points. In Flake, foe starts o grow from an agsumed value of one millimeter when
ternperature reaches the freezing point. The whale lake tile in a gridsquare is considered by Flake either frozen or unfrozen.

Snoww o jce is accumulated froms the model's spowfall st each time step during the numerical imegration.
12 Ohjective analysis of LSWT observations

A comprehensive description of the optimal interpolation (01) of the LSWT observations in HIRLAM is given by {Kheyeollzh
Pour et al., 2017). Shoetly, LEWT analysis is obtained by correcting the FLake forecast at cach gridpoim by using the weighted
average of the deviations of ebservations from their backgrownd values. Prescribed statistical information abouat the observation
and background error variance as well as the distance-dependent autocorrelation between the locations (observations and
gridpointsp are applicd. The real-time observations entering the HIRLAM surface analysis system are subject 1o quality control

inpwo phases. First, the observations are compared to the background, provided by the FLake shot forecast. Second. optimal
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Talde L FMI operational HIRLAM

Domain Frism Atlantic 1o Ural, from North Adrica beyond Morth Pele
Made] borizantal § vertical resclution T km /65 kevels
HIRLAM versian 7.4

Maode] dynamics
Amaspheric physical par rizations  Savijiirvi radiation, CBR wrbulence,

Hydrostalic, semi-Lagrangian, grid-point

Rasch-Kristisnsson cloud micraphysics + Kain-Fritsch comvection

Surface physical parametrizations LEBA-newsoow for surface, FLake For lakes

Dl assimilalion Default stmosphenc (4DVAR ) and surface (01} analysis
Lateral baundaries ECMWE forecast
Forecast Up 1o +54 h initialed every 6h (00, 06, 12, 18 LT}

is asaumied fully ce-covered when LEWT falls below -0.5%C and fully ice-free when LEWT is above (°C. Between these
ternperature thresholds, the fraction of ice changes linearly {Kheyeollah Pour et al., 20045,

The HIRLAM surface data assimilation svstem produces comprehensive feedback information from every analysis-forecast
cyele, The fecdback consists of the observed value and its deviations from the background and from the final analysis at
the observation point. Bilinear interpolation of the analysed and forecast values is done to the observation lecation from the
nearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of ohservations is
prowided. Fractions of land and lake inothe model grid as well as the weights, which were used to interpolate gridpoint values

Lo the observation location, are given. This information is the basis of the present study (see sections 3.3 and 4.

3 Maodel-observation intercomparison 2002-2018

In this intercomparizon we validated HIRLAM results against observations abowt the lake surface state. The impact of Flake
parametrizations 1o the weather forecast by HIRLAM was not considered. This is because no non-Flake weather forecasis
exist for comparizon with the operational forecasts during the validation period.

Throughout the following text, the analysed LSWT sefers to the result of OF analysis, where FLake forecast has been used
as background (Section 2.2} while the forecast LEWT refers to the value diagnosed from the mixed layer water temperatune
predicted by Flake (Section 2.1). Observed LSWT refers to the measured by SYKE lake water temperature { Section 3.2).

31 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version (v.7.4), implemented in spring 2002, {Berola, 2003 amd
references therein). Flake was introduced into this version, After that the development of HIRLAM was frozen. Thus, during
the years of the present comparison, the FMI operational HIRLAM system remains unmodified, which offers a clean time

series of data for the maodel-observation inercomparison. The general properties of the system are summarised in Table 1.
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iz asaumed fully ee-covered when LEWT falls below -0.5°C and fully ice-free when LEWT is abowve 07 C. Between these
termperature thresholds, the fraction of ice changes linearly {Kheyrollah Pour et al., 2004).

The HIRLAM surface data assimilation svstem produces comprehensive feedback information from every analysis-forecast
eycle, The feedback consists of the observed valve and its deviations from the background and from the final analysis at
the observation point. Bilinear interpolation of the analysed and forecast values is done 1o the observation location from the
mearest gridpoints that contain a fraction of lake. In addition, information about the quality check and wsage of observations is
provided. Fractions of land and Lake in the model grd as well ag the weights, which were used to interpolate gridpoint values

to the abservation location, are given. This information is the basis of the present study (see sections 3.3 and 4).

3 Muodel-observation intercomparison 20012-2018

In this intereomparizon we validated HIRLAMYFLake resulis against observations about the lake surface state. The impact
af FLake parametrizations 1o the weather forecast by HIRLAM was ot considered. This is because no non-Flake weather
forecasts exist for comparison with the operational forecasts during the validation period.

Theoughout the following text, the analysed LSWT refers o the result of O analysis, where FLake forecast has been used
as background (Section 2.2) while the forecast LEWT gefers to the valee diagnosed from the mixed layer water temperature
predicted by FLake (Section 2.1, Observed LEWT refers to the measured by SYKE lake water temperature { Section 3.2).

31 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version {v.7.4), implemented in spring 2002 {Eerola, 2003 and
references therein). Flake was introduced ino this version, After that the development of HIRLAM was frozen. Thus, during
the vears of the present comparison, the Fiv operational HIRLAM system remains unmodified, which offers a clean time series
af data for the model-observation intercomparison. The general properties of the system are summarised in Table 1 In the
present stwdy, a coding ervor in Flake implementation was revealed in the reference HIRLAM v.7.4. A too large critical value
to diagmime spow existence prevented practically all accumulation of the forecast snowfall on lake ice in the FMI HIRLAM-
FLake operational system.

12 SYKE lake ohservations

In this study wie used three different types of Y KE lake observations: LSW'T, lake ice dates (L1D} and ice thickness and smow
depth on lake ice. In total, observations on 45 lakes listed in Appendix (Table A2} were included as detailed in the following.
The lake depths and surface areas given in Table A2 are based on he updated lake list of GLDE «.3 (Margarita Choulga,

personal communication).
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31 BYKE lake ohservations

In this study we used three different types of SYKE lake observations: LSWT, freeze-up and break-up dates and ice thickness
and spow depth on lake ice. In total, observations on 45 lakes listed in Appendix (Table AZ) were included as detailed in the
following. The lake depths and surface areas given in Table A2 are based on he updated lake list of GLDB v.3 (Margarita

5 Choulga, peraonal commumnication).

Figure L Map of SYKE abservation points used in this study: lakes with both lake surfuce water lemperature (LEWT) and lake ice dale
(L) pheervatsons {whike), lakes where enly LID is available (blacky. On Lakes Lappaiiird, Kilpisjiice amd Simpelejirvi also ice the

and snow depth measurements were used (Section 4.3, they are surrounded with a large whine circle. List of the lakes with covedinates is
given in Appemdix AL

321 Lake temperature measurements

Regular fe-sinr lake water emperaire measurements are performed by SYKE. Curently SYRE operates 34 regular lake and

river waber lemperne nent sites in Finland. The temperature of the lake water is measured every moming at 5.00 A M

Dipanain From Atlantic to Url, from Narth Africa beyond Morih Pole
Maode] b |/ vertical 3| T km ! &5 kevels
HIELAM version 14
Mode] dynamics Hydrostatic, semi-Lagrangian, grid-point
A pheric physical p izadions  Savijiird rdiation, CBR tarbulence,
Rasch-Kristi cloud microphysics + Kain-Fritsch comection
Surface physical parametrizations ISBA-newsoow for surfuce, FLake for lakes
Dala assimilation Default stmosphersc (40VAR) and surface (01} analysis
Lateral boundaries ECMWE Forecast
Forecast Up o +54 h initiated every 6 (00, D6, 12, 18 UTC)

321 Lake temperature measurements

Regular fe-séne lake water temperature measurements are performed by SYKE. Currently SYKE operates 34 regular lake
and river water iemperature measurement sites in Finland. The temperatuse of the lake water 15 measured every morning &t
£.00 AM local time, close to shore, at 200 cm below the water surface. The measurements are recorded either swtomatically or
marually and are performed enly during the ice-free season (Korhenen, 2002; Rentu et al., 2002}, Further, we will for simplicity
denote also these data as LSWT observations although they do nod represent exacily the same surface water iemperaiure (skin
ternperature, radiative temperature) that could be estimated by satellite measurements. These data are available in the SYKE
open data archive (SYKE, 2018). Measurements from 27 of these 34 lakes (Figure 2, white dots) were selected for use in
the FMI operational HIRLAM in 2011, and the list has been kept unmodified since that. The set of 27 daily observations,
quality-controlled by HIRLAM, were obtained from the analysis feedback files and vsed in all comparisons reported in this
study.

322 Freedng and melting dates

Regular visual observations of freezing and melting of lakes have been recorded in Finland for centuries, the longest time series
starting in the middle of the 19h century {Korh 20035). Presently, dates of freezing and melting are available from SYKE
120018y on 123 lakes, but the time series for many lakes are discontinuous. Further, we will denote the melting and freezing
dates together by “lake ice dates” (LIDY. For both feeezing amd melting the dates are available in two categories: for freezing
“freczing of the visible area” (code 29 by SYKE) and “permanent freezing of the visible area™ {code 30). For melting the dates
are defined as “no ice visible from the observation site' {eode 28) and "o ice on the owter open water aneas” {code 27). LID
observiations aim al representing conditions on entire lakes. LID observations by SYKE are made independently of their LSWT
measurements and possibly from different locations on the same lakes. The LSWT measurements may be started later than the
date of reported lake ice melting or end earlier than the reporied freezing date.
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loscal time, close to shore, at 20 cm below the water surface. The L% are died either automatically or mamsally
and are performed only during the ice-free season {Korbonen, 2009) Further, we will for simplicity denote also these data
as LSWT observations although they do mot represent exactly the same surface water temperature (skin temperature, radiative
ternperatiure) that could be eatimated by satellite measurements. These data are available in the 3YKE open data archive (SYKE.
2018). Measurements from 27 of these 34 lakes (Figure 2, white dots) were selected fior use in the FMI operational HIRLAM
in 2001, and the list has been kept unmodified since that. The set of 27 daily ebservatbons, quality-contrelled by HIRLAM,
were obtained from the analysis feedback files and used in all comparisons reported in this stedy.

322 Freewe-up and break-up dates

Regular visual observations of freeze-up and break-up of lakes have been recorded in Finland for centuries, the longest time
series starting in the middle of the 19h century (Korhonen, 2019). Presently, dates of freeze-up and break-up are available
from SYKE (20018) on 123 lakes, but the time series for many lakes are discontinuous. Further, we will denote the break-up
and freeze-up dates together by “lake ice dates” (LID). LID observations aim at representing conditions on entine lakes. For
baoth freeze-up and break-up the dates are available in twio categ (terminobogy from Korhonen, 2009 "freeze-up of the
lake within sight” {code 29 by SYKE) and "freeze-up of the whole lake” {code 30, For break-up the dates are defined as "o
ice within sight” (code 28) and “thaw areas oot of the shore” (code 27). LID observations by SYKE are made independenty of
their LSWT meagurements and possibly from different locations on the same lakes. The LEWT measurements may be stated
later than the date of repormed lake ice break-up or end earlier than the reported freeze-up date.

LIy from the 27 lakes whose LEWT measurements are used in HIRLAM were available and selected for this sudy. In
additien, 18 lakes with only LID available (Figure 2, black dots) were chosen for comparison with HIRLAM LID.

323 lee thickness and snow depth on lakes

In the period 20012-2018 SYKE recorded the lake ice thickness and snow depth on around 30 locations in Finland. { Archived
historical data are available in total from 160 measwrement sites). The manual measurements are domse three times a month
during the ice season. Thickness of ice and snow depth on ke ase measwred by drilling holes through spow and ice layers along
chosen tracks, normally at least 50 m from the coast {Korbonen, 2009}, The locations may differ from those of the LSWT
measurensent or LID observation over the same lakes.

33  Validation of HIRLAM lake surface state
331 Lake surface water temperature

LEWT by HIRLAM, resuliing from the objective analysis or diagnosed from the forecast, was compared with the observed
LEWT by SYKE using data exiracted from the analysis feedback files (Section 2.2) at the observation lecations on 06 UTC
every day, excluding the winter periods | December - 31 March. The observations {ob) at 27 SYKE stations were assumed

Figure 2. Map of YKE observation points uwsed in this study: lakes with both lake surfuce waler iemperatune (LSWT) and lake foe date
{LID) phservations (white), lakes where only LID is available (blacky. On Lakes Lappaijiind, Kilpisjind amd Simpelejirvi also ice thickness
and snow depth measurements were used (Section 4.3}, they are surroundeed with o large while circle. List of the lakes with coordinates is
given in Appemdix AL

LIDy from the 27 lakes whose LEWT measurements are used in HIRLAM were available and selected for this study. In
addition, 18 lakes with only LID available (Figure 2, black dots) were chosen for comparison with HIRLAMFLake LITx.

323 lee thickness and snow depth on lakes

SYKE records the lake ice thickness and snow depth on around 50 locations in Finland. Archived data are available in votal
from 160 measurement sites. The manual measurements are done theee times a month during the iee season, Thickness of ice
and sow depth on ice are measured by drilling holes theough snow and ice layers along chaosen tracks. nofmally at least 50 m
from the coast {Korhonen, 2005) The locations may differ from those of the LSWT measurement or LID observation over the

same lakes.
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o pepresent the trae value, while the analysis (an) is the result of O that combines the background forecast (fep with the

observations. Time-series, maps and statistical scores, to be presented in Section 4.1, were derived from these.

332 Lake bee conditions

For this study, the observed LIDY, e and spow thickness observations were obtained from 5YKE open data base, relving on
their quality contral. The analysed LSWT as well as the predicted ice thickness and snow depth were picked afterwards from
the HIRLAM archive for a single gridpoint nearest to each of the 4% ohservation locations (not interpolated as i the analysis
feedback fle that was vsed for the LSWT comparison). It was sssumed that the gridpoint value nearest 1o the location of the
LEWT abscrvation sepresents the ice conditions over the chosen lake.

LID» given by HIRLAM were defined in two independent ways: from the analysed LSWT and from the forecast lake bee
thickness. Mote that the fee thickness and snow depth on ice are not analysed variables in HIRLAM. In autorn @ lake can
freeme and melt several times before final freeze-up. The last date when the forecast kee thickness crossed a critical value of
| i or the analyvsed LSWT fell below freezing point was selected as the date of freeze-up. In the same way, the last date when
the forecast ice thickness fell below the critical value of 1 mm o the analysed LSWT value crossed the freezing point was
selected as break-up date. To decrease the effect of escillation of the gridpoint values between the HIRLAM forecast-analysis
cycles, the mean of the four daily ice thickness forecasts or analysed L3WT values was used.

LII by HIRLAM were compared to the observed dates during 201 2-2008. In this comparison we included data also during
the winter period. The category 29 observations (“freeze-up of the lake within sight”, see Section 3.2.2) were used. In this
category the time series were the mest complete at the selected stations. For the same reason, the break-up observations of
category 28 (“no joe within sight”™) were used for comparison. Furthermore, using a single gridpoint value for the calculsion of
LID also seems o correspond best the observation definition based on what is visible from the observation site. The statistics
were calculated as fo - ob and an - ob. Hence, positive values mean that beeak-up or freeze-up takes place too late in the model
as companed 10 the observations.

Lake ice thickness and snow depth mseasurements from lakes Lappajarvi, Kilpisjarvi and Simpelejiri were utilized as
additional data for validation of predicted by HIRLAM ice thickness and snow depth {Section 4.3). These lakes, representing
the wiestern, northern and south-eastern Finland, were selected for illustration based on the best data availability during the

study vears. They are also sufficiently large in osder to fit well the HIRLAM grid.

4 Results

4.1  Analysed and forecast LSWT at ohservation points

Figure 3 shows the frequency distribution of LAWT sccording o FLake forecast and SYKE observations, It is evident that the
amount of data in the class of temperatures which represents frozen conditions (LSWT flag valse 272 K was underestimated

13 Validation of HIRLAM/FLake lake surface state
331 Lake surface water temperature

LE3WT by HIRLAM/FLake, resulting from the objective analysis or diagnosed from the forecast, was compared with the
observed LSWT by 8YKE using data exiracted from the analysis feedback files (Section 2.2) at the ohservation locations on
06 UTC every day, excluding the winter periods | December - 31 Mareh. The observations (ob) at 27 SYKE stations were
asgurmed o represent the true value, while the analysis (an) is the reault of O that combines the background forecast (fe) with

the observations. Time-series, maps and statistical scores, 1 be presemted in Section 4.1, were derived from these.
331 Lake ice conditions

For this study, the observed LID, bce and spow thickness observations were obtained from SYKE open data base, relving on
their queality control. The HIRLAM/PFLake analysed LSWT as well as the predicted ice thickness and snow depth were picked
afterwards from the HIRLAM archive for a single gridpoint nearest 1o each of the 45 observation locations (not intenpoelated as
in the analysis feedback file that was used for the LSWT comparizon). It was assumed that the gridpoint value nearest to the
location of the LEWT observation represents the ice conditions over the chosen lake.

LID were defined in vwo independent wavs: from the analysed LSWT and from the forecast lake jce thickness. Note that the
ice thickness and swow depth on jce are not analysed variables in HIRLAM. In autummn a lake can freese and melt several times
before final freezing. The last date when the forecast ke thickmess crossed a critical value of 1 mm or the analysed LSWT
fell below freezing point was selected as the date of freezing. In the same way, the last date when the forecast ice thickness
fell below the critical value of | mm or the analysed LEWT value crossed the freezing point was selected as melting day. To
decrease the effect of escillation of the gradpoint values between the HIRLAM forecast-analysis cycles, the mean of the four
daily ice thickness forecasts or analysed LEWT values was used.

LD by HIRLAMFLake were compared to the observed dates during 200 2-2018. In this companison we included data also
during the winter period. The category 29 observations (“freezing of the visible area”, see Section 3.2.2) were wsed. In this
category the time series were the most complete at the selected stations. For the same reason, the melting observations of
category 28 (no boe vizible from the observation site’™) were used for comparison. Fumthermore, using & single gridpoint value
for the calculation of LID also seems to correspond best the observation definition based on what i visible from the observation
site, The statistics were calculated as fic - ob and an - ob. Hence, positive values mean that melting or freezing takes place too
late in the model as compared 1o the observations.

In this stedy, lake ice thickness and spow depth measurements from lakes Lappajinvi, Kilpigjar and Simpelejamv were
wtilized s additional data for validation of predicied by HIRLAM/FLake ice thickness and snow depth {Section 4.3). These
lakes, representing the western, northern and south-eastern Finland, were selected for illustration based on the best dasta avail-

ability dwring the siudy vears. They are also sufficiently large in order wo fit well the HIRLAM grid.
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by the forecast (Figure 3a). When subzero temperatures were excluded from the comparizon (Figure 3b), underestimation in

the colder temperature classes and overestimation in the warmer classes stll remains.
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Figure 3. Freguency of observed (ob, yellow) aml forecast (Fc, blue) LEWT over all 27 SYKE lukes 2012-2018, x-axis: LIWT, unit K.

yeuxis: fmequency, unit %.

LEWT analysis {Figure 4) impeoved the sitsation somewhat but the basie features remain. This is due o the dominansce of
FLake forecast via the background of the analysis. In Section 4.3, we will show time-series illustrating the physics behind these
LEWT statistics.

Table 2 confirms the warm bias by FLake in the unfrozen conditions. Similar results were obtained for all stations together
and also fior our example lakes Lappajsirvi and Kilpisjird, to be discussed in detail in Section 4.3. There were three lakes with
megative LEWT hias according 1o FlLake forecast, namely the large lakes Saimaa and Paijnne and the smaller Ala-Rieveli.
Ader the comection by objective analysis, a small positive bias converted o negative over & additional lakes, among them the

4 Results
4.1 Analysed and forecast LSWT at ohservation points

Figure 3 shows the frequency distribution of LSWT according to FLake forecast and SYKE observations. It is evident thar the
amount of data in the class of temperatures which represents frozen conditions (LSWT flag value 272 K) was underestimated

5 by the forecast (Figure 3a). When subzero temperatures were excluded from the comparison (Figure 3b), underestimation in

the colder temperature classes and overestimation in the wammer classes still remains.
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Figure 3. Frequency of abserved (ob, yellow) amd forecast (fc, bluel LEWT over all 27 SYEKE lakes 2012-2018. x-axis: LEWT, unit K.
yeaxis: frequency, unit %,

LEWT analysis (Figure 4) improved the siteation somewhat but the basie features remain. This is due w the dominasee of
FLake forecast via the backgrowsd of the analysis. In Section 4.3, we will show time-series illusteating the physics behind these
LEWT stanistics.
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Figure 4. As for Figure 3 but for observed amd analysed (any LSWT.

large lakes Lappajéievi in the west and Inan in the nosth. The mean absolute error decreased from forecast 1o analysis on every
Lake.

In the frequency distributions, the warm temperatures were evidently related o swmmer. For FLake, the overestimation of
mEaximum temperatures, especially in shallow lakes, is a known featore (e.g. Kourzeneva 20040 It is related 1o the difficulty
of fosecasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperstures occurred in spring
and autwmn. In a few large lakes like Saimaa, Haokivesi, Pielinen, LSWT tended 1o be <lightly undesestimated in autumn both
according to the FLake and the analysis (not shown ). The cobd kefi-hand side columns in the frequency distribations (Figures 3a
and 4a) are mainly related to spring, when HIRLAM tended to melt the lakes significantly wo early (Sections 4.2 and 4.3).

There are problems, especially in the analysed LSWT, over (small) lakes of irregular form that fit pooely the HIRLAM grid
and where the measurements may represent more the local than the mean or typical comditions over the lake. These are the
only ones where an underestimation of summer LSWT was seen. Cases occurned where FLake results differ o0 msch fiom the
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Figure d. As far Figure 3 bot for shserved amd analysed (an) LEWT.

Takble 2 confirms the warm bias by FLake in the unfrozen conditions. Similar results were obtained for all stations together
and also for our example lakes Lappajdirvi and Kilpisjgr, to be discussed in detail in Section 4.3, There were three lakes with
megative LEWT bias according 1o FlLake forecast, namely the large lakes Saimaa and Piijinne and the smaller Ala-Rieveli.
Afiter the correction by objective analysis, a small positive bias converted o negative over § additional lakes, among them the
large lakes Lappajéievi in the west and Inard in the nosthe The mean absolute error decreased from forecast 1o analysis on every
lake.

In the frequency distributions, the warm temperatures were evidently related o summer. For FLake, the overestimation of
maximum emperatores, especially in shallow lakes, i5 a known featare (e.g. Kourzeneva 20140, It is related 1o the difficulty
af forecasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperstures occurred in spring
and autwmn. Inoa few large lakes like Saimaa, Haokivesi, Pielinen, LSWT tended to be slightly underestimated in autwmn both
according to the FLake and the analysis (oot shown). The cold left-hand side columins in the frequescy distributions (Figures 3a
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Talde X, Statistical scores for LSWT at all staibons amd a1 two sebected stalions
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Kilpisjarvi o IRLT L.z 213 15 7&)
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standand devistion of the cmarn, B = mumber of days (06 UTC compirtan, m ).

observations that the HIRLAM guality control against backgrownsd values rejected the observations, forcing also the analysis
to follow the incorrect forecast (nof shown).

4.2 Freeze-up and break-up dates

In this section the freeze-up and break-up dates from HIRLAM are verified against corresponding observed dates over 45
lakes CAppendia Table A2) In the following, "LEWT an’ refers to the LID estimated from analysed LSWT and “leeD fc' 1o
those estimated from the forecast ice thickness by FLake. The time period contains six freezing perieds (from awtomn 2002 10
auturmn 2007} and seven melting periods (from spring 2002 w spring 2008 ). Due to some missing data the mumber of frecze-up
cases was 233 and break-up cases 258, The 'leeD fe' data for the first melting period in spring 2002 was missing. The overall
statistics of the ervor in freeze-up and break-up dates are shown in Table 3, In most cases the difference in error between the
dates based on forecast and analysis was small. This is natural as the first goess of the LSWT analysis is the forecast LSWT by
FLake. We will discusas next the freeze-up, then the break-up dates.

The bias in the error of freeze-up dates was small according o both "TeeD fe' and "LEWT an'. 0.3 and -3.5 days, respectively.
The minirmem and maximum erroes wene large in both cases: the maximum freeze-up date oceurred about two months oo late,
the minimum about one and a half months o early. However, as will be shown later, the largest errors mostly ocourred on a
few problematic lakes while in most cases the errors wene reasonable.

Figure 5a) shows the frequency distribution of the emor of freeze-op dates. Forecast freeze-up dates occurred slightly mone
aften in the unbissed class (error between -5 - +35 days), compared 1o the estimated dates from the analysis. OF all cases
48 % ) % (percentages here and in the following are given as "leeD fc” ¢ "LEWT an') fell into this class. In 206% f 26% of
cases the frecze-up occurred mose than five days too late and only in | 1% £ 9% cases mode than two weeks too late. In case of
"leeD fe', the class of freeze-up more than 15 days o late comprised 25 cases distributed over 15 lakes, thus mostly one o

Tulde L. Statistical scores for LSWT at all stalions amad 21 two sebected stalions

slaticn froran  meanoh  bias mae  side M

unil K K K K

ALL fc IR6.3 ngl 184 X34 30877
an IR6.3 B35 133 1.7 3086

Lappaiiirdd IRG.Y 03x 1LX3 162 1M3
an IRG.G A6 1o LG 1243

Kilpisjarvi o 1817 1.z 213 15 78k
an 81T Lo 142 131 78k

Slalists over diya when bath ferocadtinalysis aad obsereation mdasiie unfoecs
cumibizre. bas = syslomatic dilferens folas - ob, mae = mean sheelue oo, ske =
wtandand devistion of the cmr, M = mumber of days (6 UTC compirpan, m ).

and 4a) are mainly related to spring, when HIRLAMFLake tended to melt the lakes significantly too early (Sections 4.2 and
4.3).

There are problems, especially in the analysed LSWT, over (small) lakes of irregular form that fit pooely the HIRLAM grid
and where the measurements may represent more the local than the mean or typical conditions over the lake. These are the
only ones where an underestimation of summer LSWT was seen. Cases ocewrred where FLake results differ o much from the
observations that the HIRLAM guality control against backgrownd wvalues rejected the observations, forcing also the analyvsis

to follow the incorrect forecast (nod shown ).
4.2 Freezing and melting dates

In this section the freezing and melting dates from HIRLAM are verified against corresponding observed dates over 45 lakes
tAppendix Table A2). In the following, "LEWT an® refers o the LID estimated from analysed LEWT and 'TeeD fe' 1o those
eatimated from the forecast ice thickness by Flake The time period contains six freezing periods {fron autumn 2002 to autumn
LT and seven melting periods {from spring 2012 10 spring 20018). Duee w some missing data the number of freezing cases
wis 233 and meling cases 258, The "leeD fo” data for the fivst melting period in speing 2002 was missing. The overall statistics
af the error in freexing and melting dates are shown in Table 3. In most cases the difference in ervor between the dates based
on forecast and analysiz was amall. This is natural as the Arst guess of the LSWT analysis is the forecast LSWT by FLake, We
will discuss next the freezing, then the melting dates.

The bias in the error of freezing dates was small according to both "leeD fie' and "LEWT an’, -0.3 and -3.5 days, respectively.
The minimum and maximum erroes were large in both cases: the maximum freezing day occurred about two months oo late
the minimwm about one and a kalf months wo early. However, as will be shown later, the largest errors mostly occurred on a

few problematic lakes while in most cases the errors were reasonable.
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Tulde 3. Statistical measures af the emror of freeze-up and break-up date

hias side max  min N

umit days  days  days  days

Freezeup  LE3WTan 3.3 179 &4 -52 33

leeD i L3 178 &7 -41 33
Break-up LS3WTan -152 &35 2 54 IRE
leeD i 205 9.2 1 -5 158

Denatition LSWT an - LD estienaied feen nalysed LSWT, Jee D3 e - LID
edirmated frem forend ice ks

two events per lake. This suggests that the error wis related more 1o individual years than to systematically problematic lakes.
It is worth noting, that of the eight cases where the error was over 45 days, six cases were due to a single lake, Lake Kevojdvi.
This lake is situated in the very noeth of Finland. It is very small and narrow, with an area of | km®, and located in a steep
canyon. Therefore it i poogly represented by the HIRLAM grid and the results seem wnreliable.

Caoneerning too early freezing, in 33% / 44% of the cases freeze-up oceurred mose than five days too early and in 1 5% 7 194
mare than two weeks too early. According to the forecast, these 15% (34 cases) were distributed over 19 lakes. Bach of the
five large lakes Pielinen, Kallavesi, Haukivesi, Paijanme and Inari occurred in this category three times while all ether lakes
together shared the semaining 19 cases during the six winters,

The break-up dates (Table 3) show a large negative bias, about teo CLEWT an’) or three weeks (' leeD fe'). indicating that
lake fce break-up was systematically forecast to oceur too early. However, the standard deviation of the ereor was only about
half of that of the error of freeze-up dates amd there were no long tails in the distribution (Figure ). Hence the distribution
is strongly skewed wwards wo early beeak-up, but much nareower than that of freeze-up (Figure 5a). The large bizs was most
probably due missing snow over lake ice in this HIRLAM version {see Section 5). The maximum frequency (47 %) was in the
clasa -24 - -15 days for "leeD foc”, while in case of "LEWT an’, the maximum frequency (52 %) ocowmed in the class -14 - -5
days. FLake forecast 'IeeD fe” suggested only three cases in the unbiased class -4 - 45 while according vo "LEWT an” there
were |2 cases in this class. Hence, the break-up dates derived from analysed LEWT comresponded the observations betier than
e derived from FLake kee thickness forecast.

Mote that this kind of method of verifying LD compares two different types of data, The observations by 3YKE are visual
ohservations from the shore of the lake (see Section 3.2.2), while the freeze-up and break-up dastes from HIRLAM are based
on single-gridpoint values of LSWT or ice thickness (see Section 3.3.2). In addition, the resulting freeze-up and break-up dates
from HIRLAM are somewhat sensitive to definition of the freezing and melting tresholds. Here we used | mm for the forecast
ice thickness and the freezing point for the LSWT analysis as the critical values.

In conclugion, the validation statistics show that HIRLAM succeeded rather well in predicting freezing of Finnish lakes.
Almost in half of the cases the error was less than + 3 days. Some bias towards too early freeze-up can be seen both in forecast
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Talde 3. Statistical measures of the emor of Freexing amd melting date

bias sde  max  mim N

umit days  days  days  days

Freezing LSWTuan 35 178 &4 -52 133
leeDd fc 0.3 178 &7 -1 123

Melting LSWTun 152 RS 2 54 IRR
lceD fc .| L e 1 56 15K

D rmstation: LEWT o - LI extimaled Sromn anadysed LSWT, leeld i - LID

edmmnaled from Sorec ad we thicknes:

Figure 3a) shows the frequency distribution of the emor of freezing dates. Forecast freezing dates occurred slightly more
aften in the unbiased class (error between -5 - +5 days), compared 1o the estimated dates from the analysis. OF all cases
A8 G440 % (percentages here and in the following are given as "leeD fe"CLSWT an®) fell into this class. In 20% / 26% of
casey the freezsing occurred more than five days too late and only in 11% / 9% cases more than two weeks too late. In case of
"leeDd fie' . the class of freexing more than 15 days too late comprised 25 cases distributed over 15 lakes, thus mostly one or twoe
events per lake. This suggests that the error was related more to individoal vears than o systematically problematic lakes. It is
worth noting, that of the eight cases where the ermor was over 45 days, six cases wene due to a single lake, Lake Kevojiiovi. This
lake is sitwated in the very noh of Finland. It is very amall and narrow, with an area of | kn?, and located inoa steep canyon.
Therefore it is poorly represented by the HIRLAM grid and the results seen unreliable.

Concerning w00 early freezing. in 33% ! 44% of the cases feeezing occumed more than five days too early and in 15% 7 194%
maore than two weeks oo early. According to the forecast, these 15% (34 cases) were distributed over 19 lakes. Each of the
five large lakes Pielinen, Kallavesi, Haukivesi, Paijinme and Inan occurred in this category three times while all other lakes
together shared the rermaining 19 cases during the six winters.

The melting dates (Table 3) show a large negative bias, about two (CLEWT an’) or three weeks (loeDd fic™), indicating that
lake jce melting was systematically forecast to occur too early. However, the standard deviation of the error was only about
Ialf af that of the error of freezing dates and there were no long tails in the distrabution {Figure Sk, The distribution is strongly
shewed towards 1o carly melting, but much narrower than that of freezing (Figure 5a). The large bias was most probably due
to the bug of this HIRLAM version that prevented the sccumulation of snow over lake ice (see also Section 4.3). The maximum
frequency {47 %) was in the class -24 - -15 davs for "leeD fc°, while in case of "LSWT an’, the maximuwm frequency (52 %)
occurred in the class -14 - -5 days. Flake forecast "leeDd fe' suggested only three cases in the unbiased class -4 - +5 while
according to "LEWT an’ there were |2 cases inthis class, Hence, the melting dates derived from analysed LSWT corresponded
the observations better than those derived from FLake jce thickness forecast.

Mote that this kind of method of verifving LID compares two different types of data, The observations by S3YKE are visual

abservations from the shore of the lake (see Section 3.2.2), while the freezing and melting dates from HIRLAM are based on

12
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Figure 5. Frequency distributicn of the difference between analysed/forecast and observed freeze-up and break-up dates over all lakes 2012-
2018, Yanables used in diagnosis of ice existence: analysed LSWT crossing the freexing point (blue) and forecast ice thickness > | mm
Imagents). Observed vasiable: freexe-up dale by SYKE. x-axis: differenoe (fo-0b), unil day, y-axis: perceniage of all cases.

and in the analysis. Meltiing was morse difficult. FLake predicted lake ice break-up always too carly, with a mean emor of over
two wizeks, and the analysis mostly followed it

4.3 Comparisons on three lakes

In this section we present LSWT and LID time-series for two representative lakes, Kilpisjsevd in the north and Lappajsiov in
the west (see the map in Figure 2). Observed and forecast ice and snow thickness are discussed, using also sdditional data from
Lake Simpelejidrvi in southeastern Finland.

Lake KilpisjErvi is an Arctic lake at the elevation of 473 m, surrounded by fells. The lake occupies 40 % of the area of
HIRELAM gridsquare covering it (the mean elevation of the gridsquare is 614 m). The average/maximum depths of the lake
are 19.5/57 m and the surface area is 37.3 km®. The beat balance as well as the ice and snow conditions on Lake Kilpisjiryi

10  have been subject to several stsdies (Leppiranta et al., 2002; Lei e al, 2002; Yang et al., 2003). Typically, the e season
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2018, Yamables used in disgnosis of ice existence: analysed LIWT crossing tbe frecsing point (blue) and forecast ice thickness = 1 nam
imagenta). Observed variable: freexing date by SYKE. x-axic difference (fo-ab), unit day, y-axis: percentage of all cases.

single-gridpoint values of LSWT or ice thicksess (see Section 3.3.2). In addition, the resulting freczing and melting dates from
HIRLAM are somewhat sensitive to definition of the freezing and melting tresholds. Here we used | mm for the forecast ice
thickness and the freezing point for the LSWT analysis as the eritical values.

In cosclusion, the validation statistics ghow that HIRLAMFLake spcceeded rather well in predicting freezing of Finnish
lakes. Almost in half of the cases the emror was bess than £ 5 days. Some bias towards too early freezing can be seen both in
forecast and in the analysis. Melting was maore difficult. FLake predicted fce melting abways too early, with a mean error of
aver two wiseks, and the analysis mostly followed it These results are rather obvious becanse of the missing srow on jce.
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5

lasts there seven months from Novemnber o May. Lake Lappajéirvi is formed from a 23 km wide meteorite impact crater,
which is estimated 1o be 76 million years old. It is Europe's largest crater lake with a surface area of 1455 km® and an
average/maximum depth of 6,936 m. Here the climatological ice season is shorter, typically about five months from December
to April. The average/maximum depth of Lake Simpelejarvi is & 77344 m and the surface area 88 2 km®. This lake is located
at the bosder bevween Finland and Russia and belongs to the catchment area of Europe's largest lake, Lake Ladoga in Russia.
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Figure &. Fregquency of observed {yellow) and forecast or analysed (bue) LSWT over Lake Lappajarvi 20 2- 2018, all temperatures included.
w-axis: LEWT, unit K, y-axis: frequency, anit 5.

Figures 6 and 7 show the frequency distributions of LSWT according to forecast v, observation and analysis v.s. observation
for Lappajirvi and Kilpisjirvi. Featores similar to the results averaged over all lakes (Section 4.1, Figures 3 and 4) are seen.
e, underestimation of the amount of cold emperaune cases and overestimation of the warmer temperatases by the forecast

and analysis. On Lake Lappajievi, only the armount of below-freezing temperatures was clearly underestimated. otherwise the

10 distributions look quite balanced. According to the observations, on Lake Kilpisjér ice-covered days dominated dusing the

14

4.3 Comparisons on three lakes

In this section we present LSWT and LID time-series for two nepresentative lakes, KilpisjEird in the north and Lappajéievi in
thee wiest (see the map in Figure 2). Observed and forecast ice and snosy thickness are discussed, using also sdditional data from
Lake Simpelejirvi in southeastern Finland.

Lake KilpisjErvi is an Arctic lake at the elevation of 473 m, surrounded by fells. The lake occupies 40 % of the area of
HIRLAM gridsquare covering it (the mean elevation of the gridsquare is 614 m). The average/maximum depths of the lake
are 19.5/57 m and the surface area is 37.3 km?. The heat balance as well as the ice and snow conditions on Lake Kilpisjirvi
have been subject to several studies (Leppiranta et al., 2002; Lei et al., 2002; Yang et al, 2003). Typically, the ce season
lasts there seven months from Movermber o May, Lake Lappajdirvi is formed from a 23 km wide meteorite impact crater,
which is estimated 10 be 76 million years old. It is Europe's largest crater lake with a surface area of 1455 km? and an
averagefmaximum depth of 6.9736 m. Here the climatological ice season is shoster, typically about Ave months from December
1o April. The average/maximum depth of Lake Simpelejarv is 8.7/34.4 m and the surface area 88.2 km®. This lake is located
at the border between Finland and Russia and belongs to the catchment area of Europe's largest lake, Lake Ladoga in Russia.

Figures 6 and 7 show the frequency distributions of LSWT according to forecast v.s. observation and analysis v.s. observation
for Lappajiirvi and Kilpisjirei. Features similar o the results averaged over all lakes (Section 4.1, Figures 3 and 4} are seen,
i.e. underestimation of the amount of cold iemperature cases and overestimation of the warmer iemperatures by the forecast
and analysis. On Lake Lappapievi, only the amount of below-freczing temperatunes was clearly underestimated, otherwise the
distributions look quite balaneed. According to the observations, on Lake Kilpisjdrvi ice-covered days dominated during the
periods from April to November. According to both FLake forecast and HIRLAM LEWT analysis the amount of these days
was clearly smaller.

Yearly time series of the observed, forecast and analysed LEWT, with the observed LID marked. are shown in Figures 8 and
9. In the absence of observations, the HIRLAM analysis followed the forecast. Missing data in the time series close to freezing
and melting are due o missing observations, henee missing information in the feedback fles (see Section 2.2). Differences
berween the years due to the different prevailing weather conditions can be seen in the temperature variations.

Gienerally, FlLake tended to melt the lakes too carly in gpring, as already indicated by the LID statistics (Section 4.2). The
to early melting and too warnm LEWT in summer show up clearly in Kilpisjievi {Figure 95, In Lappajievi, the model and
analyais were able to follow even quite large and quick variations of LSWT in summer, but tended to somewhat overestimate
the maxinum temperatures. Overgstimation of the magimum temperstures by Flake was still mose prominent in shallow
lakes (mot shownd. In aotumn over Lakes Lappajievi and Kilpisjirei, the forecasts and analyses followed closely the LSWT
abservations and reproduced the freezing dates within a fiew days, which was also typical 1o the majority of lakes.

Figure 10 shows a comparison of forecast and observed evolation of ice thickness and snow depth on Lappajirdd, Kilpisjirvi
and Simpelejirvi in winter 2012-2013, typical also for the other lakes and years stsdied. In all theee lakes. the ice thickness
started to grow after freezing both according to the forecast and the ebservations. In the beginning HIRLAM/FLake ice grew
faster than observed. However, according to the forecast ice thickness started to decrease in March of every year but according

14
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periods from Movember to May. According to both LSWT analysis and forecast the amount of these days was elearly smaller
in HIRLAM.
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Figure 7. As for Figare & but for Lake Kilpisjirvi.

Yearly time series of the observed, forecast and analysed LEWT, with the observed LID marked. are shown in Figures & and
Q. Inthe absence of observations, the HIRLAM analysis followed the forecast. Missing data in the time series close to freeze-up
and break-up are due o missing observations, bence missing information in the feedback fles {see Section 2.2). Differences
berween the years due to the different prevailing weather conditions are seen in the temperature variations.

Generally, Flake tended to melt the lakes oo carly in spring, as already indicated by the LID statistics (Section 4.2). The
too early break-up and too warm LSWT in summer show up clearly in Kilpisjirvi (Figure 9. In Lappajicvi, the model and
analysis were able to follow even quite large amd quick variations of LSWT in summer, but tended 10 sormewhat overestimate

10 the maximum temperatures. Overestimation of the maximom temperstures by Flake was still mose prominest in shallow
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Figure &. Frecuency of observed (yellow) and forecast or analysed (blue) LEWT over Lake Lappajdrvi 2002-200 8. all temperatures included.
weaxis: LEWT. unit K, y-axis: frequency, unit 5.

1o the observations only a month or two later. The most remarkable feature is that there was no snow in the Flake forecast. It
was found that this was duee 1o a coding error in the HIRLAM reference version 7.4 which is applied operationally in FMIL
The too carly melting of ice in the absence of snow could be explained by the wrong shaorption of the solar energy in
the model. In reality, the main factor of snow and iee melt in spring is the increase of daily solar radiation. In HIRLAM. the
downwelling short-wave imadiance at the surface is known to be reasonable, with some overestimation of the largest clear-
sky Auxes and all cloudy Auxes (Rontu et al, 2007). Over lakes, HIRLAM/FLake uges constant values for the swow and ice
shorbwave reflection, with albedo values of 0.75 and 0.5, correspondingly. When there was no snow, the lake surface was thus
assumed too dark. 25 % more absorption of an assumed maximum soelar ieradiance of 500 Wm—2 {valid for the latitude of
Lappajéirvi in the end of March) would mean availability of extra 128 W2 for melting of the ice, which corresponds the

10 magnitude of increase of available maximum solar energy within a month st the same latinade.
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Figure #. Timse-series «of the observed, analysed and forecast LEWT at the Lappajirvi observation beation 23,67 E, 63,15 N for the years
201 2-2018 based oo {6 UTC daa. Markers are shown in the inserted legend, Observed freeze-up date (blue) and break-up date (red) ane
marked with vertical lines,

lakes {mot shown). In autumn over Lakes Lappajievi and Kilpisjirel, the forecasts and analyses followed closely the LSWT
observiations and reproduced the freeze-up dates within a few days, which was alse typical 1o the majoeity of lakes.
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Figure 7. As far Figure 6 but for Lake Kilpisjini.

The forecast of too thick kce can also be explained by the absence of snow in the model. When there is no insulation by
the snow layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads to faster growth of
ice compared to the situation of snow-covered ice. In nature, ice growth can alio be dse to the smow transformation, a process
whose parametrization in the models is demanding (Yang et al_, 2003; Cheng et al., 2014).

Also the downwelling longwave radistion plays a role in the susface energy balance. We may expect values from 150 Wm—?
1o 400 Win 2 in the Moedic spring conditions, with the largest values related to eloudy and the smallest o clear-sky siations.
The standard deviation of the predicted by HIRLAM downwelling bongwave radiation fluxes has been shown to be of the order
of 30 W=, with a positive svstematie error of a few Wim = (Rontu et al, 1017y, Compared to the systematic effects nelatsd
1o absoeption of the solar radiation, the impact of the longwave radiation variations on lake ice evolution is presumably small.
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Figure . As for Figure § but for lake Kilpisjire, 20,62 E, 69.0] N,

Figure 10 shows a comparizon of forecast and observed evolution of ice thickness and anow depth on Lappajird, Kilpisjirvi
and Simpelejirvi in winter 20012-20013, tvpical also for the other lakes and years studied. The most striking feature is that there

was no snow in the HIRLAM forecast.

O all three lakes, the ice thickness started to grow after freeze-up both according to the forecast and the obzervations. In
the beginning HIRLAM bee grew faster than observed. However, aceording to the forecast ice thickness stanted to decrease in

March of every year but according to the observations only a month or two later,
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Figure K. Tinse-serses of the observesd, analysed and forecast LEWT ot the Lappajirvi observation keation 2367 E, 63,15 N for the years

2012-201 8 based on (86 UTC data, Markers are shown in the inserted legend. Observed freezing date (Blueh and melting date {red) are marked
wilh wertical lines.

£ Conclusions and outlook

In this study, fhi-2in lake observations from the Finnish BEnvironment Institute were used for validation of the HIRLAM NWEP
madel, which is applied operationally in the Finnish Meteorological Institute. HIRLAM contains Freshwater Lake progsostic
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Figure Mk Evalution of ice (hlue) amd snow (ned) thickness at Lakes Lappagiirv, Kilpisjiryi and Simpelejlirvd during winter 2012-2013,

Thi toss early break-up of lake bee in the absence of ssow could be explained by the wrong absorption of the solar energy in
the mdel. In reality, the main factor of snow and ice melt in spring is the increase of daily solar radiation. In HIRLAM, the
downwelling shor-wave irradiance at the surfece is known to be reasonable, with some overestimation of the largest clear-sky
Auxes and all cloudy fluxes (Rontw et al, 2007). Over lakes, HIRLAM uses constant values for the spow and ice shormwave

5 reflection, with albedo values of (LT3 and 0.5, comrespondingly. When there was no snow, the lake surface was thus asumed
too dark. 25 % more absorption of an sssumed maximum solar iresdiance of $00 Wi~ (valid for the latitade of Lappajirv
in the end of March) would mean availability of exea 125 W= * for melting of the ice, which corresponds the magnitade of
increase of available maximum solar energy within a month at the same latitude.

The forecast of too thick ke can also be explained by the shsence of snow in the model. When there is no insulation by

10 the snow layer, the longwave cooling of the jce surface in clear-sky conditions is mose intensive and leads wo faster growth of
iee compared to the simation of snow-covered ice. In nature, ice growth can also be dse to the snow transformation, 4 process
whose parametrization in the models is demanding (Yang et al, 2013; Cheng et al, 2014).

Aleo the downwelling longwave radistion plays a role in the surface energy balance. We may expect values from 150 Wm

to 400 Wm~? in the Moedic spring conditions. with the largest values related to cloudy and the smallest to clear-sky situations.
15 The standard deviation of the predicted by HIRLAM downwelling bongwave radiation flutes has been shown to be of the order
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Figure 9. As for Figure § but for lake Kilpisjirv, 20,62 E, 60.01 N,

parametrizations and an independent objective analysis of lake surface state. We focosed on comparison of ohserved and
forecast lake surface water temperature, ice thickness and swow depth in the years 2002 - 2008, Becase the HIRLAM/FLake
system was unmodified during this period, a long uniform dataset was available fior evaluation of the performance of FlLake
integrated into an operational MWE model. On the ather hand, no conclusions about the impact of the lake surface state on the
operational forecast of the near-surface temperatures, eloudiness or precipitation can be drawn because of the lack of aliermative

(without FLake) forecasts for comparison.
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af 20 Wm—?, with a positive systematic error of a few W™ (Rontu et al, 2017). Compared to the systematic effects related
to absorption of the solar radiation, the impact of the longwave radiation vardations on lake ice evolution is presumably small.

5 Discussion: snow on lake ice

The most striking result reported in Section 4 was the wo early melting of the lake ice predicted by FLake in HIRLAM as
compared to observations, We suggested that the eary break-up is related to the missing snow on lake jce in HIRLAM. It
was detected that a too large ertical value to diagnose snow existence prevented practically all accumulation of the forecast
spowiall on lake ice in the reference HIRLAM v 7.4, used operationally at FML

In general, handling of the spow cover on lake and sea ice s a demanding task for the NWP models. In HIRLAM. snow
depth observations are incleded into the objective analysis over the land areas, but not over ice where no observations ane
widely available in real time. Snow depth and temperature over land are reated prognostically using dedicated parametriza-
tions (in HIRLAM., similar to Samuelsson et al., 2006, 2001, see also Boone et al., 2007). Over the sea, a simple prognostic
parametrization of sea jce emperatone 12 applied in HIRLAM bot neither the thickness of iee nor the depth or temperatune
of snoww on ice are included (Samuelsson eo al., 20046). Batrak et al. (20018) provide a useful review and references concemn-
ing progrostic 2ea ice schemses and teir snow restment in N'WP models. An essential difference between the simple sea ice
scheme and the lake ice schemse applied in HIRLAM is that the former relies on external data on the existence of sea ice cover,
prowided by the objective analysis, while the latter includes prognostic treatment of the lake water body also. This means that
thee lake ice freezes and melts in the model depending on the thermal conditions of lake water. evolving throughout the seasons.

The ice thicksess, snow depth and ice and smow temperatunes ane prognostic variables of FLake When the FLake parametrizs-
tions were introduced into HIRLAM (Kourzeneva et al, 2008; Berola et al.. 20000, parametrization of the snow thickness and
s tempersture was first excluded. In the COSMO NWP model, snow is implicitly accounted for by modifying ice albedo
using empirical data on its emperature dependence (Mironoy et al., 2000). This way was applied also e.g. in a recent study
over the Great Lakes {Baijnsth-Rodino and Duguay, 2019).

Semmler et al. (2012) performed a detailed winter-time comparison beween Flake and a more complex snow and iee ther-
madynamic model (HIGHTS[) on 2 small lake in Alaska. FLake includes only one ice and one soil layer, while HIGHTSI reg-
resents a more advanced multilayer scherme. Atmospheric forcing for the stand-alone experiments was provided by HIRLAM.
Based on their sensitivity studies, Semimler ef al. (2002 suggested three simplifications to the original, time-dependent snow-
on-ice parametrizations of Flake: use a prescribed constant snow density. modify the value of the preseribed molecular beat
conductivity and use prescribed constant albedos of dry snow and ice. Later, & similar comparison was performed over Lake
Kilpisjiryi ( Yang et al. 20013), confirming the improvements due to the updated snow parametrizations in FLake. Implementa-
tion of these modifications allowed to include the parametrization of snow on lake ice also inte HIRLAM (Section 2.1 )

In FlLake, snow on lake ice is sccumulated from the predicted snowfall. Snow melt on lake jce is related to snow and
ice temperatures. In case of Flake integrated inte HIRLAM, accumulation and melt are updated at every time step of the
advancing forecast. Yery small amwounts of srow are considered 1o fall beyond the accurscy of parametrizations and removed.
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Figure Mk Evalution of ice (blue) amd snow {red) thickness a1 Lakes Lappajiirvi, Kilpasjarvi and Simpelejired during winber 2012-201 3,

O average. the forecast and analysed LEWT were warmer than observed with systematic errors of 0091 K and 035 K.
correapondingly. The mean absolute ermors were 194 and 1.32 K Thos, the independent observation-based analysis of in-stne
L3WT observations was able to improve the FlLake +6 h forecast used as the first guess. However, the resuliing analysis is by
definition not used for correction of the FlLake forecast bt remains an independent by-product of HIRLAM. An overestimation
af the FlLake LSWT summer maxima was found, especially for the shallow lakes. This behaviour of FLake iz well known,
docomentsd earlier e.g. by Kourzeneva, 2004, It arises due to the difficulty to handle correctly the mixing in the near-surfsce
water layer that is intensively heated by the sun.

Forecast freezing dates were found to correspond the observations well, tvpically within a week. The forecast ice thickness
tended o be overestimated, still the melting dates over most of the lakes occured systematically several weeks wo early.
Practically no forecast snow was on found on the lake ice, although the snow parametrization by Flake was incheded in
HIRLAM. The reason for the incomect behaviour was evidently related to a coding error in HIRLAM that prevented smow
accurmulation on lake ice. The too carly melting and overestimated ice thickness differ from the results by Pietikiiinen et al.,
01L& Yang et al., 2003; Kourzeneva, 2004, who reported somewhat too late melting of the Finnish lakes when FLake with
realistic snow parametrizations was applied within a climate model or stand-alone driven by NWE data. It can be concluded
that & realiste parametrization of snow on lake ice is importan in order wo describe comectly the lake surface state in spring.

1
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This is controlled by a critical limit, which was set too large {one millimeter instead of ten micrometers) in HIRLAM v.7.4.
Due to the incorrect critical value, practically no spow sccumulated on lake ice in the FMI operational HIRLAM, validated in
this study. In a HIRLAM test experiment, where the original smaller value was used, up to 17 cm of snow accumualated on lake
ice within a month (Janurary 2002, not shown).

6 Conclusions and outlook

In this study, fe-zin lake observations from the Finnish Environment Institute were used for validation of the HIRLAM NWP
mdizl, which is applied operationally in the Finnish Meteorobogical Institute. HIRLAM contains Freshwater Lake prognostic
parametrizations and an independent objective analysis of lake surface state. We focosed on comparizon of observed and
forecast lake surface water temperature, ice thickness and seow depth in the years 2002 - 3018, Because the HIRLAM system
was unmodified during this period, a long uniform dataser was available for evalustion of the performance of FlLake integrated
it an operational N'WE model. On the other hand. 5o conclusions about the impact of the lake surface state on the operational
forecast of the near-surface temperatures, cloudiness or precipitation can be drawn becanse of the lack of alternative {without
FLake ) forecasts for comparison.

On average, the forecast and analysed L3WT were wammer than observed with systematic errors of 0091 K and 0.35 K.
correspondingly. The mean absolute errors were 1.94 and 1.32 K- Thus, the independent observation-based analveis of in-sin
LEWT observations was able 1o improve the Flake +6 h forecast used as the first guess. However, the resulting analysis is by
definition not used for correction of the Flake forecast but remains an independent by-product of HIRLAM. An overestimation
of the FlLake LEWT summer maxima was found, especially for the shallow lakes. This behaviour of FLake is well known,
docomented earlier e.g. by Kourzeneva (2014). It arises due to the difficulty to handle correctly the mixing in the near-surfsce
water layer that is intensively heated by the s,

Forecast freeze-up dates were found to comespond the observations well, typically within a week. The forecast ice thickness
tended to be overestimated, <till the break-up dates over most of the lakes occured systematically several weeks too early.
Practically no forecast snow was on found on the lake ice, although the snow parametrization by Flake was included in
HIRLAM. The reason for the incorrect behaviour was evidently related to a too large critical value to diagnose snow existence
that prevented the accumulation of snow on lake ke, The wo early melting and overestimated ice thickness differ from the
resulis by Pietikiiinen et al. (2008) Yang et al. (2013); Kowrzeneva {2014), who reported somewhat too late melting of the
Finnish lakes when Flake with realistic spow parametrizations was applisd within a climate model or stand-alone driven by
MWP data. It can be concluded that a realistic parametrization of snow on lake ice is impostant in order 1o describe correctly
the lake surface state in spring.

Smiall lakes and those of complicated geometry cause problems for the relatively coarse HIRLAM grid of 7 - kilometre res-
alution. The problems are related o the ohservation usage, forecast and validation, especially when interpolation and selection
of point valwes are applied. The observations and model represent different spatial scales. For example, the comparizon of the

freeme-up and hreak-up dates was based on diagnostics of single-gridpoint values that were compared 1o observations which

20

Smiall lakes and those of complicated geometry cawse problems for the relatively coarse HIRLAM grid of 7 - kilometre res-
alution. The problems are related o the ohservation usage, forecast and validation, especially when interpolation amd selection
of point valuees are applied. The observations and madel represent different spatial scales. For example, the comparison of the
freezing and melting dates was based on diagnostics of single-gridpoint values that were compared to observations representing
entire lakes as overseen from the observation sites. Also the resulis of LID diagnostics were sensitive to the criteria for defini-
tion of the ice existence in HIRLAMFLake. All this adds unavoidable inaccuracy into the model-ohservation intercomparison
bt does mod change the main conclusions of the present study.

SYKE LSWT observations used for the real-time analysis are regular and reliable but do not always cover the days imme-
diately after melting or close 1o freezing, panly because the quality contral of HIRLAM LSWT analysis utilizes the SYKE
statistical lake water temperature model resulis in a o strict way. Although the 27 observations are located all over the country,
they cover a very small part of the lakes and their availability is limited o Finland. ¥ KE obzervations of the ice and smow
depth as wiell as the freezing and melting dates provide valuable data for the validation purposes.

A need for minor technical corrections in the FMI HIRLAM/FLake system was revealed. The snow accumuolation bug
was comected in October 2008, based on our findings. Further developments and modifications are not foreseen becanse the
HIRLAM NWP systems, applied in the Evropean weather services. ane being replaced by kilometre-scale ALADIN-HIRLAM
forecasting systems (Termonia et al., 200%; Bengtsson et al., 2007), where the prog FLake p.
available. HARMONIE/FLake uses the newest version of the global lake database (GLDE v.3) and containg updated snow and
ice propemies that were suggested by Yang et al, 2013, The objective analysis of lake surface state is yvet 1o be implemented.
taking into account the HIRLAM experience surmmarized in this siudy and earlier by Kheyrollah Pour et al., 2007, In the future,
an important spurce of wider observational information on lake surface state are the satellite measurements, whose operational

application in NWTP models <till requires further work.

frations are also

Cande onad date avaidahility,. Dbservational data was obtaimed from SYKE open data archive SYKE, 2018 ax folkws: LID was fetched
|5 B201E, spavw depth 1792008 amd ice thickness 1o 12018 from bitpoirajapinmat. ymparisio. BfapiHydrolopiarajapinty’]. 0fods

ing the freezing and meling dales & picked and prepared for the lakes studied bere is abtaches. Data picked
froom HIRLAM archive are altached as supplementary files: data from the objective analysis feedback files (ohserved. analysexl, forecast
LE3WT interpolated to the 27 active station locatsons) and from the gridded output of the HIELAM analysis (analysed LSWT, forecas) woe
and snow thickness from the neares gridpoint of all kcations used in the present stucy ).

In this stady, FMI operational weather forecasts resulling from use of HIRLAM v.7.4 (rcl, with local updates) wene valklated against laks

A suppl v lile

abservations, The HIELAM neference code is not open software but the property of the intermational HIRLAM-C programme. For research
purposes, the codes can be requested from the programme (hidamoosrg ). The source codes of the version operational at FML relevant for the
present stucy, ane available from the authers upon reguest.

ybiildery.
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represent entire lakes as overseen from the observation sites. Also the results of LID diagnostics were sensitive to the criteria for
definition of the ice existence in HIRLAM. All thiz adds unavoidable insccuracy into the model-ohservation intercomparison
bt dises ot change the main conclusions of the present sudy.

SYKE LSWT observations used for the real-time analysis are regular and seliable but do not always cover the days imme-
diately after break-up or close to freeze-up, panly because the quality control of HIRLAM L3WT analysis utilizes the SYKE
statistical lake water temperature model resulis in a sirict way. Although the 27 observations are located all over the country,
they cover a very small part of the lakes and their availability is limited to Finland. 8YKE observations of the ice and snow
depth as well as the freeze-up and beeak-up dates provide valuable data for the validation purposes.

A peed for minor technical eorrections in the FMI HIRLAM system was revealed. The coefficient influencing snow accu-
mulation on lake ice was corrected based on our findings. Further developmenis and modifications are not foreseen because the
HIELAM MNWP systems, applied in the European weather services, are being replaced by kilometre-scale ALADIM-HIRLAM
forecasting systems (Termonia et al., 2008; Bengtsson et al., 2007}, where the prognostic FlLake p
available. HARMONIE/FLake uses the newest version of the global lake database (GLDB v.3) and contains updated snow
and ice properties. The ohjective analysiz of lake surface state is yet to be implemented, taking into scoount the HIRLAM
experience summarized in this sudy and earlier by Kheyrollah Pour ¢ alo (20070, Inothe future. an important source of wider

irations are also

observational information on lake surface state are the satellite measurements, whose operational application in NWP models

still requires funther work.

Covde ond date availmbility,. Observational data was obtained from SYKE open data archive SYEE, 2008 ax folkews: LID was fetched

15.6.301 &, srvoww hepth 17.0.2018 andd ice thickness 16.10.201 § from hitp:/frajapinnat. ymparisto. flapiHydrologiarajupinta] Wodataguerybuilder.

A I ¥ file ining the freeze-up and break-up dates as picked and prepared for the lakes studied here is altached. Dala pecked

Froen HIRLAM archive are attached as supplementary files: data from the objective analysis feedback files (ohserved, analysed, forecat

LE3WT interpolated i the 27 active station locations} and from the gridded outpal of the HIRLAM analysis (analysed LEWT, forecast ke
and snew thickness from the nearest gridpoint of all kcations used in the present studyh

In this study, FMI operational weather forecasts resulting From use of HIRLAM v.7.4 (rcl, with local updates) wene validated against lake
ohservations. The HIELAM neference code is not open software but the property of the inlemational HIRLAM-C programme. For research
purpases, the codes can be requested from the programnse (hifdamoorg ). The source codes of the version operational at FML, relevant for the
present study, are available From the authors upon reguesl.
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Tabde Al. Prognestic amd diagnostic lake variables within HIEL AN

variable unil bype
temperature of snow on bke oe K prag by Flake
temperabure of lake ice K prag by Flake
mean wibser emperalure K prag by Flake
mixed layer lemperature K prag by Flake
butlom lemperatare K prag by Flake
temperabure of upper layer sediments K prag by Flake
mixed luyer depih m prag by Flake
thickmess of upper layer sediments m prag by Flake
thermocling shape Eaclor = prag by Flake
lake boe thickness m prag by Flake
snow depth on lake ice m prag by Flake
LEWT K diag by Flake
= mixed layer lemperature if no ice
lake surface bemperature K diag by Flake
uppermast bemperabure: LEWT ar ice or snaw
LEWT K anal by HIRLAM
flag value I72 K when there is ice
fraction of lake e [0-1] ding Fracison in HIRLAM prad
lake surface roughmess m diag by HIRLAM
screen bevel lemperature over laks K diag by HIRLAM

screen bevel abs humidity over lake
apemmmeler level w-component over luke
apemmmeler level v-component over luke
latent beat flux over lake

sensible beal flux over lake

scalar momentum flux over lake

BW net radiation over lake

LW net radiation over lake

depth of lake

fractiom of lake

kgkg™'  diag by HIRLAM
ms" ding by HIRLAM
ms~" ding by HIRLAM
W~ diag by HIRLAM
W diag by HIRLAM

ding by HIRLAM

Wm?  diag by HIRLAM
Wm?  diag by HIRLAM

pres: in HIRLAM grid

[0:1] pres in HIRLAM grid

bred, anal = resubt of O

g = . dhang = i pres=
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Talde Al Prognestic and dizgnostic luke variables within HIELAM

variakle unil Eyp=
temperature of snow on bke oe K prag by Flake
temperabure of lake ice K prag by Flake
mean walbsr lemperalurs K prag by Flake
mixed luyer lemperature K prag by Flake
buttiom lemperature K prag by Flake
temperabure of upper layer sediments K prag by Flake
mixed layer depth m prag by Flake
thickmess of upper layer sediments m prag by Flake
thermucling shape Eaclor . prag by Flake
lake boe thickness m prag by Flake
snonw depth on lake ice m prag by Flake
LEWT K diag by Flake
= mized layer lemperature if no ice
lake surface emperture K ding by Flake
uppermas temperture: LEWT ar ioe or snow
LEWT K anal by HIRLAM
flag value 272 K when there ix ice
fraction of lake ke [O-1] diag fraction in HIRLAM prid
lake surface roughmess m dhiag by HIRLAM
screen bevel lemperature over lake K diag by HIRLAM
screen bevel abs humidity over lake kgkg ™ ] diag by HIRLAM

apenmmeler level woompanent over luke  ms

apemameler level vecompanent over luke ms

diag by HIRLAM
diag by HIRLAM

Latent beat flux over lake W~ diag by HIELAM
sensible beat flux over lake Wm? diag by HIRLAM
scalar momentum flux over lake Fa diag by HIRLAM
SW net radiation over lake Wm™  diag by HIRLAM
LW net radiation over lake Wm™  diag by HIRLAM
depth of lake m pres in HIRLAM grid
fraction of lake [0-1] pres in HIRLAM grid
o prug = i, dhagg = diagnestic, pres = bed, anal = result of O

Tulde AL Lakes with SYKE ohwervations used in this study.

NAME LON LAT MEAND (m) MAXD(m) AREA(kgm~%) HIRD(m) HIRFR HIRID

Pielinen 29.607 63.271 1l 1.0 B94.2 10 0516 Lt
Kallavesi 27.TH3 6L762 1 T75.0 Il 10 0814 &2
Haukivesi  25.38% 61108 &l 55.0 Sedkd 1o 0.725 A3
Saimaa  2E.116 61338 1B B5.E 1,370 10 0,950 S0
Pilijarvil  24.78%  61EGd 18 145 s A 30 04350 L]
HNilakka 26.527 63115 49 1.7 L 10k 0B A0
Konmevesi  26.605 61633 jLiE 51.1 1892 1k 0.537 4017

B 26.135  61.631 4.6 282 &1 LR 0.750 408

25482 61614 14.1 BA.0 B64.9 100 nL&1 El

Al-Rieveli 26172 61303 113 46.9 130 100 0.54% A0k
Kyyvesi 27080 &1.999 44 353 L300 10 0EID 4011
Tuusulanjiired 25054 &0.44]1 32 98 59 kX1 0174 4012
Pyhdjirei 22291 61001 55 D5.2 1552 500 0.521 4013
Limgelmavess 24.370 61535 BB 59.3 L33.0 10 0.E7S 2014
Pilijarvi2 25132  al0ad 14.8 B5.0 134 1440 0,350 A013
Vaskivesi 23764 61142 Ty B2.0 6.1 10 0.34% 4016
Kuivajined 23860 60786 22 9.5 B.2 1o 041% 2017
23750 61632 147 B5.6 INk6 10 0LESD 2015

23671 63148 () a0 145.5 1oy 1My a01%

25650 64945 iy L5.8 7 T4y 0,190 S04

Rehja-Muasjiire 25016 64.184 BS 42.0 9.4 1k 0.534 4021
Oulujiired 26965 64451 B 5.0 BET.] Tk 1000 4022
Ounasjiired 23,602 6R3TT ufy Lo 6.9 LR 0. 166 4023
Unari 25711 &7.172 L1 1] ME et | 100 049l 4024
Kilpigjiird 20816 &L07 195 570 7] 210 039y 4025
Eevojind 270011 69754 111 asn 1.0 10 IR 4026
Imarijiired 27.924  &0U0E2 14.3 2.0 1,054 1440 0579 4027

Densetation: LON aml LAT an the bogitde E and kistude M in dogrees, MEAND and MAXD are the mean snd misinmm deph and ARES e waier sufaax
area frven e upebitead Lake list of GLDE v 3 iMangarits Ol peresnal comenmication), HIRD and HBFR e e moos bike depth and feaction of Lk

0. 1] imlerpoifind e the selecied HIRLAM gradpuial, taken S e operationd HIRLAS thal ases GLOB «.1 s e souree for like deptis. HIRID s the ki

iraden e by HIRLAM anl im this stusly. Aberve the madle line se the 17 ks wath Both LEWT amd LID sheorvations, belew e 18 lakes whers enly LID was
walshke
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Talde AZ. Lakes with S5YEE oheervations used in this study.

MNANME LON LAT MEAMND(m) MAND(m) AREA (kgm~*)  HIRD(m} HIRFR HIRID

Pielinen 29.607 63.271 1ol @l.0 B94.2 10ty 0.%16 |
1 2 2
Bl DGR3 RGO o3 s Had 100 ] AN Tulde A3 Lakes with SYKE chservalions used in this study. Part 2
Haukivesi  2538%% 62108 g1 55.0 Saled 10y 0.725 40013
Saimaa  2E116 61338 108 B5.E L3770 10 0,550 S04 NAME LN LAT  MEAND{m) MAXD{m} AREAkgm) HIED(m) HIEFE HIRID
Fiiljarvil  24.78% 61EGd 18 14.9 205 kX1 0430 40015
Simpelejarvi 29482 61601 93 344 BE.2 10.0 D548 40241
Milakka 26527 63115 49 B 1690 0 0ESE  S006 Rty
Pikkiiinlahti 27264 61501 &0 B4.3 58.0 1.0 D29% 40261
Konmevesi 26605 61633 106 511 1892 10 0937 ST
Muurasigrvi 25353 63478 an 53 pA M | .o sl A0263
I} 26,135 61631 4.6 Rz &1 10 0.750 S000K
Kalmarinselka 250001 62.THG 57 219 71 50 D33y 40271
Piiijinne 25482 61614 14.1 HA.0 649 10ty 0.5%3 SO R
Summasjarvi 25344 62677 6.7 40.5 ne .o 555 40272
Ala-Rieveli 26172  &1.303% 113 46.9 13.10 10ty 0.54% R
Tizvexi 27021 G&2.6T9 17.2 345 164.9 1%.0 D456 40277
Kyyvesi 27080 61999 44 353 L3h0 10ty O.E10 4011
Hankavesi 26836 62614 7.0 400 18.2 1%5.0 LI S02TE
Tousulanjiired 25054 60441 32 a8 59 30 0174 4012
Petajivesi 25.173 6G2.155 42 2.6 RE 30 D245  S02E2
Pyhdjiind 22291 61001 5.5 6.2 155.2 5.0 0,21 4013
Kukkia 246018 61.329 52 35.6 43.9 1.0 D20 0308
Limgelmavesi 24370 61535 BB 59.3 133.0 10tk 0.875 4014
Abtiirinj@rvi  244M5 62755 52 2740 39.9 1.0 D266 40313
Piljarvi2 25132 aliod 14.8 #5.0 134 14.4¥ 0.350 4015
Kuorlameenjarvi 23407 62863 33 16.2 14.9 10.0 D277 4032%
Vaskivess 23,764 62142 T4 B2.0 &l 10k 0.34% 4016
Lestijdrvi 24706 63.584 A6 (] 64,7 10.0 D513 40530
Koivajiind 23860 600786 22 9.9 B2 10ty 0.41% 4017
Pyhiijarvi 25995 63.6GE2 6.3 2140 121.EB 1.0 D266 40331
Masijiird 23750 61632 14.7 B5.6 RALET ] 10y 0.R50 4018
Lenmua 200690  64.0M T4 5240 TR 1.0 a0dy 40335
Lappajiiri 23671 63,148 6.4 3a.0 145.5 10y 1.00Hy 4019
I Lammasjrvi 29551 68131 43 210 46.5 30 D200 40336
Pesitijiird 28650 64945 ig I5.8 127 T 0.290 020
Moamankajdrvi  2E.246 6514 28 1414 85 1.0 D259 40342
Fehju-Nuoasjiird 28016 64184 BS 420 9h.d 10 0.534 4021 e
Korvuanjdrvi  2B663 65348 6.0 370 15.4 1.0 0342 40543
Dulujiirdd 26965 64451 fd asn BRT.1 10 1.0 4022
. Oifirvi 2593 65.621 11 24 21.0 0 0333 40345
Dumasjiir 23602 G377 b iln 69 10 0. L6 4023
k Denetsiissns L0 savd LAT sare e lempitusde E sred Latitauks N in degrees, MEAND sl MAKD oz the oo arsl massmuen depihs soml AREA is the water sarkace
- : :
D ISR TR & uE B 0 =0y iz frum the uprdated lake lst of GLDB 3 (Memparits Chudyga, peramal cronmaication), HIRD ard HIRFR arc the mean sk depts and festion of Lo
Kilpisitind 20816 6507 155 57.0 33 2x 039w 4035 [ B interpulated tu e sckoctod HIRLAM gridpoint, lakes fram the aperationsl HIRLAM et e GLIE v.2 i the s for lake deptha. HIRID is e lake
Kevojiirei 27001 6754 11.1 5.0 1.1 Ak 0016 A0 indea weed by HIRLAM and is (s dudy. Above the midilke Ene are the 27 lakes with both LSWT and LIT obscration, beliw the | lakes where mly LID wes
ivailible.
Inarijiired 27,924 6002 14.3 2.0 10304 1d.4¥ 0.97% 4027

Dznctation: LOMN asd LAT arc the kingilule E asd Edsude N in degrees, MEAND ad MAXD arc the mean sod mosinmum depths sed AREM, ke wiler sl
ani froen the ppdbded Like list of GLDE 9 3 (Manganits Choslpe pemsenal commusieation), HIRD nd HIRFE oz e mee like depth snd feaction of [skes

[0 1] amlerpodiiod b b seleciod HIRLAM gralpoial, taken Eom e operimred HERLAM thal wecs GLOB .2 i e sousce Nor like depthe. HIRID i he ke
irdes used By HIRLAK and in this shaly. Above e makdle line s the 17 Ekes with Buth LEWT anad LI charvalioms, belew e 18 likes shere snly LID s
anmalshle




Second reply to the three reviewers

This manuscript has evolved from the original version of the 29th October 2018, which is available
at the manuscript page, to the first revision of the 20th February 2019 and to the second revision of
the 21st of March 2019.

Reviewers comments to the original revision were replied in detail on 20th February, available at
the manuscript page. The revised manuscript is not available there.

Editor's comments on 21st February to the first revision were replied on 21 March 2019. The
editor's comments, our reply and the editors reply are available at the manuscript page. A second
revision was written in responce to the editors comments. It is not available at the manuscript page.

The essential differences between the first and second revisions were listed in the reply to the
editor:

"1) Through the manuscript, we corrected our unfortunate formulations
related to "bug" and "technical error" in order to avoid creating
misunderstandings. 2) We wrote a short discussion section about snow
on lake ice, with proper references with respect to the current

results. We coordinated the conclusion section and the new discussion
section to avoid overlap. 3) We checked the whole manuscript in order
to make it crystal clear for the editors, reviewers and readers that

we are validating operational model results, aiming at detecting
problems and suggesting improvements for further developments. At the
same time, we took the opportunity to modify and add a few references,
improve the terminology concerning the lake ice melting and freezing
and make a few minor text corrections."

In our first reply, we did not react to the second reviewer's opinion that the results and discussions
in this paper are of very limited interest due to a bug in treatment snow accumulation on ice. We
presented our viewpoint on this in the reply to the editor on the 21st of March.

The terminology on lake ice melting and freezing dates was modified as originally suggested by the
first reviewer, to melt-up and freeze-up, with a reference to Korhonen, 2019. In our first reply, we
left this question open.

We introduced remarks related to the snow bug into several places of the first revision, as was also
suggested by the reviewers. In the second revision, these are now mostly placed in a new discussion
section about snow on ice instead of the scattered remarks.

About the technical side of FMI operational HIRLAM. Our suggested snow-on-ice correction was
implemented into operations only 4.3.2019, not in October 2018 as we assumed. This means that it
did not yet have time to influence properly in the results of lake ice melting this spring. At FMI, it
has been decided that HIRLAM will be gradually decommissioned from operational usage during
the next two years. This leaves the next winter 2019-2020 for the final proof of the influence

of this modification in HIRLAM. However, we are convinced that the results of our unpublished
experiment of January 2014, now mentioned in the new discussion section on snow on lake ice, did
show that the modification works as expected.

To show the differences between the original, first and second revisions in a proper way, three
difference pdf files were now generated by using latexdiff. They are: between the original and the



first revision, between the original and the second revision and between the first and the second
revisions.

Please find below the original replies to three reviewers, with a few sentences in this color and
highlighting to show the differences made between the first and second revisions in the context of
earlier replies.

We hope these remarks and additional comparison documents make the situation clear. We
apologize for not preparing and providing all needed files directly to the reviewers via the
manuscript pages.

The 20th of May 2019
Laura Rontu, Kalle Eerola, Matti Horttanainen

Original replies
Reply to reviewer 1

Thank you for your careful reading of the manuscript, leading to helpful remarks and suggestions,
which we mostly agree with. We have made modifications throught the whole text, but the kept the
line numbers of the original manuscript in this reply. Please find our detailed response below. The
difference between our original and corrected manuscript versions is provided in an attached diffpdf
file.

General comments:

The paper presents results of HIRLAM (v7.4) model integrated to Flake model, lake
surface state validation against in-situ observations of lake water temperature and ice
cover during the period of 2012-2018 in Finland. In general, the paper structure is good
and it is mainly written well. Same validation results against these in-situ observations
have not been published earlier, eventhough some earlier papers have dealt with lake
temperature and ice cover observation use in the HIRLAM. However, the noticed bug
related to ice cover modelling is rather fundamental in physical way, and dominating
the results, and makes me consider revising results with proper snowfall calculations
on ice. It seems that in the future the HIRLAM model is no longer used and will be
substituted with a new model. In that aspect, erroneous calculation could be docu-
mented in this article. The figures and tables could be improved and should be made
more visual and reader-friendly; I will provide some specific comments on them. Espe-
cially figures and tables should run better in line with the text. Now, some figures are
mentioned many pages before that they appear.

Concerning the snow-on-ice bug, it has now been corrected in the operational HIRLAM system,
that continues running at FMI. The coming spring will provide material to check if the melting of
lake ice is better handled. The operational correction was made on the 4th of March, 2019. thus this
is not valid.

Also, in earlier experiments described e.g. in Kheyrollah Pour et al., 2014 and Eerola et al., 2014,
this bug was not present. However, the results in those experiments were not validated against the
ice and snow thickness, even the ice dates were used to a limited extent. In these circumstances, we
do not consider it useful to run new HIRLAM experiments for checking the impact of the
correction. Please note that in the new operational NWP at FMI, based on HARMONIE-AROME,
no lake observations are analysed but Flake runs as it would in a climate model, i.e. continuing
directly from the previous short forecast.



We will come back to the figures and tables when replying the specific comments. We agree that
they should be improved. To correct the setup of figures at distant pages (caused by use of the
default latex with template in the manuscript mode) we will ask advice from the GMD typesetting
specialists if needed.

Specific comments:

1. Introduction, first paragraph (page 1, lines 16-19): Please provide some references.

We have first of all added references to papers describing the influence of lakes on weather
forecasting in general, then influence on NWP and finally importance of describing the existence of
ice correctly. We have selected the references so that they contain further relevant references.

2. You have used observations data for the year 2018 eventhough it is current year,

usually provisional data. Is the in-situ data used in the analysis quality controlled?

When the in-situ data was uploaded? And until which date the year 2018 data are

used?

The operational analysis uses LWT observations from SYKE in real time. Those are quality
controlled by the HIRLAM optimal analysis system: 1) excluding each station and comparing
interpolated to its location nearby observations and 2) comparison against first guess. We use these
quality-checked values from analysis feedback files in this study. Possible corrections by SYKE,
made afterwards, were not used. The LID data and ice and snow thickness observations were
obtained from SYKE open data base for this study, relying on their quality control:

LID was fetched 15.8.2018, snow depth 17.9.2018 and ice thickness 16.10.2018 from
http://rajapinnat.ymparisto.fi/api/Hydrologiarajapinta/1.0/
odataquerybuilder/

We added a sentence about the quality control and mention how the SYKE data was obtained.

3. Page 3, Figure 1. I would like to have it more visual-friendly. Is there certain meaning
with arrow line thickness, if not then harmonize.

We now mention that the thin arrows are related to data flow between the HIRLAM analysis-
forecast cycles while the thick ones describe processes within each cycle. We made also another
correction to the Figure as suggested by reviewer 2.

4. Page 5, line 16. Please make reference to SYKE network, which year status it is?

(There are 34 sites in the network in year 2018 according to the SYKE database)

We explain this better in section 3.2.1., i.e. that there are 34 stations now from which we use in the
operational HIRLAM the original year 2011 selection that has never been changed since that.
Originally, we excluded rivers and a couple of stations that then seemed to send data less regularly.
The list needs to be updated for HARMONIE-AROME if LSWT analysis will be introduced there
in the future.

5. Chapter 3.2.2. Freezing and melting dates. Article Korhonen (2006) has introduced

terms for freezing and break-up in English, please use those. See: Korhonen, J. 2006.

Long-term changes in lake ice cover in Finland. Nordic Hydrology 37(4-5): 347-363.

Thank you, we are aware of this terminology but selected freezing and melting according to the
suggestion by our native linguistic advisor Emily Gleeson. In our earlier papers written together
with our Canadian colleagues, we have used consistently the terms freeze-up and break-up. Now
we did not like the suggested mixture of freezing and break-up, but perhaps there are good reasons
to use this combination. We would like to leave the last word to our native British GMD editor of



the current manuscript Jason Williams. This is not valid, we now use freeze-up and break-up dates,
following Korhonen, 2019.

6. Please state little bit more why these lakes were chosen. Were they only ones large

enough to HIRLAM grid or were there other criteria?

The main criteria of selecting just these lakes for LID was the data availability: the most complete
time series during the selected years, and a reasonable size that provided the best fraction of lake in
HIRLAM grid. We now mention this.

7. 1 suggest combining figures 3 & 4 to same gridded figure with four graphs. Re-

move from temperature scale dots after the kelvin numbers. In figure caption open up

meaning of fc an fob, an.

We kept two figures, that we consider to be more clear in the final two-column setup of the journal.
The fc-ob-an were added to captions.

8. Chapter 4.2. is little bit hard to read/understand. Try to rewrite it more clear.
Thank you, we tried to clarify. This chapter is re-written totally to make it easier to read.

9. Page 10: Text paragraph, it is not clear what are different percentage categories.
Rewritten

10. Table 2: What are the units in this table?
Thank you, units added

11. I suggest combining Figures 5 and 6 to same figure (a and b)
Done

12. Page 12, last paragraph: make more clear in the text if you are talking about
HIRLAM (analysed/forecast) or observed freezing and melting days.
Rewritten

13. Chapter 4.3. Make a reference to where lake area/depth records are taken. GLDB

perhaps?

We renewed the list in Table A3 based on updated material for GLBD v.3 (not yet available at the
Flake site but received by courtesy of Margarita Choulga), made the reference and mentioned it
more clearly in the text.

14. Figures 7-10 could be combined to one gridded figure (a, b, ¢, d) Remove dots
after Kelvin scale numbers.
We created 2 figures and removed the dots.

15. Figure 11. & 12. Add variable name and Unit in Y-scale. Just one legend could
be below graphs since they are all same. For codes 28 and 29 use verbal definitions,
please. It seems data until early 2018 is used?

Done. Data till summer is used 2018 (see above).

16. Figure 13. Add variable name and Unit in the Y-scale. In headings, use only

lake name and years: Lappajarvi 2012-2013, Kilpisjarvi 2012-2013, Simpelejarvi 2012-
2013.

Done

Technical/typo corrections:



1) Abstract: line 3 “integrated to HIRLAM” -> integrated into HIRLAM
Done

2) Use wording “in-situ” or “in situ” through whole text. Now there are both versions in
the text.
Done

3) I would use “lake ice freezing and “lake ice melting” instead of lake freezing and
melting (all text) (e.g. page 2, line 21)
Done

4) Page 2, line 31: I would consider revising wording “became available”
“were obtained”

5) Page 4, line 31: I would consider revising wording “basic material”
”is the basis of this study”

6) Figure 2. Page 6: Please note that abbreviation LID has not been introduced in the
text before.
This a setup problem, now we repeat the definition in the caption, too.

7) Chapter 3.2.2 “codes 27-30” should not be used in the text or figures, use instead
verbal definitions. Codes are so called database codes and not normally used as
definitions. They are irrelevant as code numbers.

Replaced

8) Please check through the text that LWT and LSWT are used coherently. Page 13,
line 1: LWST -> LSWT, Page 18, line 13 SYKE LSWT?

This is a bit problematic. Our idea was to call SYKE observations LWT because they are taken at
the depth of 20 cm, not exactly at the surface that the satellite would have seen. However, Flake and
HIRLAM analysis are dealing with LSWT even when the analysis is based on observed LWT.
Perhaps the easiest solution is to call everything LSWT and mention the small difference when
introducing the SYKE observations. We now did this.

9) Chapter 3.2.3 Ice thickness and snow depth on lakes
Done

10) Page 7, line 8: typo Simpelejarvi
Corrected

11) Chapter 3.3.1. Lake surface water temperature (LSWT)
Corrected

12) Page 8, line 2: Use verbal definition instead of category 29. Same in line 3 for
category 28.
Done

13) Page 8, line 9: SYKE LWT observations
See 8



14) Page 8, line 21: typo known
Corrected

15) Page 15, line 9: 125 Wm-2 (superscript)
Corrected

16) Page 15, line 19: 2012-2018
? This is LaTex’s work ...

17) Page 18, line 1: wrong -> incorrect/erroneous
Corrected

18) Page 18, line 17: ice thickness and snow depth
Corrected, also elsewhere

19) References: Please check that all references are formatted same way. For exam-
ple, if many initial letters using space between or not in consistent way. I noticed some

typos:

Thank you, corrected as suggested

Page 24,1. Potes, M. -> Potes, M.

Page 24, line 22. Gandin, L. missing :

Page 25, line 5. Remove ++ after Hydrology Research.
Page 25, line 11. co authors -> write all names

Page 25, line 33 et al > write all names

Page 25, line 33. Yang, Y., coauthors -> write all names and put the year in the end

Reply to reviewer 2

Thank you for your helpful remarks and suggestions, which we mostly agree with. We have made
modifications throught the whole text, but the kept the line numbers of the original manuscript in
this reply. Please find our detailed response below. The difference between our original and

corrected manuscript versions is provided in an attached diffpdf file.

General comments:

Rontu et al. utilize archived forecast data (2012-2018) from the NWP model HIRLAM
to validate the analysed and forecasted state of lakes with respect to observations



within a model domain. Due to unfortunate circumstances this specific HIRLAM version
included a bug which prevented snow to accumulate on the lake ice. Due to this bug the
model data related to ice behaviour and spring LSWT temperature became unrealistic
and therefore the corresponding results and discussions are of very limited interest.
Okay, it illustrates the importance of representing snow on ice when simulating lakes

in cold climate conditions.

Indeed, this bug was not present in our earlier experiments, e.g. Eerola et al., 2014 nor is it there in
the latest (development) version of HIRLAM reference code. Now it is corrected also in the FMI
operational version, that will allow to check the situation during the coming spring. The operational
correction was made on the 4th of March, 2019. thus this is not valid. We now discuss more in
depth in the reply to the editor’s comments why we disagree with your statement that ”the
corresponding results and discussions are of very limited interest”. A new discussion section about
snow on ice was added in the manuscript.

The manuscript is in general carefully written and can be considered as a useful guid-
ance on how to validate the state of lakes in a NWP or climate model when correspond-
ing in-situ observational data are available. The authors carefully describe uncertain-
ties with respect to representativeness of observations and representation of lakes in

a model domain. Also, they describe how ice conditions may be estimated based on
other data. All this information can be valuable for scientists planning similar exercises
for other combinations of model and lake observations.

Thank you for the positive comment, nice to hear that our methods are considered useful!

As the authors say it is a well known behaviour of FLake to overestimate summer
LSWT. This is also seen in the presented results. However, it can not be excluded that
part of those biases presented may be explained by for example any biases in near-
surface temperature conditions in general. After all, the lakes represent only some

10% of the land area even in Finland so a bias in near-surface air temperature due to
discrepancies in representation of land processes can also contribute to the presented
biases. Thus, I would like to see a comment on the general near-surface temperature
bias in this HIRLAM setup. The authors do comment on the quality of simulated down-
welling short-wave irradiance but a comment on long-wave would also be relevant.

FLake works over the fraction of lake in each gridbox, driven by the average radiative and specific
over-lake turbulent fluxes at the lake-atmosphere interface. The lake water and ice temperatures and
other in-lake prognostic variables result from the Flake prognostic parametrizations. The resulting
(diagnostic) LSWT represents the lake surface temperature in each gridbox, while the land-surface
tile is taken care by other parametrizations (ISBA land-surface scheme), which also essentially
solve the surface temperature from the equation of surface energy balance, taking into account also
the heat conduction in ground. The grid-average screen-level temperature, that is regularly verified
against observations, results from intelligent interpolation between the surface (e.g. LSWT) and the
lowest model level temperature. In practice, the latter seems to dominate, but in principle, T could
be wrong due to wrong LSWT but not vice versa. While there is no direct connection between the
average (dominated by land surface) predicted surface temperature and LSWT, both might be
inaccurate due to inaccurate atmospheric forcing. Wrong radiation transfer in the model, for
example due to the cloudiness or incorrect handling of cloud-radiation interactions, biased near-
surface air temperatures (at the lowest model level) or wrong turbulent fluxes in the atmospheric
boundary layer could be sources of such inaccuracies.



Presumably, the shortwave radiation is the dominating factor for the lake water and ice
thermodynamics during the year. In the equation of surface energy balance, the radiation fluxes are
net fluxes over specific surface types, and these depend also on the prescribed surface properties, in
our case e.g. on the lake ice and snow albedo. It would be worth while to perform sensitivity
studies, e.g. with a single-column version of a NWP model, to reveal how Flake parametrizations
would react to the inaccuracies of the atmospheric forcing and to quantify the related uncertaincies.
This could be left for a further study for example in the framework of HARMONIE-AROME NWP
system.

We added a sentence “Most importantly, FLake provides HIRLAM with the evolving lake surface
(water, ice, snow) temperature, that influences the HIRLAM forecast of the grid-average near-
surface temperatures.” into the Flake description (Section 2.1). We also discuss the uncertainties
related to atmospheric forcing where only the shortwave flux is now mentioned in the conclusions.
We come back to the temperature aspect in the reply of your Kilpisjarvi comment.

Detailed comments:

Page 2, line 3: Sounds a bit strange to combine observed LSWT and simulated ice

thickness to estimate fractional ice: “ Fractional ice cover (lake ice concentration in

each grid-square of the model) is estimated separately based on the analysed LSWT

and the ice thickness predicted by Flake.”

We improved our unfortunate formulation that allowed misunderstanding and relocated the
explanations into their proper sections. There are two cases and two ways to estimate ice cover
extent: in analysis, only LSWT exists, so it is used there in similar way that is done for SST — full
ice concentration if the grid-average temperature is -0.5°C, none when it is 0°C and linearly in
between. In the forecast by Flake, only ice thickeness is available. When it is larger than a small
treshold value, the diagnostics decides that lakes existing in this gridbox are all frozen, i.e. the ice
concentration is 1. There is a fraction of lakes in each gridbox, so the grid-scale ice fraction is
obtained by multiplying the ice concentration with lake fraction. Thus, ’separately’ meant: based on
LSWT for analysis and based on ice thickness for forecast.

Page 5, line 15 19: Here you refer to Figure 2 for the first time but in the caption of
Figure 2 you use the abbreviation LID which is defined later in the text. Please, e.g.,
introduce “lake ice dates” also in the figure caption for clarity.

Done

Page 8, lines 1-2: A bit strangely formulated sentence: “including in the comparison

data over all months”. Please make it more clear.

Done. The idea was that in the LSWT (obsa file) comparisons the winter months were excluded but
here we used all data.

Pages 9-12, Section 4.2: The bug which prevents snow to accumulate on ice in this

HIRLAM version will seriously affect all results presented in this section so I think it

would be fair to the reader to comment on this in the beginning of this section although

it has been mentioned in previous sections.

We now discuss the reasons for too early melting when showing the results here. This section has
been largely rewritten. We have added a discussion section on snow on lake ice to explain this issue
systematically.

Page 13, line 5: You say that “Lake Kilpisjarvi is an Arctic lake at the elevation of
473 m”. This is a complex terrain area so the height difference between the real lake



and the model lake might contribute to estimated biases in temperature. What is the

corresponding height of the HIRLAM grid box here? Would a height correction of tem-

perature make any difference for the results?

The mean surface elevation of this gridbox where Lake Kilpisjarvi occupies around 40% of the
area, is 614 m that is higher than the lake elevation because the lake is located in a valley
surrounded by mountains. The diagnostic screen-level temperature, to which a heigh correction of
temperature could be applied, plays no role in the model’s air-surface energy exchange. To our
understanding, there is no way in Flake to apply height corrections as part of the prognostic
calculations or diagnosis of lake surface (snow, ice, water) temperature, also we are not aware of
studies related to this issue.

The observed LSWT is evidently measured on the lake at the correct height. During the objective
analysis, Kilpisjarvi LSWT is influenced by the observation on the lake and possibly on the nearby
lakes, which are probably too far from here to really influence the analysis result. Differences in
lake elevations could in principle be taken into account in the optimal interpolation, but this is not
currently done. More detailed discussion about the objective analysis of LSWT can be found in the
paper by Kheyrollah Pour et al. 2017.

We now mention the difference in Kilpisjdrvi and grid-average elevations.

Figure 1: In the text it says that (page 2, line 33 — page 3, line 1) “the prognostic Flake
variables are not corrected using the analysed LSWT, which would require advanced

data assimilation methods” but in the figure it says “INDEPENDENT LAKE DATA AS-
SIMILATION IN AN INTEGRATED NWP + LAKE MODEL”. I suggest to remove “DATA
ASSIMILATION” here since that is not done according to the text. And ice cover is sim-

ply 0 or 1 when ice is present or not, right? So, this is not really a diagnostic estimation

I would say. Or does this include something else which is not yet clear from the text. . .?
Okay, becomes clear on page 4. Maybe better to refer to Figure 1 a bit later when the
background to the figure is clear from the text.

We agree with the suggestion about INDEPENDENT LAKE DATA ASSIMILATION” and
replaced it with ’ZOBJECTIVE ANALYSIS OF LSWT” in the figure. We also moved the figure and
reference to it into Section 2.2.

Figure 11: Colour indications of freezing and melting dates in the caption (blue and
red) do not fit with the figure (orange and magenta).
Corrected

Reply to reviewer 3

Thank you for your helpful remarks and suggestions, which we mostly agree with. We have made
modifications throught the whole text, but the kept the line numbers of the original manuscript in
this reply. Please find our detailed response below. The difference between our original and
corrected manuscript versions is provided in an attached diffpdf file.

General comments:

The paper presents the detailed validation of the FLake model implemented in the HIRLAM NWP
system, focusing mainly on the lake surface state and utilizing in situ measurements. The validation



period is considerably large spanning over six years and a large number of lakes are included in the
investigation. The validation area covers only Finnish lakes, consequently results are referring to
arctic conditions and might not be generalized to other climate regimes. The technical properties of
the modelling system as well as the observational dataset are described properly. A lake water
temperature assimilation scheme is also presented, however, it is mentioned that this is only a
diagnostic product. Perhaps, the application areas of this product could be highlighted so that the
purpose of it is clearer for the reader.

We added a sentence about the possible use of the diagnostic analysis into section 2.2.

During the validation, lake surface water temperature (LSWT), freezing and melting dates and ice
thickness are investigated. Regarding LSWT results are in line with previous studies, namely an
overestimation by FLake is pointed out. Freezing dates are simulated by an adequate precision,
however, melting dates are poorly forecasted. The cause of this problem is enlightened during the
investigation of the ice and snow thicknesses, namely due to a coding error snow is not accumulated
on the ice surface. Physical consequences of this bug (missing insulation in winter and different
albedo in spring) are well described.

Detailed comments:

1. Page 5 line 18: it is mentioned that water temperature is measured at 20 cm below water surface.
Could the authors comment, whether this depth was used also in previous validation studies they are
referring to (e.g. Kourzeneva 2014). Also, are there any difficulties in the validation when water is
already frozen, but ice thickness is not reaching 20 cm?

Yes, we have always used the same SYKE observations in our papers. These observations are only
available during the ice-free period as mentioned in Section 3.2.1. and were used only then. There
may be gaps between the observed freezing and melting dates and the dates when LSWT
observations are made. Also, the locations of LID observations and LSWT measurements are not
necessarily the same at the lakes where both types of observation are available. We added a couple
of sentences about this into Section 3.2.2

2. Page 10, line 8: "with an area of 1 km"-2" should be "with an area of 1 km™2"
Corrected

3. Page 13 line 14: "common to the majority of lakes" is a bit vague, "similar to the results averaged
over all lakes" might more precise.
Corrected as suggested

4. Page 15, line 9: "125 Wm-2": "-2" should be superscript as one line above.
Corrected

5. Perhaps the authors could shortly comment, whether the bug revealed had any detectable impact
on the forecasts of atmospheric variables (e.g. 2 m temperature) in the HIRLAM model in the six
year period.

The problem is that we do not know, because there is no way to compare the results with Flake
(containing the bug) to those without FLake or with correct FLake as operationally only the
parametrization with the bug was applied. The coming spring may show something because now
the bug has been corrected while everything else remains unmodified in the operational HIRLAM
system. The operational correction was made on the 4th of March, 2019. thus this is not

valid. Another problem is that there are not too much SYNOP stations making screen-level
temperature observations in the immediate vicinity of the lakes so it is not easy to detect the impact
in the verification statistics — these aspects where discussed by Eerola et al., 2014. Case studies
might help, though. We mention this now shortly in the concluding section.



6. The use of in-situ observations is definitely of great value in the validation of lake surface state,
however, when describing plans the authors might comment on the usability of satellite products as

well.
We added into the conclusions a sentence about the perspectives of using satellite products in the

future.
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Abstract. High Resolution Limited Area Model (HIRLAM), used for the operational numerical weather prediction in the
Finnish Meteorological Institute (FMI), includes prognostic treatment of lake surface state since 2012. Forecast is based on the
Freshwater Lake (FLake) model integrated te-into HIRLAM. Additionally, an independent objective analysis of lake surface
water temperature (LSWT) combines the short forecast of FLake to observations from the Finnish Environment Institute
(SYKE). The resulting description of lake surface state - forecast FLake variables and analysed LSWT - was compared to
SYKE observations of lake water temperature, freezing and melting dates as well as the ice and-snow-thickness-thickness
and snow depth for 2012-2018 over 45 lakes in Finland. During the ice-free period, the predicted LSWT corresponded to the
observations with a slight overestimation, with a systematic error of + 0.91 K. The colder temperatures were underrepresented
and the maximum temperatures were too high. The objective analysis of LSWT was able to reduce the bias to + 0.35 K. The
predicted freezing dates corresponded well the observed dates, mostly within the accuracy of a week. The forecast melting
dates were far too early, typically several weeks ahead of the observed dates. The growth of ice thickness after freezing was
generally overestimated. However, practically no predicted snow appeared on lake ice. The absence of snow, found to be due

to a technical error in HIRLAM, is suggested to be also the reason of the inaccurate simulation of the lake ice melt in spring.

Copyright statement. @ Authors 2018. This work is distributed under the Creative Commons Attribution 4.0 License.

1 Introduction

Lakes influence the energy exchange between the surface and the atmosphere, the dynamics of the atmospheric boundary layer
and the near-surface weather. This is important for weather forecasting over the areas where lakes, especially those with a
large yearly variation of the water temperature, freezing in autumn and melting in spring, cover a significant area of the surface
(Kheyrollah Pour et al., 2017; Laird et al., 2003 and references therein). Description of the lake surface state influences the
numerical weather prediction (NWP) results, in particular in the models whose resolution is high enough to account for even
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The-In the Finnish Meteorological Institute (FMI), the High Resolution Limited Area Model HIRLAM (Undén et al., 2002;
Eerola, 2013) has been applied since 1990 for the numerical short-range weather forecastover-theNerthernEurope. In the
beginning, the monthly climatological water surface temperature for both sea (sea surface temperature SST) and lakes (Lake
Surface Water Temperature LSWT) was used. Since 2012, HIRLAM includes a prognostic lake temperature parameterization

based on the Freshwater Lake Model (FLake, Mironov et al., 2010). An independent objective analysis of observed LSWT

(KheyreHah-Pour-et-al(2617)-Kheyrollah Pour et al., 2017 and references therein) was implemented in 2011. Fractional-The
fractional ice cover (lake ice concentration in each grid-sqtare-gridsquare of the model) is estimated-separately based-on
diagnosed from the analysed LSWTand-the-ice-thicknesspredieted-by-Flake.

FLake was designed to be used as a parametrization scheme for the forecast of the lake surface state in NWP and climate
models. It allows to predict the lake surface state in interaction with the atmospheric processes treated by the NWP model.
The radiative and turbulent fluxes from the atmospheric model are combined with FLake processes at each time-step of the
model integration {with-a-typteal-interval-of-ene-orseveral-minutes)-in the model grid, where the fraction and depth of lakes
are prescribed.

FLake has been implemented into the main European NWP and regional climate models, first into COSMO (Mironov
et al., 2010) then into ECMWF (Balsamo et al., 2012), Unified Model (Rooney and Bornemann, 2013), SURFEX sur-
face modelling framework (Masson et al., 2016), regional climate models RCA (Samuelsson et al., 2010), HCLIM (Lind-
stedt et al., 2015) and REMO (Pietikdinen et al., 2018), among others. Description of lake surface state and its influence
in the numerical weather and climate prediction has been validated in various ways. Results of case studies, e.g. Eerola
et al. (2014) and shorter-period NWP experiments, e.g. Eerola et al. (2010); Rontu et al. (2012); Kheyrollah Pour et al.
(2014); Kheyrollah Pour et al. (2017) as well as climate model results, e.g.

Samuelsson et al. (2010); Pietikdinen et al. (2018), have been compared with remote-sensing satellite data and ir-sifiin-situ
lake temperature and ice measurements as well as validated against the standard weather observations. In general, improve-

ment of the scores has been seen over regions where lakes occupy a significant area. However, specific features of each of the
host models influence the results of the coupled atmosphere-lake system as FLake appears to be quite sensitive to the forcing
by the atmospheric model.

The aim of the present study is to use in-sititin-situ LSWT measurements, lake ice freezing and melting dates and measure-
ments of ice and snow thickness by the Finnish Environment Institute (Suomen Ympéristokeskus = SYKE) for validation of
the lake surface state forecast by the operational HIRLAM NWP model. For this purpose, HIRLAM analyses and forecasts
archived by the Finnish Meteorological Institute (FMI) were compared with the observations by SYKE over the lakes of Fin-
land from spring 2012 to summer 2018. To our knowledge, this is the longest available detailed dataset that allows to evaluate

how well the lake surface state is simulated by an operational NWP model that applies FLake parametrizations.
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2 Lake surface state in HIRLAM

FLake was implemented in the HIRLAM forecasting system in 2012 (Kourzeneva et al., 2008; Eerola et al., 2010). The
model utilizes external datasets on the lake depth (Kourzeneva et al., 2012a; Choulga et al., 2014) and the lake climatology
(Kourzeneva et al., 2012b). The latter is only needed in order to provide initial values of FLake prognostic variables in the
very first forecast (so-called cold start). Real-time in-situ LSWT observations by SYKE for 27 Finnish lakes beeame-avaitable
were obtained in 2011 to be used for the operational HIREAM-analysis-in204-+-LSWT analysis in HIRLAM (Eerola et al.,
2010; Rontu et al., 2012). In the current operational HIRLAM at FMI FLake provides the background for the optimal inter-
polation analysis (OI, based on Gandin1965)-analysis-Gandin, 1965) of LSWT. However, the prognostic FLake variables are
not corrected using the analysed LSWT;-which-weuld-require-, This would require more advanced data assimilation methods
based on e.g. the extended Kalman filter (Kourzeneva, 2014). Therelations-between-the-Ol-analysis-and-the-prognestic Flake

2.1 Freshwater lake model in HIRLAM

FLake is a bulk model capable of predicting the vertical temperature structure and mixing conditions in lakes of various depths
on time-scales from hours to years (Mironov et al., 2010). The model is based on two-layer parametric representation of the
evolving temperature profile in the water and on the integral budgets of energy for the layers in question. Bottom sediments
and the thermodynamics of the ice and snow on ice layers are treated separately. FLake depends on prescribed lake depth
information. The prognostic and diagnostic variables of HIRLAM /FLake-phus-FLake together with the analysed lake surface
variables in HIRLAM are listed in the Appendix (Table Al).

At each time step of the HIRLAM forecast, FLake is driven by the atmospheric radiative and turbulent fluxes provided by the

physical parameterisations in HIRLAM. This couples the atmospheric variables over lakes with the lake surface properties as

provided by FLake. Most importantly, FLake provides HIRLAM with the evolving lake surface (water, ice, snow) temperature,
that influences the HIRLAM forecast of the grid-average near-surface temperatures.

Implementation of FLake model as a parametrizations—parametrization scheme in HIRLAM was based on the experi-
ments described by Rentu-et-al(260+2)Rontu et al,, 2012. Compared to the reference version of FLake (Mironov et al., 2010),

3

minor modifications were introduced, namely, use of constant snow density = 300 kgm ™, molecular heat conductivity =

1 Jm—'s!'K~1, constant albedos of dry snow = 0.75 and ice = 0.5. Bottom sediment calculations were excluded. Global lake
depth database (GLDB v.2, Cheulga-et-al«(20+4))-is-Choulga et al., 2014) was used for derivation of mean lake depth in each
gridsquare. Fraction of lake is-was taken from HIRLAM physiography database, where it originates from GLCC (Loveland
et al., 2000).

eomparison—Lake surface temperature is diagnosed from the mixed layer temperature for the unfrozen lake gridpoints and
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from the ice or snow-on-ice temperature for the frozen points. In FLake, ice starts to grow from an assumed value of one mil-
limeter when temperature reaches the freezing point. The whole lake tile in a gridsquare is considered by FLake either frozen

or unfrozen. Snow on ice is accumulated from the model’s snowfall at each time step during the numerical integration.

2.2 Objective analysis of LSWT observations

A comprehensive description of the optimal interpolation (OI) of the LSWT observations in HIRLAM is given by Kheyrellah-Pour-et-al+20

Kheyrollah Pour et al., 2017). Shortly, LSWT analysis is obtained by correcting the FLake forecast at each gridpoint by using
the weighted average of the deviations of observations from their background values. Prescribed statistical information about

the observation and background error variance as well as the distance-dependent autocorrelation between the locations (obser-

vations and gridpoints) are applied. The real-time observations entering the HIRLAM surface analysis system are subject to
quality control in two phases. First, the observations are compared to the background, provided by the FLake short forecast.
Second, optimal interpolation is done at each observation location, using the neighbouring observations only (excluding the
current observation) and comparing the result to the observed value at the station.

A specific feature of the lake surface temperature OI is that the interpolation is performed not only within the (large) lakes
but also across the lakes: within a statistically pre-defined radius, the observations affect all gridpoints containing a fraction of
lake. This ensures that the analysed LSWT on lakes without own observations may also be influenced by observations from
neighbouring lakes, not only by the first guess provided by FLake forecast.

The relations between the OLanalysis and the prognostic FLake in HIRLAM are schematically illustrated in Figure 1. Within
the present HIRLAM setup, the background for the analysis is provided by the short (6-hour) FLake forecast —Hewever;-but the
next forecast is not inittatised-initialized from the analysis;-seeFigure+. Instead, FLake continues running from the previous
forecast, driven by the atmospheric state given by HIRLAM at each time step. This means that FLake does not benefit from the
result of OI analysis does-net-benefitFlake-but the analysis remains to-some-extent-as an extra diagnostic field, to some extent
independent of the LSWT forecast. Noete-that However, FLake background has a large influence in the analysis, especially over
distant lakes where neighbouring observations are not available. The diagnostic LSWT analysis, available at every gridpoint of

Missing LSWT observations in spring and early winter are interpreted to represent presence of ice and given a flag value of
-1.2°C. If, however, the results of the statistical meving-average-type LSWT model (Elo, 2007), provided by SYKE along with
the real-time observations, indicate unfrozen conditions, the observations are considered missing. This prevents appearance of
ice in summer when observations are missing but leads to a misinterpretation of data in spring if the SYKE model indicates
too early melting. In the analysis, fraction of ice is diagnosed from the LSWT field in a simple way. The lake surface within a
gridsquare is assumed fully ice-covered when LSWT falls below -0.5°C and fully ice-free when LSWT is above 0°C. Between
these temperature thresholds, the fraction of ice changes linearly (Kheyrollah Pour et al., 2014).

The HIRLAM surface data assimilation system produces comprehensive feedback information from every analysis-forecast
cycle. The feedback consists of the observed value and its deviations from the background and from the final analysis at

the observation point. Bilinear interpolation of the analysed and forecast values is done to the observation location from the



10

15

OBJECTIVE ANALYSIS
OF LSWT

IN AN INTEGRATED

NWP + LAKE MODEL

OBSERVATIONS
LSWT

Im

BACKGROUND
LSWT

SURFACE LAYER PARAMETRIZATIONS SURFACE

OPTIMAL FORECAST
INTERPOLATION SCREEN LEVEL VARIABLES FIELDS
OF LSWT TURBULENT AND RADIATION FLUXES |
ANALYSED DIAGNOSTIC
LAKE SURFACE : 3 : 3 #:ﬁi:::;ﬁg:
ot FLAKE PARAMETRIZATIONS AND ICE COVER
AND ICE COVER | yith own prognostic lake variablesff =
I

Figure 1. Coexistence of the independent objective analysis of the observed LSWT and prognostic FLake parametrizations in HIRLAM. The

thin arrows are related to data flow between HIRLAM analysis-forecast cycles while the thick arrows describe processes within each cycle.

nearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of observations is
provided. Fractions of land and lake in the model grid as well as the weights, which were used to interpolate gridpoint values
to the observation location, are given. We-use-this-information-as-basie-material-This information is the basis of the present
study (see sections 3.3 and 4).

3 Model-observation intercomparison 2012-2018

In this intercomparison we validated HIRLAM/FLake results against observations about the lake surface state. The impact of

FLake parametrizations to the weather forecast by HIRLAM is-was not considered. This is because the-arehived-observations

an-integral-part-of HHREAM-—This-means-that-there-are-no-no non-FLake weatherforecasts-to-compare-withweather forecasts
exist for comparison with the operational forecasts during the validation period.

3.1 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version (v.7.4), implemented in spring 2012. (Eerota(2043)-Eerola, 2013
and references therein). FLake was introduced into this version. After that the development of HIRLAM was frozen. Thus, dur-

ing the years of the present comparison, the FMI operational HIRLAM system remains unmodified, which offers a clean time
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Table 1. FMI operational HIRLAM

Domain From Atlantic to Ural, from North Africa beyond North Pole
Model horizontal / vertical resolution 7 km / 65 levels

HIRLAM version 7.4

Model dynamics Hydrostatic, semi-Lagrangian, grid-point

Atmospheric physical parametrizations ~ Savijérvi radiation, CBR turbulence,

Rasch-Kristiansson cloud microphysics + Kain-Fritsch convection

Surface physical parametrizations ISBA-newsnow for surface, FLake for lakes

Data assimilation Default atmospheric (4DVAR) and surface (OI) analysis
Lateral boundaries ECMWEF forecast

Forecast Up to +54 h initiated every 6h (00, 06, 12, 18 UTC)

series of data for the model-observation intercomparison. The general properties of the system are summarised in Table 1.
In the present study, a coding error in FLake implementation was revealed in the reference HIRLAM v.7.4. A too large crit-
ical value to diagnose snow existence prevented practically all accumulation of the forecast snowfall on lake ice in the FMI
HIRLAM-FLake operational system.

3.2 SYKE lake observations

In this study we used three different types of SYKE lake observations: LSWT, lake ice dates (LID) and ice thickness and snow.
depth on lake ice. In total, observations on 45 lakes listed in Appendix (Table A2) were included as detailed in the following.
The lake depths and surface areas given in Table A2 are based on he updated lake list of GLDB v.3 (Margarita Choulga,

3.2.1 Lake temperature measurements

Regular in-situ lake water temperature (EWH-measurements are performed by SYKE. SYKE-eperates32-Currently SYKE
operates 34 regular lake and river water temperature measurement sites in Finland. The temperature of the lake water is
measured every morning at 8.00 AM local time, close to shore, at 20 cm below the water surface. The measurements are

recorded either automatically or manually and are performed only during the ice-free season (Korhonen, 2002; Rontu et al.,

2012). Further, we will for simplicity denote also these data as LSWT observations although they do not represent exactly the
same surface water temperature (skin temperature, radiative temperature) that could be estimated by satellite measurements.
These data are available in the SYKE open data archive (SYKE, 2018). Measurements from 27 of these 34 lakes (Figure 2,
white dots) used-by-were selected for use in the FMI operational HIRLAM s—were-included-in 2011, and the list has been

kept unmodified since that. The set of 27 daily observations, quality-controlled by HIRLAM, were obtained from the analysis



Figure 2. Map of SYKE observation points used in this study: lakes with both lake surface water temperature (LSWT) and lake ice date (LID)
observations (white), lakes where only LID is available (black). On Lakes Lappajirvi, Kilpisjarvi and Simpelejérvi also ice thickness and
snow thickness-depth measurements were used (Section 4.3), they are surrounded with a large white circle. List of the lakes with coordinates

is given in Appendix A2.

feedback files and used in all comparisons reported in this study. These-data-are-also-avaitable-in-the SYKE-epen-data-archive
SYKE20148)-

3.2.2 Freezing and melting dates

Regular visual observations of freezing and melting of lakes have been recorded in Finland for centuries, the longest time series
starting in the middle of the 19th century (Korhonen, 2005). Presently, dates of freezing and melting are available from SYKE
(2018) on 123 lakes, but the time series for many lakes are discontinuous. Further, we will denote the melting and freezing
dates together by “lake ice dates” (LID). For both freezing and melting the dates are available in two categories: for freezing
“freezing of the visible area” (code 29 by SYKE) and “permanent freezing of the visible area” (code 30). For melting the dates

are defined as “no ice visible from the observation site” (code 28) and “no ice on the outer open water areas” (code 27). LID
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observations aim at representing conditions on entire lakes. LID observations by SYKE are made independently of their LSWT
measurements and possibly from different locations on the same lakes. The LSWT measurements may be started later than the

date of reported lake ice melting or end earlier than the reported freezing date.
LID from the 27 lakes whose EWFLSWT measurements are used in HIRLAM were available and selected for this study. In

addition, 18 lakes with only LID available (Figure 2, black dots) were chosen for comparison with HIRLAM/FLake LID.
3.2.3 Ice thickness and snow thickness-depth on lakes

SYKE records the lake ice and-snow-thickness-thickness and snow depth on around 50 locations in Finland;-arehived-. Archived
data are available in total from 160 measurement sites. The manual measurements are done three times a month during the ice
season. Thickness of ice and the-snow-snow depth on ice are measured by drilling holes through snow and ice layers along
chosen tracks, normally at least 50 m from the coast (Korhonen, 2005). The locations may differ from those of the LSWT

measurement or LID observation over the same lakes.

3.3 Lake-Validation of HIRLAM/FLake lake surface statederived-from-HIREAM-output

3.3.1 Lake surface water temperature

Diagnesed ESWTHrem-LSWT by HIRLAM/FLakeanalysis—andforecasteyeles—, resulting from the objective analysis or
diagnosed from the forecast, was compared with the observed EWF-LSWT by SYKE using data extracted from the analy-

sis feedback files (Section 2.2) at the observation locations on 06 UTC every day-—, excluding the winter periods 1 December -

31 March. The observations (ob) at 27 SYKE stations were assumed to represent the true value, while the analysis (an) is the
result of OI that combines the background forecast (fc) with the observations. Time-series, maps and statistical scores, to be
resented in Section 4.1, were derived from these.

3.3.2 Freezing-and-melting-dates

3.3.2  Lake ice conditions

study, the observed LID, ice and snow thickness observations were obtained from SYKE open data base, relying on their qualit
control. The HIRLAM/FLake analysed LSWT as well as the predicted ice thickness and snow depth were picked afterwards

from the HIRLAM archive for a single gridpoint nearest to each of the 45 observation locations (not interpolated as in the
analysis feedback file that was used for the LSWT comparison). Fer-the-definition-of :-HDitIt was assumed that the gridpoint

value nearest to the location of the LSWT observation represents the ice conditions over the chosen lake.
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LID were defined in two independent ways: from the analysed LSWT and from the forecast lake ice thickness. Note that the
ice thickness and snow depth on ice are not analysed variables in HIRLAM. In autumn a lake can freeze and melt several times

before final freezing. The last date when the forecast ice thickness crossed a critical value of 1 mm or the analysed LSWT fell

below freezing point was selected as the date of freezing.

In the same way, the last date when the forecast ice thickness fell below the critical value of 1 mm or the analysed LSWT value

crossed the freezing point was selected as melting day.

eTo decrease the effect of

oscillation of the gridpoint values between the HIRLAM forecast-analysis cycles, the mean of the four daily ice thickness
forecasts or analysed LSWT values was used.
LID by HIRLAM/FLake were compared to the observed dates during 2012-2018;-ineluding-in-the-comparison-data-over

all-menths. In this comparison we included data also during the winter period. The category 29 observations (“‘freezing of the
visible area”, see Section 3.2.2) were used. In this category the time series were the most complete at the selected stations. For

AR RN

the same reason, the melting observations of category 28 (“no ice visible from the observation site”’) were used for comparison.
Furthermore, using a single gridpoint value for the calculation of LID also seems to correspond best the observation definition
based on what is visible from the observation site. The statistics were calculated as ebfc - fe-and-ob-ob and an - anob. Hence,

positive values mean that melting or freezing takes place too late in the model as compared to the observations.

In this study, lake ice thickness and snow depth measurements from lakes Lappajarvi, Kilpisjarvi and Simpelejiryi were
utilised as additional data for validation of predicted by HIRLAM/FLake ice thickness and snow depth (Section 4.3). These
lakes, representing the western, northern and south-eastern Finland, were selected for illustration based on the best data
availability during the study years. They are also sufficiently large in order to fit well the HIRLAM erid.

4 Results
4.1 Analysed and forecast LSWT at observation points

Figure 3 shows the frequency distribution of LSWT according to FLake forecast and SYKE observations. It is evident that the
amount of data in the class of temperatures which represents frozen conditions (LSWT flag value 272 K) is-was underestimated
by the forecast (Figure 3a). When subzero temperatures are-were excluded from the comparison (Figure 3b), underestimation

in the colder temperature classes and overestimation in the warmer classes still remains.
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Figure 3. Frequency of observed (ob, yellow) and forecast (fc, blue) LSWT over all 27 SYKE lakes 2012-2018. x-axis: LSWT, unit K,
y-axis: frequency, unit %.

LSWT analysis (Figure 4) improves-improved the situation somewhat but the basic features remain. This is due to the
dominance of FLake forecast via the background of the analysis. In Section 4.3, we will show time-series illustrating the
physics behind these LSWT statistics.

Table 2 confirms the warm bias by FLake in the unfrozen conditions. Similar results were obtained for all stations together
and also for our example lakes Lappajirvi and Kilpisjérvi, to be discussed in detail in Section 4.3. There were three lakes with
negative LSWT bias according to FLake forecast, namely the large lakes Saimaa and Piijdnne s-and the smaller Ala-Rieveli.
After the correction by objective analysis, a small positive bias converted to negative over 6 additional lakes, among them the
large lakes Lappajérvi in the west and Inari in the north. The mean absolute error decreased from forecast to analysis in-on

every lake.

10
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Figure 4. As for Figure 3 but for observed and analysed (an) LSWT.

In the frequency distributions, the warm temperatures are-were evidently related to summer. For FLake, the overestimation
of maximum temperatures, especially in shallow lakes, is a knewsr-known feature (e.g. Kourzeneva 2014). It is related to the
difficulty of forecasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperatures ecetr
occurred in spring and autumn. In a few large lakes like Saimaa, Haukivesi, Pielinen, LSWT tends-tended to be slightly
underestimated in autumn both according to the FLake and the analysis (not shown). Hewever;-as-will-be-shownin-Seetions 42
and-4-3;-the-The cold left-hand side columns in the frequency distributions (Figures 3a and 4a) are mainly related to spring,
when HIRLAM/FLake tends-tended to melt the lakes significantly too early (Sections 4.2 and 4.3).

11
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Table 2. Statistical scores for LSWT at all stations and at two selected stations

station fcoran meanob bias mae stde N
ALL fc 286.3 0.91 1.94 234 30877
an 286.3 0.35 1.32  1.72 30861
Lappajdrvi  fc 286.9 0.33 123 1.62 1243
an 286.9 -0.65 1.06 1.10 1243
Kilpisjarvi  fc 281.7 1.82  2.13 215 780
an 281.7 1.10 142 1.51 780

Statistics over days when both forecast/analysis and observation indicate unfrozen
conditions. bias = systematic difference fc/an - ob, mae = mean absolute error, stde =

standard deviation of the error, N = number of days (06 UTC comparison, no ice).

There are problems, especially in the analysed LSWT, over (small) lakes of irregular form that fit poorly the HIRLAM grid
and where the measurements may represent more the local than the mean or typical conditions over the lake. These are the
only ones where an underestimation of summer LSWT ean-be-was seen. Cases oeeur-occurred where FLake results differ so

s-HIRLAM quality control
against background values rejected the observations, forcing also the analysis to follow the incorrect forecast (not shown).

much from the observations that the

4.2 Freezing and melting dates

In this section the freezing and melting dates from HIRLAM are verified against corresponding observed dates over 45 lakes
(Appendix Table A2). In the following, "LSWT an’ refers to the LID estimated from analysed LSWT and "IceD fc” to those
estimated from the forecast ice thickness by FLake. The time period contains six freezing periods (from autumn 2012 to autumn
2017) and seven melting periods (from spring 2012 to spring 2018). Due to some missing data the number of freezing cases
was 233 and melting cases 258. The ‘IceD fc’ data for the first melting period in spring 2012 was missing. The overall statistics
of the error in freezing and melting dates are shown in Table 3. In most cases the difference in error between the dates based
on forecast and analysis was small. This is natural as the first guess of the LSWT analysis is the forecast LSWT by FLake. We
will discuss next the freezing, then the melting dates.

computedfrom-analysed-lake surface-temperatare-and-The bias in the error of freezing dates was small according to both "IceD

12
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Table 3. Statistical measures of the error of freezing and melting date

bias sdestde  max min N

unit days  days  days days

Freezing LSWTan -3.5 17.9 64 -52 233
IceD fc -0.3 17.8 67 -41 233

Melting LSWTan -152 8.5 2 -54 288
IceD fc -20.5 9.2 -1 -56 258

Denotation: LSWT an - LID estimated from analysed LSWT, IceD fc - LID estimated

from forecast ice thickness.

mmmmmwmwmmmw%w
maximum errors were large in both cases: the maximum freezing day occurred about two months too late the minimum about
one and a half months too early. However, as will be shown later, the largest errors mostly occurred on a few problematic lakes
while in most cases the errors were reasonable.

Figure 5a) shows the frequency distribution of the error of freezing dates. Definition—of-the-freezing-datefrom-the—ee
thickness-by-Flake-gave shightly-more-oceurrences-Forecast freezing dates occurred slightly more often in the unbiased class
(error between -5 - +5 days), compared to the estimate-from-the-analysed--SWTestimated dates from the analysis. Of all cases
48 Yand-/40 % tellin-this-elass-aceording to-iee-thickness-and-LSWT; respeetivelyIn16(percentages here and in the following
are given as “IceD fc’/’LSWT an’) fell into this class. In 20% / 2026% of cases the freezing eeeurs-occurred more than five
days too late and only in 911% / ++9% cases more than two weeks too late. This-elass-of-more-than-twe-weeks-too-latefreezing

eonsists-of-In case of ’IceD fc’, the class of freezing more than 15 days too late comprised 25 cases which-are-distributed over
15 lakes, thus in-mest-eases-one-event-mostly one or two events per lake. This suggests that the error is-was related more to
individual years than to systematically problematic lakes. It is worth noting, that of the eight cases where the error is-was over
45 days, are-all-but-eone-due-to-one-take;six cases were due to a single lake, Lake Kevojérviwhieh-. This lake is situated in the
very north of Finland. Fhistakeis-It is very small and narrow, with an area of 1 km#aﬂé%ﬁuafeérmm a steep
canyon. Therefore it is poorly represented by the HIRLAM grid and both-Flake-and-analysis-the results seem unreliable.
Concerning the-eases-of-too early freezing, in 4433% / 3244% of the cases freezing eeeurs-occurred more than five days
too early and in +915% / +519% more than two weeks too early. Thetast-mentioned-According to the forecast, these 15% (34
cases) are-were distributed over 19 lakes. Each of the five large lakes Pielinen, Kallavesi, Haukivesi, Piijanne and Inari eceur

occurred in this category three times while all other lakes together share-shared the remaining 19 cases during the six winters.
Looking-at-the-errors—in—The melting dates (Fig
Table 3) show a large negative bias, about two CLSWT an’) or three weeks ("IceD fc’), indicating that lake ice melting was

13
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systematically forecast to occur too early. However, the standard deviation of the error was only about half of that of the error of
freezing dates and there were no long tails in the distribution (Figure Sb). The distribution is strongly skewed towards too early
dates—Based-on-the ESWH analysis;-the melting, but much narrower than that of freezing (Figure 5a). The large bias was most
probably due to the bug of this HIRLAM version that prevented the accumulation of snow over lake ice (see also Section 4.3).

The maximum frequency (5247 %) eeeurs-was in the class -14-24 - -5-days-while-based-on-the-ice-thickness-15 days for "IceD
fc’, while in case of 'LSWT an’, the maximum frequency (4752 %) is-occurred in the class -24-14 - -15-days—The-mean-values

s-3 days. FLake forecast
"IceD fc’ suggested only three cases in the unbiased class -4 - +5 while according to the -SWT-analysis-there-are " LSWT an’
there were 12 cases in this class. Hence, the melting dates derived from analysed EW-ST-correspond-LSWT corresponded the

observations better than those derived from FLake ice thickness forecastb&&be%kkafe—%treﬂgb#biased—te\wfds—teeeaf}ybmemﬂg

We-ean-conchide Note that this Kind of method of verifying LID compares two different types of data, The observations
by SYKE are visual observations from the shore of the lake (see Section 3.2.2), while the freezing and melting dates from
HIRLAM are based on single-
and melting dates from HIRLAM are somewhat sensitive to definition of the freezing and melting tresholds. Here we used

1 mm for the forecast ice thickness and the freezing point for the LSWT analysis as the critical values.
In conclusion, the validation statistics show that HIRLAM/FLake sueeeeds-succeeded rather well in predicting the-freezing

AR R AARAANAARNAANAAARAANR RN AR

ridpoint values of LSWT or ice thickness (see Section 3.3.2). In addition, the resulting freezin

of Finnish lakes. Almost in half of the cases the error is-was less than & 5 days. Some bias towards too early freezing can be

seen —Melting-is-both in forecast and in the analysis. Melting was more difficult. FLake pfedfet%mmeltmg always
too early, with a mean error of over two weeks, and the

as-the-eritteal-valaesanalysis mostly followed it. These results are rather obvious because of the missing snow on ice.

4.3 Comparisons on three lakes

In this section we combine-the-analysis-of EW-ST-time-series-andIID-present LSWT and LID time-series for two representative

lakes, Kilpisjérvi in the north and Lappajirvi in the west (see the map in Figure 2). Observed and forecast ice and snow thickness

are discussed, using also additional data from Lake Simpelejérvi in theseuth-east-of-southeastern Finland.

14
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Figure 5. Frequency distribution of the difference between analysed/forecast and observed freezing and melting days over all lakes

oint (blue) and forecast ice thickness >

1 mm (magenta). Observed variable; freezing date by SYKE. x-axis: difference (fc-ob), unit da; is: percentage of all cases.

Lake Kilpisjérvi is an Arctic lake at the elevation of 473 m, surrounded by fells. fts-The lake occupies 40 % of the area of
HIRLAM gridsquare covering it (the mean elevation of the gridsquare is 614 m). The average/maximum depth-is22-5depths

of the lake are 19.5/57 m and the surface area 37-33is 37.3 km?. The heat balance as well as the ice and snow conditions
on Lake Kilpisjédrvi have been a-subject-of-subject to several studies (Leppdranta et al., 2012; Lei et al., 2012; Yang et al.,

5 2013). Typically, the ice season lasts there seven months from November to May. Lake Lappajérvi is formed from a 23 km

15



wide meteorite impact crater, which is estimated to be 76 million years old. It is Europe’s largest crater lake with a surface

area of 145.5 km? and an average/maximum depth of 426.9/36 m. Here the climatological ice season is shorter, typically about

five months from December to April. The average/maximum depth of Lake Simpelejérvi is 9:38.7/34.4 m and the surface area

88.2 km?. This lake is located at the border between Finland and Russia and belongs to the catchment area of Europe’s largest
5 lake, Lake Ladoga in Russia.

Figures-6a—7b-
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Figure 6. Frequency of observed (yellow) and forecast or analysed (blue) LSWT over Lake Lappajarvi 2012-2018, all temperatures included.
x-axis: LSWT, unit K, y-axis: frequency, unit %.

Figures 6 and 7 show the frequency distributions of LSWT according to the-observationsforecast v.s. foreeast-and-analysis

for-theselakes—Features-common-to-the-majority-ef-observation and analysis v.s. observation for Lappajéarvi and Kilpisjarvi.
Features similar to the results averaged over all lakes (Section 4.1, Figures 3 and 4) are seen, i.e. underestimation of the amount

10 of cold temperature cases and overestimation of the warmer temperatures by the forecast and analysis. On Lake Lappajarvi,
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only the amount of below-freezing temperatures is-was clearly underestimated, otherwise the distributions look quite balanced.

According to the observations, on Lake Kilpisjarvi the

ice-covered days dominated during the periods from April to November. According to both FLake forecast and HIRLAM

LSWT analysis the amount of these days is-was clearly smaller.
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Figure 7. As for Figure 6 but for Lake Kilpisjérvi.

Yearly time series of the observed, forecast and analysed LSWT, with the observed LID marked, are shown in Figures 8 and
9. In the absence of observations, the HIRLAM analysis feltews-followed the forecast. Missing data in the time series close
to freezing and melting are due to missing observations, hence missing information in the feedback files (see Section 2.2).

Differences between the years due to the different prevailing weather conditions can be seen in the temperature variations.
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Figure 8. Time-series of the observed, analysed and forecast LSWT at the Lappajérvi observation location 23.67 E, 63.15 N for the years
2012-2018 based on 06 UTC data. Markers are shown in the inserted legend. Observed freezing date (blue) and melting date (red) are marked

with vertical lines.

Generally, in-spring Flake-tends-FLake tended to melt the lakes too early in spring, as already indicated by the LID statistics
(Section 4.2). The too early melting and too warm LSWT in summer show up clearly in Kilpisjirvi (Figure 9). In Lappajirvi,
the model and analysis are-were able to follow even quite large and quick variations of LSWT in summer, but tend-tended to

somewhat overestimate the maximum temperatures. Overestimation of the maximum temperatures by FLake is-was still more
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Figure 9. As for Figure 8 but for lake Kilpisjérvi, 20.82 E, 69.01 N.

prominent in shallow lakes (not shown). In autumn over Lakes Lappajérvi and Kilpisjarvi, the forecasts and analyses fellow

followed closely the LSWT observations and reproduce-the-freezing-date-reproduced the freezing dates within a few days,
which is-was also typical to the majority of lakes.

Figure 10 shows a comparison of forecast and observed evolution of ice and-snow-thickness-thickness and snow depth on
Lappajérvi, Kilpisjdrvi and Simpelejirvi in winter 2012-2013, typical also for the other lakes and years studied. In all three

lakes, the ice thickness starts-started to grow after freezing both according to the forecast and the observations. In the beginning
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HIRLAMY/FLake ice grows-grew faster than observed. However, according to the forecast ice thickness starts-started to decrease
in March of every year but according to the observations only a month or two later. The most remarkable feature is that there
is-was no snow in the FLake forecast. It was found that this was due to a coding error in the HIRLAM reference version 7.4

which is applied operationally in FMI.
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Figure 10. Evolution of ice (blue) and snow (red) thickness at Lakes Lappajérvi, Kilpisjédrvi and Simpelejarvi during winter 2012-2013.

The too early melting of ice in the absence of snow could be explained by the wrong absorption of the solar energy in
the model. In reality, the main factor of snow and ice melt in spring is the increase of daily solar radiation. In HIRLAM, the
downwelling short-wave irradiance at the surface is known to be reasonable, with some overestimation of the largest clear-
sky fluxes and all cloudy fluxes (Rontu et al., 2017). Over lakes, HIRLAM/FLake uses constant values for the snow and ice
shortwave reflection, with albedo values of 0.75 and 0.5, correspondingly. When there was no snow, the lake surface was thus
assumed too dark. 25 % more absorption of an assumed maximum solar irradiance of 500 Wm~2 (valid for the latitude of
Lappajirvi in the end of March) would mean availability of extra 125 Wm—2-~2 for melting of the ice, which corresponds the
magnitude of increase of available maximum solar energy within a month at the same latitude.

The forecast of too thick ice can also be explained by the absence of snow in the model. When there is no insulation by
the snow layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads to faster growth of
ice compared to the situation of snow-covered ice. In nature, ice growth can also be due to the snow transformation, a process

whose parametrization in the models is demanding (Yang et al., 2013; Cheng et al., 2014).
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Also the downwelling longwave radiation plays a role in the surface energy balance. We may expect values from 150 Wm™?
t0 400 Wm? in the Nordic spring conditions, with the largest values related to cloudy and the smallest to clear-sky situations.
The standard deviation of the predicted by HIRLAM downwelling longwave radiation fluxes has been shown to be of the order
of 20 Wm~?, with a positive systematic error of a few Wm~? (Rontu et al., 2017). Compared to the systematic effects related
to absorption of the solar radiation, the impact of the longwave radiation variations on lake ice evolution is presumably small.

5 Conclusions and outlook

In this study, in-situ lake observations from the Finnish Environment Institute were used for validation of the HIRLAM NWP
model, which is applied operationally in the Finnish Meteorological Institute. #tHIRLAM contains Freshwater Lake prognostic
parametrizations and an independent objective analysis of lake surface state. We focused on comparison of observed and
forecast lake surface water temperature, ice and-snow-thickness-thickness and snow depth in the years 2012 - 2018. Because
the HIRLAM/FLake system was unmodified during this period, a long uniform dataset was available for evaluation of the

performance of FLake integrated in-into an operational NWP model. On the other hand, no conclusions about the impact of

the lake surface state on the operational forecast of the near-surface temperatures, cloudiness or precipitation can be drawn
because of the lack of alternative (without FLake) forecasts for comparison.

On average, the forecast and analysed LSWT were warmer than observed with systematic errors of 0.91 K and 0.35 K,
correspondingly. The mean absolute errors were 1.94 and 1.32 K. Thus, the independent observation-based analysis of in-situ
LSWT observations was able to improve the FLake +6 h forecast used as the first guess. However, the resulting analysis is by
definition not used for correction of the FLake forecast but remains an independent by-product of HIRLAM.

An overestimation of the FLake LSWT summer maxima was found, especially for the shallow lakes. This behaviour of
FLake is well known, documented earlier e.g. by Keurzeneva(20+4)Kourzeneva, 2014. It arises due to the difficulty to handle
correctly the mixing in the near-surface water layer that is intensively heated by the sun.

Forecast freezing dates were found to correspond the observations well, typically within a week. The forecast ice thickness
tended to be overestimated, still the melting dates over most of the lakes occured systematically several weeks too early. Prac-
tically no forecast snow was on found on the lake ice, although the snow parametrization by FLake was included in HIRLAM.
The reason for the wrong-behaviourin-HIREAM-incorrect behaviour was evidently related to a coding error in HIRLAM

that prevented snow accumulation on lake ice. The too early melting and overestimated ice thickness differ from the results by

reported somewhat too late melting of the Finnish lakes when FLake with realistic snow parametrizations was applied within a
climate model or independently;stand-alone driven by NWP data. It can be concluded that a realistc parametrization of snow
on lake ice is importart in order to describe correctly the lake surface state in spring.

Small lakes and those of complicated geometry cause problems for the relatively coarse HIRLAM grid of 7 - kilometre
resolution. The problems are related to the observation usage, forecast and validation, especially when interpolation and selec-

tion of point values are applied. The observations and model represent different spatial scales. For example, the comparison
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of the freezing and melting dates was based on diagnostics of single-gridpoint values that were compared to observations
representing entire lakes as seen-overseen from the observation sites. Also the results of LID diagnostics were sensitive to the
criteria for definition of the ice existence in HIRLAM/FLake. All this adds unavoidable inaccuracy into the model-observation
intercomparison but does not change the main conclusions of the present study.

SYKE LSWT observations used for the real-time analysis are regular and reliable but did-do not always cover the days
immediately after melting or close to freezing, partly because the quality control of HIRLAM LSWT analysis utilizes the
SYKE statistical lake water temperature model results in a too strict way. Although the 27 observations are located all over the
country, they cover a very small part of the lakes and their availability is limited to Finland. SYKE observations of the ice and
snow depth as well as the freezing and melting dates provide valuable data for the validation purposes.

A need for minor technical corrections in the FMI HIRLAM/FLake system was revealed. The snow accumulation bug

was corrected in October 2018, based on our findings. Further developments and modifications are not foreseen because the

HIRLAM NWP systems, applied in the European weather services, are being replaced by kilometre-scale HARMONIE-AROME-based
operational-systems-(Bengtssonet-al;20HHALADIN-HIRLAM forecasting systems (Termonia et al., 2018; Bengtsson et al., 2017

, where the prognostic FLake parametrizations are also available. HARMONIE/FLake uses the newest version of the global lake

database (GLDB v.3) and contains updated snow and ice properties that were suggested by ¥ang-etal;2643)Yang et al., 2013
. The objective analysis of lake surface state is yet to be implementedinte-HARMONIE-AROME, taking into account the
HIRLAM experience summarized in this study and earlier by Kheyrollah-Pour-et-al+2617)—Kheyrollah Pour et al., 2017. In
the future, an important source of wider observational information on lake surface state are the satellite measurements, whose
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Code and data availability. Observational data was obtained from SYKE open data archive SYKE, 2018 as follows: LID was fetched

15.8.2018, snow depth 17.9.2018 and ice thickness 16.10.2018 from http://rajapinnat.ymparisto.fi/api/Hydrologiarajapinta/1.0/odataquerybuilder/.

A supplementary file containing the freezing and melting dates as picked and prepared for the lakes studied here is attached. Data picked
from HIRLAM archive are attached as supplementary files: data from the objective analysis feedback files (observed, analysed, forecast
LSWT interpolated to the 27 active station locations) and from the gridded output of the HIRLAM analysis (analysed LSWT, forecast ice
and snow thickness from the nearest gridpoint of all locations used in the present study).

In this study, FMI operational weather forecasts resulting from use of HIRLAM v.7.4 (rc1, with local updates) were validated against lake
observations. The HIRLAM reference code is not open software but the property of the international HIRLAM-C programme. For research
purposes, the codes can be requested from the programme (hirlam.org). The source codes of the version operational at FMI, relevant for the

present study, are available from the authors upon request.
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Table A1. Prognostic and diagnostic lake variables within HIRLAM

variable unit type.
temperature of snow on lake ice K prog by FLake
temperature of lake ice K Pprog by FLake
mean water temperature K Pprog by FLake
‘mixed layer temperature K prog by FLake
bottom temperature K prog by FLake
temperature of upper layer sediments K prog by FLake
Amixed layer depth m prog by FLake
thickness of upper layer sediments m prog by FLake
thermocline shape factor S prog by FLake
lake ice thickness m prog by FLake
snow depth on lake ice m prog by FLake
LSWT K diag by Flake
= mixed layer temperature if no ice
lake surface temperature K diag by FlLake
LSWT K anal by HIRLAM
flag value 272 K when there is ice
fraction of lake ice. [0-11  diag fraction in HIRLAM erid
lake surface roughness. m diag by HIRLAM
screen level temperature over lake K diag by HIRLAM
Screen level abs humidity over lake. kekg " diag by HIRLAM

1

anemometer level u-component over lake ~ ms_ " diag by HIRLAM

1

anemometer level v-component over lake ~ ms_ " diag by HIRLAM

latent heat flux over lake Wm_?  diag by HIRLAM
sensible heat flux over lake Wm_?  diag by HIRLAM
Scalar momentum flux over lake Pa diag by HIRLAM
SW_ net radiation over lake_ Wm_?  diag by HIRLAM
LW net radiation over lake_ Wm_?  diag by HIRLAM
depth of lake m pres in HIRLAM grid
fraction of lake (11 presin HIRLAM grid

Denotation: prog = prognostic, diag = diagnostic, pres = prescribed, anal = result of OI

28



Table A2. Lakes with SYKE observations used in this study.

NAME  LON ~ LAT MEAND(m MAXD(m) AREA(kgm™) HIRD(m) HIRFR HIRID
Piclinen 20607 63271 10.1 610 842 100 0916 4001
Kallesi 27783 62762 97 750 B61 100 0814 4002
Hankivesi 28389 62.108_ 9.1 550 Se04 100 0725 4003
Saimaa 28116 61338 10.8 85.8 1377.0 100 0950 4004
Pasjiril 24789 62864 38 149 25 30 0430 4005
Nilakka 26527 63115 49 27 1690 100 0866 4006
Konnevesi 26,605 62633 106 571 1892 100 0937 4007
Wsind 26135 61631 46 282 BLL 100 0750 4008
Piijinne 25482 61.614 14.1 86.0 864.9 100 0983 4009
Ala-Rieveli  26.172 61303 113 469 13.0 100 0549 4010
Kyyvesi  27.080 61,999 44 353 130.0 100 0810 4011
Tussulanjiryi 25,054 60441 32 98 59 30 0074 4012
Pyhijini 22291 61001 55 22 1552 50 092 4013
Pasjing 25032 61064 148 85.0 134 140 0350 401
Vaskivesi 23764 62142 70 620 461 100 039 406
Kuivajiri 23860 60786 22 99 82 100 0419 4017
Nisifind 23750 61632 147 656 2006 100 0850 4018
Lappajiri 23671 63148 69 360 1453 100 1000 4019
Kilpisjiri 20816 69.007 195 570 W3 220 039 405
Inarind 27924 69082 143 920 10394 140 0979 4027
Simpelejirvi  29.482  61.601 93 34.4 882 100 0548 40241
Pokkiinlahti  27.264 61501 80 84.3 80 100 0299 40261
Murasjiri 25,353 63478 90 351 21 100 0060 40263
Kalmarinselki. 25,001 62786 57 219 71 50 0330 40270
Summasjing 25344 62677 67 405 29 100 0555 40272
T 27021 62679 172 45 1649 180 043 40277
Hankavesi 26826 62614 70 490 182 180 0100 40278
Pewjivesi 25,173 62255 42 %6 88 30 0245 40282
Kukkia 24618 61329 52 356 89 100 0299 40308
Abgirinfiryi 24045 62755 s2 P 99 100 0266 40313
Kuortaneenjiryi 23407 62863 33 162 149 100 0277 40328
Lestijarvi 24716 63.584 36 6.9 64.7 10.0 0.513 40330
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Validation of lake surface state in the HIRLAM v.7.4 NWP model
against in-situ measurements in Finland
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Correspondence: laura.rontu @fmi.fi

Abstract. High Resolution Limited Area Model (HIRLAM), used for the operational numerical weather prediction in the
Finnish Meteorological Institute (FMI), includes prognostic treatment of lake surface state since 2012. Forecast is based on the
Freshwater Lake (FLake) model integrated te-into HIRLAM. Additionally, an independent objective analysis of lake surface
water temperature (LSWT) combines the short forecast of FLake to observations from the Finnish Environment Institute
(SYKE). The resulting description of lake surface state - forecast FLake variables and analysed LSWT - was compared to
SYKE observations of lake water temperature, freezing-and-meltingfreeze-up and break-up dates as well as the ice and-snow
thiekness-thickness and snow depth for 2012-2018 over 45 lakes in Finland. During the ice-free period, the predicted LSWT
corresponded to the observations with a slight overestimation, with a systematic error of + 0.91 K. The colder temperatures
were underrepresented and the maximum temperatures were too high. The objective analysis of LSWT was able to reduce the
bias to + 0.35 K. The predicted freezing-freeze-up dates corresponded well the observed dates, mostly within the accuracy of a
week. The forecast melting-break-up dates were far too early, typically several weeks ahead of the observed dates. The growth
of ice thickness after freezing-freeze-up was generally overestimated. However, practically no predicted snow appeared on lake
ice. The absence of snow, feund-to-presumably be due to a-technicat-errorinHHREAMan incorrect security coefficient value,
is suggested to be also the main reason of the inaccurate simulation of the ice-melt-]lake ice melting in spring.

Copyright statement. @ Authors 2018. This work is distributed under the Creative Commons Attribution 4.0 License.

1 Introduction

Lakes influence the energy exchange between the surface and the atmosphere, the dynamics of the atmospheric boundary layer
and the near-surface weather. This is important for weather forecasting over the areas where lakes, especially those with a
large yearly variation of the water temperature, freezing in autumn and melting in spring, cover a significant area of the surface
(Kheyrollah Pour et al., 2017; Laird et al., 2003 and references therein). Description of the lake surface state influences the
numerical weather prediction (NWP) results, in particular in the models whose resolution is high enough to account for even
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The-In the Finnish Meteorological Institute (FMI), the High Resolution Limited Area Model HIRLAM (Undén et al., 2002;
Eerola, 2013) has been applied since 1990 for the numerical short-range weather forecastover-theNerthernEurope. In the
beginning, the monthly climatological water surface temperature for both sea (sea surface temperature SST) and lakes (Lake
Surface Water Temperature LSWT) was used. Since 2012, HIRLAM includes a prognostic lake temperature parameterization

based on the Freshwater Lake Model (FLake, Mironov et al., 2010). An independent objective analysis of observed LSWT

(KheyreHah-Pour-et-al(2617)-Kheyrollah Pour et al., 2017 and references therein) was implemented in 2011. Fractional-The
fractional ice cover (lake ice concentration in each grid-sqtare-gridsquare of the model) is estimated-separately based-on
diagnosed from the analysed LSWTand-the-ice-thicknesspredieted-by-Flake.

FLake was designed to be used as a parametrization scheme for the forecast of the lake surface state in NWP and climate
models. It allows to predict the lake surface state in interaction with the atmospheric processes treated by the NWP model. The
radiative and turbulent fluxes as well as the predicted snow precipitation from the atmospheric model are combined with FLake
processes at each time-step of the model integration (with-a-typicalinterval-ef-one-orseveralminutes)-in the model grid, where
the fraction and depth of lakes are prescribed.

FLake has been implemented into the other main European NWP and regional climate models, first into COSMO (Mironov
et al., 2010) then into ECMWF (Balsamo et al., 2012), Unified Model (Rooney and Bornemann, 2013), SURFEX sur-
face modelling framework (Masson et al., 2016), regional climate models RCA (Samuelsson et al., 2010), HCLIM (Lind-
stedt et al., 2015) and REMO (Pietikdinen et al., 2018), among others. Description of lake surface state and its influence
in the numerical weather and climate prediction has been validated in various ways. Results of case studies, e.g. Eerola
et al. (2014) and shorter-period NWP experiments, e.g. Eerola et al. (2010); Rontu et al. (2012); Kheyrollah Pour et al.
(2014); Kheyrollah Pour et al. (2017) as well as climate model results, e.g.

Samuelsson et al. (2010); Pietikdinen et al. (2018), have been compared with remote-sensing satellite data and ir-sifiin-situ
lake temperature and ice measurements as well as validated against the standard weather observations. In general, improve-

ment of the scores has been seen over regions where lakes occupy a significant area. However, specific features of each of the
host models influence the results of the coupled atmosphere-lake system as FLake appears to be quite sensitive to the forcing
by the atmospheric model.

The aim of the present study is to use-validate the lake surface state forecast by the operational HIRLAM NWP model using
the in-situin-situ LSWT measurements, lake freezing-and-melting-ice freeze-up and break-up dates and measurements of ice
and snow thickness by the Finnish Environment Institute (Suomen Ympiristokeskus = SYKE)forvalidation-of the lake surface

stateforecast-by-the-oeperational- HHREAM-NWP-medel. For this purpose, HIRLAM analyses and forecasts archived by the
Finnish-Meteorologieat-dnstitute (FMH-FMI were compared with the observations by SYKE over the lakes of Finland from

spring 2012 to summer 2018. To our knowledge, this is the longest available detailed dataset that allows to evaluate how well

the lake surface state is simulated by an operational NWP model that applies FLake parametrizations.
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2 Lake surface state in HIRLAM

FLake was implemented in the HIRLAM forecasting system in 2012 (Kourzeneva et al., 2008; Eerola et al., 2010). The
model utilizes external datasets on the lake depth (Kourzeneva et al., 2012a; Choulga et al., 2014) and the lake climatology

(Kourzeneva et al., 2012b). The latter is only needed in order to provide initial values of FLake prognostic variables in the
very first forecast —Real-time-(so-called cold start). The use of real-time in-situ LSWT observations by SYKE for 27 Finnish
lakes became-available-for-the-operationalHHHREAM-analysis-in-was introduced in 2011 into the operational LSWT analysis
in HIRLAM (Eerola et al., 2010; Rontu et al., 2012). In the current operational HIRLAM at-FMlof FMI, FLake provides the
background for the optimal interpolation analysis (OI, based on Gandin1965)-analysis-Gandin, 1965) of LSWT. However,

the prognostic FLake variables are not corrected using the analysed LSWT—which-would-require-. This would require more
advanced data assimilation methods based on e.g. the extended Kalman filter (Kourzeneva, 2014). Therelations-between-the

2.1 Freshwater lake model in HIRLAM

FLake is a bulk model capable of predicting the vertical temperature structure and mixing conditions in lakes of various depths
on time-scales from hours to years (Mironov et al., 2010). The model is based on two-layer parametric representation of the
evolving temperature profile in the water and on the integral budgets of energy for the layers in question. Bottom sediments
and the thermodynamics of the ice and snow on ice layers are treated separately. FLake depends on prescribed lake depth
information. The prognostic and diagnostic variables of HIRLAM /FLake-phus-FLake together with the analysed lake surface
variables in HIRLAM are listed in the Appendix (Table Al).

At each time step ef-during the HIRLAM forecast, FLake is driven by the atmospheric radiative and turbulent fluxes as well
as the predicted snowfall, provided by the physical parameterisations in HIRLAM. This couples the atmospheric variables over

lakes with the lake surface properties as provided by FLake —parametrization. Most importantly, FLake provides HIRLAM

with the evolving lake surface (water, ice, snow) temperature and radiative properties, that influence the HIRLAM forecast of

the grid-average near-surface temperatures.
Implementation of FLake model as a parametrizations-parametrization scheme in HIRLAM was based on the experiments

described by Rontu et al. (2012). Compared to the reference version of FLake (Mironov et al., 2010), minor modifications
were introduced, namely, use of constant snow density = 300 kgm 2, molecular heat conductivity = 1 Jm~'s~!K~!, constant
albedos of dry snow = 0.75 and ice = 0.5. Bottom sediment calculations were excluded. Global lake depth database (GLDB

v.2, Choulga-etal(20+4))-is-Choulga et al., 2014) was used for derivation of mean lake depth in each gridsquare. Fraction of
lake is-was taken from HIRLAM physiography database, where it originates from GLCC (Loveland et al., 2000).

eomparison—Lake surface temperature is diagnosed from the mixed layer temperature for the unfrozen lake gridpoints and
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from the ice or snow-on-ice temperature for the frozen points. In FLake, ice starts to grow from an assumed value of one mil-
limeter when temperature reaches the freezing point. The whole lake tile in a gridsquare is considered by FLake either frozen

or unfrozen. Snow on ice is accumulated from the model’s snowfall at each time step during the numerical integration.

2.2 Objective analysis of LSWT observations

A comprehensive description of the optimal interpolation (OI) of the LSWT observations in HIRLAM is given by Kheyrellah-Pour-et-al+20

Kheyrollah Pour et al., 2017). Shortly, LSWT analysis is obtained by correcting the FLake forecast at each gridpoint by using
the weighted average of the deviations of observations from their background values. Prescribed statistical information about

the observation and background error variance as well as the distance-dependent autocorrelation between the locations (obser-

vations and gridpoints) are applied. The real-time observations entering the HIRLAM surface analysis system are subject to
quality control in two phases. First, the observations are compared to the background, provided by the FLake short forecast.
Second, optimal interpolation is done at each observation location, using the neighbouring observations only (excluding the
current observation) and comparing the result to the observed value at the station.

A specific feature of the lake surface temperature OI is that the interpolation is performed not only within the (large) lakes
but also across the lakes: within a statistically pre-defined radius, the observations affect all gridpoints containing a fraction of
lake. This ensures that the analysed LSWT on lakes without own observations may also be influenced by observations from
neighbouring lakes, not only by the first guess provided by FLake forecast.

The relations between the OLanalysis and the prognostic FLake in HIRLAM are schematically illustrated in Figure 1. Within
the present HIRLAM setup, the background for the analysis is provided by the short (6-hour) FLake forecast —Hewever;-but the
next forecast is not inittatised-initialized from the analysis;-seeFigure+. Instead, FLake continues running from the previous
forecast, driven by the atmospheric state given by HIRLAM at each time step. This means that FLake does not benefit from the
result of OI analysis does-net-benefitFlake-but the analysis remains to-some-extent-as an extra diagnostic field, to some extent
independent of the LSWT forecast. Noete-that However, FLake background has a large influence in the analysis, especially over
distant lakes where neighbouring observations are not available. The diagnostic LSWT analysis, available at every gridpoint of

Missing LSWT observations in spring and early winter are interpreted to represent presence of ice and given a flag value of
-1.2°C. If, however, the results of the statistical meving-average-type LSWT model (Elo, 2007), provided by SYKE along with
the real-time observations, indicate unfrozen conditions, the observations are considered missing. This prevents appearance of
ice in summer when observations are missing but leads to a misinterpretation of data in spring if the SYKE model indicates
too early melting. In the analysis, fraction of ice is diagnosed from the LSWT field in a simple way. The lake surface within a
gridsquare is assumed fully ice-covered when LSWT falls below -0.5°C and fully ice-free when LSWT is above 0°C. Between
these temperature thresholds, the fraction of ice changes linearly (Kheyrollah Pour et al., 2014).

The HIRLAM surface data assimilation system produces comprehensive feedback information from every analysis-forecast
cycle. The feedback consists of the observed value and its deviations from the background and from the final analysis at

the observation point. Bilinear interpolation of the analysed and forecast values is done to the observation location from the
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Figure 1. Coexistence of the independent objective analysis of the observed LSWT and prognostic FLake parametrizations in HIRLAM. The

thin arrows are related to data flow between HIRLAM analysis-forecast cycles while the thick arrows describe processes within each cycle.

nearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of observations is
provided. Fractions of land and lake in the model grid as well as the weights, which were used to interpolate gridpoint values
to the observation location, are given. We-use-this-information-as-basie-material-This information is the basis of the present
study (see sections 3.3 and 4).

3 Model-observation intercomparison 2012-2018

In this intercomparison we validated HIRLAM #ELake-results against observations about the lake surface state. The impact of

FLake parametrizations to the weather forecast by HIRLAM is-was not considered. This is because the-arehived-observations

an-integral-part-of HHREAM-—This-means-that-there-are-no-no non-FLake weatherforecasts-to-compare-withweather forecasts
exist for comparison with the operational forecasts during the validation period.

3.1 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version (v.7.4), implemented in spring 2012. (Eerota(2043)-Eerola, 2013
and references therein). FLake was introduced into this version. After that the development of HIRLAM was frozen. Thus,

during the years of the present comparison, the FMI operational HIRLAM system remains unmodified, which offers a clean
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Table 1. FMI operational HIRLAM

Domain From Atlantic to Ural, from North Africa beyond North Pole
Model horizontal / vertical resolution 7 km / 65 levels

HIRLAM version 7.4

Model dynamics Hydrostatic, semi-Lagrangian, grid-point

Atmospheric physical parametrizations ~ Savijérvi radiation, CBR turbulence,

Rasch-Kristiansson cloud microphysics + Kain-Fritsch convection

Surface physical parametrizations ISBA-newsnow for surface, FLake for lakes

Data assimilation Default atmospheric (4DVAR) and surface (OI) analysis
Lateral boundaries ECMWEF forecast

Forecast Up to +54 h initiated every 6h (00, 06, 12, 18 UTC)

time series of data for the model-observation intercomparison. The general properties of the system are summarised in Ta-

ble 1.

3.2 SYKE lake observations

In this study we used three different types of SYKE lake observations: LSWT, freeze-up and break-up dates and ice thickness
and snow depth on lake ice. In total, observations on 45 lakes listed in Appendix (Table A2) were included as detailed in the
following. The lake depths and surface areas given in Table A2 are based on he updated lake list of GLDB v.3 (Margarita

3.2.1 Lake temperature measurements

Regular in-situ lake water temperature (EWF)-measurements are performed by SYKE. SYKE-eperates—32-Currently SYKE
operates 34 regular lake and river water temperature measurement sites in Finland. The temperature of the lake water is mea-
sured every morning at 8.00 AM local time, close to shore, at 20 cm below the water surface. The measurements are recorded
either automatically or manually and are performed only during the ice-free season (?Rentu-et-al;2642)(Korhonen, 2019).
Eurther, we will for simplicity denote also these data as LSWT observations although they do not represent exactly the same
surface water temperature (skin temperature, radiative temperature) that could be estimated by satellite measurements. These

data are available in the SYKE open data archive (SYKE, 2018). Measurements from 27 of these 34 lakes (Figure 2, white dots)
used-by-were selected for use in the FMI operational HIRLAM -were-inchuded-in 2011, and the list has been kept unmodified

since that. The set of 27 daily observations, quality-controlled by HIRLAM, were obtained from the analysis feedback files



Figure 2. Map of SYKE observation points used in this study: lakes with both lake surface water temperature (LSWT) and lake ice date (LID)
observations (white), lakes where only LID is available (black). On Lakes Lappajirvi, Kilpisjarvi and Simpelejérvi also ice thickness and
snow thickness-depth measurements were used (Section 4.3), they are surrounded with a large white circle. List of the lakes with coordinates

is given in Appendix A2.

and used in all comparisons reported in this study. Fhese-data-are-also-available-in-the SYKE-open-data-archive (SYKE 2618

3.2.2 Freezing Freeze-up and melting-break-up dates

Regular visual observations of freezing-and-meltingfreeze-up and break-up of lakes have been recorded in Finland for centuries,
the longest time series starting in the middle of the 19th century 2—(Korhonen, 2019). Presently, dates of freezing-and-melting
freeze-up and break-up are available from SYKE (2018) on 123 lakes, but the time series for many lakes are discontinuous.
Further, we will denote the melting-and-freezing-break-up and freeze-up dates together by “lake ice dates” (LID). For-both
freezingand-melting LID observations aim at representing conditions on entire lakes. For both freeze-up and break-up the dates
are available in two categories for-freezing—freezing-of-the-visible-area™(terminology from Korhonen, 2019): "freeze-up of
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the lake within sight" (code 29 by SYKE) and = ¢ reez - isi >"freeze-up of the whole lake" (code 30).
For melting-break-up the dates are defined as “no-ice-visiblefrom-the-observation-site™ ‘no ice within sight” (code 28) and “reo
iee-on-the-outer open-water areas thaw areas out of the shore” (code 27). LID observations by SYKE are made independently of
their LSWT measurements and possibly from different locations on the same lakes. The LSWT measurements may be started

later than the date of reported lake ice break-up or end earlier than the reported freeze-up date.
LID from the 27 lakes whose EWFLSWT measurements are used in HIRLAM were available and selected for this study. In

addition, 18 lakes with only LID available (Figure 2, black dots) were chosen for comparison with HIRLAM Aake-LID.
3.2.3 Ice thickness and snow thickness-depth on lakes

SYKE-reeordsIn the period 2012-2018 SYKE recorded the lake ice and-sneow-thickness-thickness and snow depth on around 50
locations in Finland;-arehived-. (Archived historical data are available in total from 160 measurement sites). The manual mea-
surements are done three times a month during the ice season. Thickness of ice and the-snew-snow depth on ice are measured by
drilling holes through snow and ice layers along chosen tracks, normally at least 50 m from the coast ¢2)(Korhonen, 2019). The
locations may differ from those of the LSWT measurement or LID observation over the same lakes. In-this-stady;measurements

an a A a on 0 P on-4
a ata va a

3.3 Lake-Validation of HIRLAM lake surface statederived-from-HIREAM-output

3.3.1 Lake surface water temperature

Diagnesed ESWT-from HIREAM/FLake-analysis-andforeeasteyeles LSWT by HIRLAM, resulting from the objective analysis
or diagnosed from the forecast, was compared with the observed EWTF-LSWT by SYKE using data extracted from the analysis

feedback files (Section 2.2) at the observation locations on 06 UTC every day—, excluding the winter periods 1 December -

31 March. The observations (ob) at 27 SYKE stations were assumed to represent the true value, while the analysis (an) is the
result of OI that combines the background forecast (fc) with the observations. Time-series, maps and statistical scores, to be
resented in Section 4.1, were derived from these.

3.3.2 Freezing-and-melting-dates

3.3.2  Lake ice conditions

this study, the observed LID, ice and snow thickness observations were obtained from SYKE open data base, relying on their
uality control. The analysed LSWT as well as the predicted ice thickness and snow depth were picked afterwards from the

HIRLAM archive for a single gridpoint nearest to each of the 45 observation locations (not interpolated as in the analysis
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feedback file that was used for the LSWT comparison). Fer-the-definition-of HD-tIt was assumed that the gridpoint value

nearest to the location of the LSWT observation represents the ice conditions over the chosen lake.

LID given by HIRLAM were defined in two independent ways: from the analysed LSWT and from the forecast lake ice

thickness. Note that the ice thickness and snow depth on ice are not analysed variables in HIRLAM. In autumn a lake can
freeze and melt several times before final freezingfreeze-up. The last date when the forecast ice thickness crossed a critical

value of 1 mm or the analysed LSWT fell below freezing point was selected as the date of freezing—TFo-deerease-theeffeet

oy = he dremnm 0 o he aan tha TITD AN PCLa 19 a he-mean—-oa he fo d4q
O attorr o FTHapo VardeS—oetw v O ast-aratys Y 3 ato outr—Gaa

forecasts-or-analysed-ESWT-values-was-usedfreeze-up. In the same way, the last date when the forecast ice thickness fell below

the critical value of 1 mm or the analysed LSWT value crossed the freezing point was selected as melting-day-

hesebreak-up date. To decrease

the effect of oscillation of the gridpoint values between the HIRLAM forecast-analysis cycles, the mean of the four daily ice
thickness forecasts or analysed LSWT values was used.

LID by HIRLAM /FEake-were compared to the observed dates during 2012-2018ineluding-in-the-comparison-data-overall

months. In this comparison we included data also during the winter period. The category 29 observations (“freeze-up of the
lake within sight”, see Section 3.2.2) were used. In this category the time series were the most complete at the selected stations.

For the same reason, the melting-break-up observations of category 28 (“no ice within sight”) were used for comparison.
Furthermore, using a single gridpoint value for the calculation of LID also seems to correspond best the observation definition
based on what is visible from the observation site. The statistics were calculated as ebfc - fe-and-6b-ob and an - anob. Hence,
positive values mean that mekting-orfreezing-break-up or freeze-up takes place too late in the model as compared to the
observations.

Lake ice thickness and snow depth measurements from lakes Lappajdrvi, Kilpisjdrvi and Simpelejrvi were utilised as
additional data for validation of predicted by HIRLAM ice thickness and snow depth (Section 4.3). These lakes, representing.
the western, northern and south-eastern Finland, were selected for illustration based on the best data availability during the



4 Results
4.1 Analysed and forecast LSWT at observation points

Figure 3 shows the frequency distribution of LSWT according to FLake forecast and SYKE observations. It is evident that the
amount of data in the class of temperatures which represents frozen conditions (LSWT flag value 272 K) is-was underestimated

by the forecast (Figure 3a). When subzero temperatures are-were excluded from the comparison (Figure 3b), underestimation

in the colder temperature classes and overestimation in the warmer classes still remains.
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Figure 3. Frequency of observed (ob, yellow) and forecast (fc, blue) LSWT over all 27 SYKE lakes 2012-2018. x-axis: LSWT, unit K,
y-axis: frequency, unit %.

LSWT analysis (Figure 4) improves-improved the situation somewhat but the basic features remain. This is due to the
dominance of FLake forecast via the background of the analysis. In Section 4.3, we will show time-series illustrating the

physics behind these LSWT statistics.
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Figure 4. As for Figure 3 but for observed and analysed (an) LSWT.

Table 2 confirms the warm bias by FLake in the unfrozen conditions. Similar results were obtained for all stations together
and also for our example lakes Lappajirvi and Kilpisjérvi, to be discussed in detail in Section 4.3. There were three lakes with
negative LSWT bias according to FLake forecast, namely the large lakes Saimaa and Piijdnne s-and the smaller Ala-Rieveli.
After the correction by objective analysis, a small positive bias converted to negative over 6 additional lakes, among them the
large lakes Lappajérvi in the west and Inari in the north. The mean absolute error decreased from forecast to analysis in-on
every lake.

In the frequency distributions, the warm temperatures are-were evidently related to summer. For FLake, the overestimation

of maximum temperatures, especially in shallow lakes, is a knewsrknown feature (e.g. Kourzeneva 2014). It is related to the

11



10

15

Table 2. Statistical scores for LSWT at all stations and at two selected stations

station fcoran meanob bias mae stde N
ALL fc 286.3 0.91 1.94 234 30877
an 286.3 0.35 1.32  1.72 30861
Lappajdrvi  fc 286.9 0.33 123 1.62 1243
an 286.9 -0.65 1.06 1.10 1243
Kilpisjarvi  fc 281.7 1.82  2.13 215 780
an 281.7 1.10 142 1.51 780

Statistics over days when both forecast/analysis and observation indicate unfrozen
conditions. bias = systematic difference fc/an - ob, mae = mean absolute error, stde =

standard deviation of the error, N = number of days (06 UTC comparison, no ice).

difficulty of forecasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperatures eeeur
occurred in spring and autumn. In a few large lakes like Saimaa, Haukivesi, Pielinen, LSWT tends—tended to be slightly
underestimated in autumn both according to the FLake and the analysis (not shown). Hewever;-as-will-be shownin-Seetions4-2
and-4-3;-the-The cold left-hand side columns in the frequency distributions (Figures 3a and 4a) are mainly related to spring,
when HIRLAM /FLake-tends-tended to melt the lakes significantly too early (Sections 4.2 and 4.3).

There are problems, especially in the analysed LSWT, over (small) lakes of irregular form that fit poorly the HIRLAM grid
and where the measurements may represent more the local than the mean or typical conditions over the lake. These are the
only ones where an underestimation of summer LSWT ean-be-was seen. Cases oeetr-occurred where FLake results differ so

much from the observations that the quality-control-of the HIREAM-surface-data-assimilationrejeets- HIRLAM quality control
against background values rejected the observations, forcing also the analysis to follow the incorrect forecast (not shown).

4.2 Freezing Freeze-up and melting-break-up dates

In this section the freeze-up and break-up dates from HIRLAM are verified against corresponding observed dates over 435
lakes (Appendix Table A2). In the following, "LSWT an’ refers to the LID estimated from analysed LSWT and “IceD fc’ to
those estimated from the forecast ice thickness by FLake. The time period contains six freezing periods (from autumn 2012 to
autumn 2017) and seven melting periods (from spring 2012 to spring 2018). Due to some missing data the number of freeze-up
cases was 233 and break-up cases 258 The "IceD fc” data for the first melting period in spring 2012 was missing. The overall
statistics of the error in freeze-up and break-up dates are shown in Table 3. In most cases the difference in error between the
dates based on forecast and analysis was small. This is natural as the first guess of the LSWT analysis is the forecast LSWT by,
FLake. We will discuss next the freeze-up, then the break-up dates.
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Table 3. Statistical measures of the error of freezingfreeze-up and melting-break-up date

bias sdestde  max min N

unit days days  days  days

Freezing Freeze-up  LSWTan -3.5 17.9 64 -52 233
IceD fc -0.3 17.8 67 -41 233

Melting-Break-up LSWTan -152 8.5 2 -54 288
IceD fc -205 9.2 -1 -56 258

Denotation: LSWT an - LID estimated from analysed LSWT, IceD fc - LID estimated from forecast ice

thickness.

’IceD fc’

may-be-lessfor-somelakes-because-of-missing-observationsand 'LSWT an’, -0.3 and -3.5 days, respectively. The minimum
and maximum errors were large in both cases: the maximum freeze-up date occurred about two months too late, the minimum
about one and a half months too early. However, as will be shown later, the largest errors mostly occurred on a few problematic

lakes while in most cases the errors were reasonable.

Figure 5a) shows the frequency distribution of the error of freezing-dates—Definition—of-thefreezing-datefrom-the—ee
thiekness-by Flake gave slightly more-oceurrences freeze-up dates. Forecast freeze-up dates occurred slightly more often in
the unbiased class (error between -5 - +5 days), compared to the estimatefrom-the-analysed ESWestimated dates from the
analysis. Of all cases 48 %and-/ 40 % fel-in-this-elass-accordingto-ice-thickness-and-LSWhrespeetively—In—t6(percentages
here and in the following are given as "IeeD fc' /"LSWT an’) fell into this class. In 20% / 2626% of cases the freezing-oceurs
freeze-up occurred more than five days too late and only in 911% / +H9% cases more than two weeks too late. This-elass
of more-than-two-weeks too tate freezing-eonsists-of-In case of "IceD fc’, the class of freeze-up more than 15 days too late
comprised 25 cases which-are-distributed over 15 lakes, thus in-mest-eases-one-event-mostly one or two events per lake. This
suggests that the error is-was related more to individual years than to systematically problematic lakes. It is worth noting, that
of the eight cases where the error is-was over 45 days, are-all-but-one-due-to-one-take;six cases were due to a single lake, Lake
Kevojirviwhieh-. This lake is situated in the very north of Finland. Thistake-is-It is very small and narrow, with an area of

13



10

15

20

25

30

35

1 km—2and-situated-2, and located in a steep canyon. Therefore it is poorly represented by the HIRLAM grid and beth-Flake
and-analysis-the results seem unreliable.

Concerning the-eases-of-too early freezing, in 4433% / 3244% of the cases freezing-oceurs-freeze-up occurred more than
five days too early and in +915% / +519% more than two weeks too early. The-last-mentioned-According to the forecast, these
15% (34 cases) are-were distributed over 19 lakes. Each of the five large lakes Pielinen, Kallavesi, Haukivesi, Pdijanne and
Inari eeeur-occurred in this category three times while all other lakes together share-shared the remaining 19 cases during the

SiXx winters.

The break-up dates
was systematically forecast to occur too early. However, the standard deviation of the error was only about half of that of the
error of freeze-up dates and there were no long tails in the distribution (Figure 5b). Hence the distribution is strongly skewed
towards too early dates—Based-on-the ESWT-analysis;—the-break-up, but much narrower than that of freeze-up (Figure 5a).
The large bias was most probably due missing snow over lake ice in this HIRLAM version (see Section 5). The maximum
frequency (5247 %) oceurs-was in the class —14-24 - -5-days-while-based-on-the-ice-thickness-15 days for *IceD fc’, while in
case of 'LSWT an’, the maximum frequency (4752 %) ts-occurred in the class -24-14 - —+5-days—Fhe-mean-vatues-are 152
ne—20-5-days-and-the-standard-deviations-are-8:-5-and-9-2-days; respeetively-Flakesuggests-5 days. FLake forecast "IceD fc’
suggested only three cases in the unbiased class -4 - +5 while according to the ESW-analysis-there-are’ LSWT an’ there were
12 cases in this class. Hence, the melting-break-up dates derived from analysed EW-ST-eorrespord-LSWT corresponded the
observations better than those derived from FLake ice thickness forecastbut-both-are-strongly-biased-towards-too-early-melting:

We-eanconelude-that HHREAM-FLake sueeeeds-Note that this kind of method of verifying LID compares two different types

of data. The observations by SYKE are visual observations from the shore of the lake (see Section 3.2.2), while the freeze-u
and break-up dates from HIRLAM are based on single-gridpoint values of LSWT or ice thickness (see Section 3.3.2). In
addition, the resulting freeze-up and break-up dates from HIRLAM are somewhat sensitive to definition of the freezing and

melting tresholds. Here we used 1 mm for the forecast ice thickness and the freezing point for the LSWT analysis as the critical
values.

In conclusion, the validation statistics show that HIRLAM succeeded rather well in predicting thefreezing of Finnish lakes.

Almost in half of the cases the error is-was less than £ 5 days. Some bias towards too early freezing-freeze-up can be seen -
Meltingis-both in forecast and in the analysis. Melting was more difficult. FLake prediets-melting-predicted lake ice break-u
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Figure 5. Frequency distribution of the difference between analysed/forecast and observed freeze-up and break-up dates over all lakes

2012-2018. Variables used in diagnosis of ice existence: analysed LSWT crossing the freezing point (blue) and forecast ice thickness > 1

mm (magenta). Observed variable: freeze-up date by SYKE. x-axis: difference (fc-ob), unit day, y-axis: percentage of all cases.

3

always too early, with a mean error of over two weeks, and the ESWT-analysis-mestly-follows-it—The-statistiessuggest-that

analysis-as-the-eritical-values—analysis mostly followed it.
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4.3 Comparisons on three lakes

In this section we eombine-the-analysis-of EW-ST-time-series-andID-present LSWT and LID time-series for two representative

lakes, Kilpisjérvi in the north and Lappajirvi in the west (see the map in Figure 2). Observed and forecast ice and snow thickness
are discussed, using also additional data from Lake Simpelejérvi in the-south-east-of-southeastern Finland.

Lake Kilpisjdrvi is an Arctic lake at the elevation of 473 m, surrounded by fells. +ts-The lake occupies 40 % of the area of
HIRLAM gridsquare covering it (the mean elevation of the gridsquare is 614 m). The average/maximum depth-is22-5depths
of the lake are 19.5/57 m and the surface area 37-33is 37.3 km?. The heat balance as well as the ice and snow conditions
on Lake Kilpisjédrvi have been a-subject-of-subject to several studies (Leppdranta et al., 2012; Lei et al., 2012; Yang et al.,
2013). Typically, the ice season lasts there seven months from November to May. Lake Lappajirvi is formed from a 23 km
wide meteorite impact crater, which is estimated to be 76 million years old. It is Europe’s largest crater lake with a surface
area of 145.5 km? and an average/maximum depth of 426.9/36 m. Here the climatological ice season is shorter, typically about
five months from December to April. The average/maximum depth of Lake Simpelejirvi is 9:38.7/34.4 m and the surface area
88.2 km?. This lake is located at the border between Finland and Russia and belongs to the catchment area of Europe’s largest
lake, Lake Ladoga in Russia.

Figures 6 and 7 show the frequency distributions of LSWT according to the-ebservations-forecast v.s. forecast-and-analysis
Features similar to the results averaged over all lakes (Section 4.1, Figures 3 and 4) are seen, i.e. underestimation of the amount
of cold temperature cases and overestimation of the warmer temperatures by the forecast and analysis. On Lake Lappajarvi,
only the amount of below-freezing temperatures is-was clearly underestimated, otherwise the distributions look quite balanced.

According to the observations, on Lake Kilpisjirvi th

ice-covered days dominated during the periods from November to May. According to both Flake foreeast-and-HIREAM
ESWT-analysis LSWT analysis and forecast the amount of these days is-clearty-smaler-was clearly smaller in HIRLAM.

Yearly time series of the observed, forecast and analysed LSWT, with the observed LID marked, are shown in Figures 8 and
9. In the absence of observations, the HIRLAM analysis foHews-followed the forecast. Missing data in the time series close
to freezing-and-melting-freeze-up and break-up are due to missing observations, hence missing information in the feedback
files (see Section 2.2). Differences between the years due to the different prevailing weather conditions ean-be-are seen in the
temperature variations.

Generally, in-spring Flake-tends-FLake tended to melt the lakes too early in spring, as already indicated by the LID statistics
(Section 4.2). The too early melting-break-up and too warm LSWT in summer show up clearly in Kilpisjdrvi (Figure 9). In
Lappajirvi, the model and analysis are-were able to follow even quite large and quick variations of LSWT in summer, but tend
tended to somewhat overestimate the maximum temperatures. Overestimation of the maximum temperatures by FLake ts-was

still more prominent in shallow lakes (not shown). In autumn over Lakes Lappajirvi and Kilpisjarvi, the forecasts and analyses
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Figure 6. Frequency of observed (yellow) and forecast or analysed (blue) LSWT over Lake Lappajarvi 2012-2018, all temperatures included.
x-axis: LSWT, unit K, y-axis: frequency, unit %.

feHow-followed closely the LSWT observations and reproduce-thefreezing-date reproduced the freeze-up dates within a few

days, which is-was also typical to the majority of lakes.

Figure 10 shows a comparison of forecast and observed evolution of ice and-snew-thickness-thickness and snow depth on
Lappajirvi, Kilpisjarvi and Simpelejérvi in winter 2012-2013, typical also for the other lakes and years studied. a-The most
striking feature is that there was no snow in the HIRLAM forecast.

On all three lakes, the ice thickness starts-started to grow after freezing-freeze-up both according to the forecast and the
observations. In the beginning HIRLAM /Flake-ice-grows-ice grew faster than observed. However, according to the forecast

ice thickness starts-started to decrease in March of every year but according to the observations only a month or two later. The
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Figure 7. As for Figure 6 but for Lake Kilpisjérvi.

The too early melting-of-break-up of lake ice in the absence of snow could be explained by the wrong absorption of the
solar energy in the model. In reality, the main factor of snow and ice melt in spring is the increase of daily solar radiation. In
HIRLAM, the downwelling short-wave irradiance at the surface is known to be reasonable, with some overestimation of the
largest clear-sky fluxes and all cloudy fluxes (Rontu et al., 2017). Over lakes, HIRLAM /FLake-uses constant values for the
snow and ice shortwave reflection, with albedo values of 0.75 and 0.5, correspondingly. When there was no snow, the lake
surface was thus assumed too dark. 25 % more absorption of an assumed maximum solar irradiance of 500 Wm~2 (valid for
the latitude of Lappajirvi in the end of March) would mean availability of extra 125 Wm—2-_2 for melting of the ice, which

corresponds the magnitude of increase of available maximum solar energy within a month at the same latitude.
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Figure 8. Time-series of the observed, analysed and forecast LSWT at the Lappajérvi observation location 23.67 E, 63.15 N for the years
2012-2018 based on 06 UTC data. Markers are shown in the inserted legend. Observed freezing-freeze-up date (blue) and metting-break-up

date (red) are marked with vertical lines.

The forecast of too thick ice can also be explained by the absence of snow in the model. When there is no insulation by
the snow layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads to faster growth of
ice compared to the situation of snow-covered ice. In nature, ice growth can also be due to the snow transformation, a process

whose parametrization in the models is demanding (Yang et al., 2013; Cheng et al., 2014).
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Figure 9. As for Figure 8 but for lake Kilpisjérvi, 20.82 E, 69.01 N.
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balance. We may expect values from 150 Wm >

in the Nordic spring conditions, with the largest values related to cloudy and the smallest to clear-sky situations.

T

he standard deviation of the predicted by HIRLAM downwelling longwave radiation fluxes has been shown to be of the order

of 20 Wm~—?2

t

with a positive systematic error of a few Wm~—2 (Rontu et al., 2017). Compared to the systematic effects relate

d

0 absorption of the solar radiation, the impact of the longwave radiation variations on lake ice evolution is presumably small.
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Figure 10. Evolution of ice (blue) and snow (red) thickness at Lakes Lappajérvi, Kilpisjédrvi and Simpelejirvi during winter 2012-2013.

5 Discussion: snow on lake ice

The most striking result reported in Section 4 was the too early melting of the lake ice predicted by FLake in HIRLAM as
compared to observations. We suggested that the early break-up is related to the missing snow on lake ice in HIRLAM. It
was detected that a too large critical value to diagnose snow existence prevented practically all accumulation of the forecast
snowfall on lake ice in the reference HIRLAM v.7.4, used operationally at FMI.

In general, handling of the snow cover on lake and sea ice is a demanding task for the NWP models. In HIRLAM, snow
depth observations are included into the objective analysis over the land areas, but not over ice where no observations are widely
available in real time. Snow depth and temperature over land are treated prognostically using dedicated parametrizations (in
HIRLAM, similar to Samuelsson et al., 2006, 2011, see also Boone et al., 2017). Over the sea, a simple prognostic parametrization
of sea ice temperature is applied in HIRLAM but neither the thickness of ice nor the depth or temperature of snow on ice are
included (Samuelsson et al., 2000). Batrak et al. (2018) provide a useful review and references concerning prognostic sea ice
schemes and their snow treatment in NWP models. An essential difference between the simple sea ice scheme and the lake ice
scheme applied in HIRLAM is that the former relies on external data on the existence of sea ice cover, provided by the objective
analysis, while the latter includes prognostic treatment of the lake water body also. This means that the lake ice freezes and
melts in the model depending on the thermal conditions of lake water, evolving throughout the seasons.
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The ice thickness, snow depth and ice and snow temperatures are prognostic variables of FLake. When the FLake parametrizations

were introduced into HIRLAM (Kourzeneva et al., 2008; Eerola et al., 2010), parametrization of the snow thickness and snow.
temperature was first excluded. In the COSMO NWP model, snow is implicitly accounted for by modifying ice albedo using
empirical data on its temperature dependence (Mironoy et al., 2010). This way was applied also e.g. in a recent study over the
Great Lakes (Baijnath-Rodino and Duguay, 2019).

Semmler et al. (2012) performed a detailed winter-time comparison _between FLake and a more complex snow and ice
thermodynamic model (HIGHTSI) on a small lake in Alaska. FLake includes only one ice and one soil layer, while HIGHTST
represents a more advanced multilayer scheme. Atmospheric forcing for the stand-alone experiments was provided by HIRLAM.

parametrizations of FLake: use a prescribed constant snow density, modify the value of the prescribed molecular heat conductivity
and use prescribed constant albedos of dry snow and ice. Later, a similar comparison was performed over Lake Kilpisjarvi
(Yang et al., 2013), confirming the improvements due to the updated snow parametrizations in FLake. Implementation of these
modifications allowed to include the parametrization of snow on lake ice also into HIRLAM (Section 2.1).

In FLake, snow on lake ice is accumulated from the predicted snowfall. Snow melt on lake ice is related to snow and
ice temperatures. In case of FLake integrated into HIRLAM, accumulation and melt are updated at every time step of the
advancing forecast. Very small amounts of snow are considered to fall beyond the accuracy of parametrizations and removed.
This is controlled by a critical limit, which was set too large (one millimeter instead of ten micrometers) in HIRLAM v.7.4.
Due to the incorrect critical value, practically no snow accumulated on lake ice in the FMI operational HIRLAM, validated in
this study. In a HIRLAM test experiment, where the original smaller value was used, up to 17 cm of snow accumulated on lake
ice within a month (Janurary 2012, not shown).

6 Conclusions and outlook

In this study, in-situ lake observations from the Finnish Environment Institute were used for validation of the HIRLAM NWP
model, which is applied operationally in the Finnish Meteorological Institute. #tHIRLAM contains Freshwater Lake prognostic
parametrizations and an independent objective analysis of lake surface state. We focused on comparison of observed and
forecast lake surface water temperature, ice and-snow-thickness-thickness and snow depth in the years 2012 - 2018. Because
the HIRLAM /FEEake-system was unmodified during this period, a long uniform dataset was available for evaluation of the
performance of FLake integrated in-into an operational NWP model. On the other hand, no conclusions about the impact of

the lake surface state on the operational forecast of the near-surface temperatures, cloudiness or precipitation can be drawn
because of the lack of alternative (without FLake) forecasts for comparison.

On average, the forecast and analysed LSWT were warmer than observed with systematic errors of 0.91 K and 0.35 K,
correspondingly. The mean absolute errors were 1.94 and 1.32 K. Thus, the independent observation-based analysis of in-situ
LSWT observations was able to improve the FLake +6 h forecast used as the first guess. However, the resulting analysis is by

definition not used for correction of the FLake forecast but remains an independent by-product of HIRLAM.
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An overestimation of the FLake LSWT summer maxima was found, especially for the shallow lakes. This behaviour of
FLake is well known, documented earlier e.g. by Kourzeneva (2014). It arises due to the difficulty to handle correctly the
mixing in the near-surface water layer that is intensively heated by the sun.

Forecast freezingfreeze-up dates were found to correspond the observations well, typically within a week. The forecast ice
thickness tended to be overestimated, still the melting-break-up dates over most of the lakes occured systematically several
weeks too early. Practically no forecast snow was on found on the lake ice, although the snow parametrization by FLake was
included in HIRLAM. The reason for the wronrg-behaviourin-HIREAM-incorrect behaviour was evidently related to a eeding
error-that prevented snow-aecumutation-too large critical value to diagnose snow existence that prevented the accumulation of
snow on lake ice. The too early melting and overestimated ice thickness differ from the results by Pietikiinen et al. (2018); Yang
et al. (2013); Kourzeneva (2014), who reported somewhat too late melting of the Finnish lakes when FLake with realistic snow
parametrizations was applied within a climate model or independentty;-stand-alone driven by NWP data. It can be concluded
that a realisterealistic parametrization of snow on lake ice is impertart-important in order to describe correctly the lake surface
state in spring.

Small lakes and those of complicated geometry cause problems for the relatively coarse HIRLAM grid of 7 - kilometre
resolution. The problems are related to the observation usage, forecast and validation, especially when interpolation and selec-
tion of point values are applied. The observations and model represent different spatial scales. For example, the comparison
of the freezing-and-melting-freeze-up and break-up dates was based on diagnostics of single-gridpoint values that were com-
pared to observations representing-which represent entire lakes as seen-overseen from the observation sites. Also the results of
LID diagnostics were sensitive to the criteria for definition of the ice existence in HIRLAM/FLEzake. All this adds unavoidable
inaccuracy into the model-observation intercomparison but does not change the main conclusions of the present study.

SYKE LSWT observations used for the real-time analysis are regular and reliable but did-do not always cover the days im-
mediately after melting-break-up or close to freezingfreeze-up, partly because the quality control of HIRLAM LSWT analysis
utilizes the SYKE statistical lake water temperature model results in a tee-strict way. Although the 27 observations are located
all over the country, they cover a very small part of the lakes and their availability is limited to Finland. SYKE observations of
the ice and snow depth as well as the freezing-and-meltingfreeze-up and break-up dates provide valuable data for the validation
purposes.

A need for minor technical corrections in the FMI HIRLAM /Flake-system was revealed. The snew-accumulation-bug-was
corrected-n-Oetober2048;-coefficient influencing snow accumulation on lake ice was corrected based on our findings. Fur-
ther developments and modifications are not foreseen because the HIRLAM NWP systems, applied in the European weather
services, are being replaced by kilometre-scale HARMON i

ALADIN-HIRLAM forecasting systems (Termonia et al., 2018; Bengtsson et al., 2017), where the prognostic FLake parametriza-

tions are also available. HARMONIE/FLake uses the newest version of the global lake database (GLDB v.3) and contains

updated snow and ice propertiesthat-were-suggested-by-(Yang-etal52043). The objective analysis of lake surface state is yet to
be implementedinte- HARMONIE-AROME, taking into account the HIRLAM experience summarized in this study and earlier
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by Kheyrollah Pour et al. (2017). In the future, an important source of wider observational information on lake surface state

lication in NWP models still requires further work.

are the satellite measurements, whose operational a
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Code and data availability. Observational data was obtained from SYKE open data archive SYKE, 2018 as follows: LID was fetched

15.8.2018, snow depth 17.9.2018 and ice thickness 16.10.2018 from http://rajapinnat.ymparisto.fi/api/Hydrologiarajapinta/1.0/odataquerybuilder/.

A supplementary file containing the freeze-up and break-up dates as picked and prepared for the lakes studied here is attached. Data picked
from HIRLAM archive are attached as supplementary files: data from the objective analysis feedback files (observed, analysed, forecast
LSWT interpolated to the 27 active station locations) and from the gridded output of the HIRLAM analysis (analysed LSWT, forecast ice
and snow thickness from the nearest gridpoint of all locations used in the present study).

In this study, FMI operational weather forecasts resulting from use of HIRLAM v.7.4 (rc1, with local updates) were validated against lake
observations. The HIRLAM reference code is not open software but the property of the international HIRLAM-C programme. For research
purposes, the codes can be requested from the programme (hirlam.org). The source codes of the version operational at FMI, relevant for the

present study, are available from the authors upon request.

Author contributions. Laura Rontu computed the LSWT statistics based on HIRLAM feedback files. Kalle Eerola performed the freeze-
up and break-up date, snow and ice thickness comparisons based on data picked from HIRLAM grib files. Matti Horttanainen prepared
observation data obtained via SYKE open data interface and lake depths from GLDB v.3. Laura Rontu composed the manuscript text based

on input from all authors.

Competing interests. No competing interests are present.

Acknowledgements. Our thanks are due to Joni-Pekka Pietikdinen and Ekaterina Kourzeneva for discussions and information, to Margarita

Choulga and Olga Toptunova for the support with the GEDB-take-depth-dataupdated GLDB v.3 data, and to Emily Gleeson for advice with
English language. The comments of three anonymous reviewers and the editor significantly helped to improve the presentation of our results.

25



10

15

20

25

30

35

References

Baijnath-Rodino, J. and Duguay, C.: Assessment of coupled CRCM>-FLake on the reproduction of wintertime lake-induced precipitation in
the Great Lakes Basin. Theoretical and Applied Climatology https://doi.org/10.1007/s00704-019-02799-8, 2019.

Balsamo, G., R—SatgadeSalgado, R., Dutra, E.Dutra, Boussetta, S.Beussetta, Stockdale, T. Stockdale—and—M-—Potesand Potes, M:
On the contribution of lakes in predicting near-surface temperature in a global weather forecasting model. Tellus A, 64, 15829,
https://doi.org/10.3402/tellusa.v64i0.15829, 2012.

Batrak, Y., Kourzeneva, E. and Homleid, M.: Implementation of a simple thermodynamic sea ice scheme, SICE version

https://doi.org/10.5194/gmd-11-3347-2018, 2018.
Bengtsson, L., U-—AndraeT-AspelienAndrae, U., Aspelien, T., Batrak, Y.Batrak:—, Calvo, J.€alve, W-de Rooy, W., Gleeson, E.Gleeson,
B-Hansen-Sass, M:B., Homleid, M.Hertat-, Hortal, M., Ivarsson, K.}varssen;-, Lenderink, G.Lenderink, S-Niemeki K-Niemeld, S., Pagh

Nielsen, K., Onvlee, J.Onviee;, Rontu, L.Rentt:-, Samuelsson, P.Samuelsson, B-Santos Mufioz, D., Subias, A.Subtas;, Tijm, S Fijm-, Toll,
VFel:, Yang, X. Yangand-M-—and Ddegaard Kgltzow, M.: The HARMONIE-AROME model configuration in the ALADIN-HIRLAM
NWP system. Monthly Wea. Rev., 145, 1919-1935, https://doi.org/10.1175/MWR-D-16-0417.1, 2018.

. Boone, A., Samuelsson, P., Gollvik, S., Napoly, A., Jarlan, L., Brun, E.
soil-biosphere—atmosphere land surface model with a multi-energy balance (ISBA-MEB) option in SURFEXvS8 — Part 1: Model

description. Geosci. Model Dey., 10, 843—872, https://doi.org/10.5194/gmd-10-843-2017, 2017.
Cheng, B, Vihma. T, Rontu, L., Kontu A., Kheyrollah Pour, H., Duguay, C. and Pulliainen, J.: Evolution of snow and ice temperature,

and Decharme, B.. The interactions between

thickness and energy balance in Lake Orajirvi, northern Finland. Tellus A: Dynamic Meteorology and Oceanography ,66, 21564,
https://doi.org/10.3402/tellusa.v66.21564, 2014.

Choulga, M., Kourzeneva, E., Zakharova, E. and Doganovsky, A.: Estimation of the mean depth of boreal lakes for use in numerical weather
prediction and climate modelling. Tellus A, 66, 21295, https://doi.org/10.3402/tellusa.v66.21295, 2014.

Cordeira, J. M. and Laird, N. F. 2008. The influence of ice cover on two lake-effect snow events over lake Erie. Mon. Wed. Rev.
136, 2747-2763. https://doi.org/DOI: 10.1175/2007TMWR2310.1.

Elo, A-R.: Effects of climate and morphology on temperature conditions of lakes. University of Helsinki, Division of Geophysics, Report
series in Geophysics. Available at http://urn.fi/URN:ISBN:978-952-10-3745-0, 2007.

Eerola, K., Rontu, L., Kourzeneva, E. and Shcherbak, E.: A study on effects of lake temperature and ice cover in HIRLAM. Boreal Env. Res.,
15, 130-142, 2010.

Eerola, K.: Twenty-one years of verification from the HIRLAM NWP system. Wea. Forecasting, 28, 270-285. https://doi.org/10.1175/WAF-
D-12-00068.1, 2013.

Eerola, K., Rontu, L., Kourzeneva, E., Kheyrollah Pour, H. and Duguay, C.: Impact of partly ice-free Lake Ladoga on tem-
perature and cloudiness in an anticyclonic winter situation-a case study using a limited area model. Tellus A, 66, 23929.
https://doi.org/10.3402/tellusa.v66.23929, 2014.

Gandin, L.; Objective analysis of meteorological fields. Gidrometizdat, Leningrad. Translated from Russian, Jerusalem, Israel Program for

Scientific Translations, 1965.

26



10

15

20

25

30

35

Kheyrollah Pour, H., Rontu, L., Duguay, C. R., Eerola, K. and Kourzeneva, E.: Impact of satellite-based lake surface obser-
vations on the initial state of HIRLAM. Part II: Analysis of lake surface temperature and ice cover. Tellus A., 66, 21395.
https://doi.org/10.3402/tellusa.v66.21395, 2014.

Kheyrollah Pour, H., Choulga, M., Eerola, K., Kourzeneva, E., Rontu, L., Pan F. and Duguay C. R.: Towards improved objective
analysis of lake surface water temperature in a NWP model: preliminary assessment of statistical properties. Tellus A., 66, 21534.
https://doi.org/10.1080/16000870.2017.1313025, 2017.

Korhonen J.: Suemen—vesis nadelot-Suomen-ympi

Helsinki, Faculty of science, Institute for atmospheric and earth system research. Available at;-2662—: https://helda.helsinki.fi/bitstream/
handle/10138/298308/longterm.pdf, 2019.

Kourzeneva, E., Samuelsson, P., Ganbat, G. and Mironov, D.: Implementation of lake model Flake into HIRLAM. HIRLAM Newsletter,
(54), 54-64. Available at http://hirlam.org/, 2008.

Kourzeneva, E., Asensio, H., Martin, E. and Faroux, S.: Global gridded dataset of lake coverage and lake depth for use in numerical weather
prediction and climate modelling. Tellus A., 64,15640. https://doi.org/10.3402/tellusa.v64i0.15640, 2012a.

Kourzeneva, E., Martin, E., Batrak, Y. and Moigne, P. L.:. Climate data for parameterisation of lakes in numerical weather prediction models.
Tellus A., 64, 17226. https://doi.org/10.3402/tellusa.v64i0.17226, 2012b.

Kourzeneva, E.: Assimilation of lake water surface temperature observations with Extended Kalman filter. Tellus A., 66, 21510.
https://doi.org/10.3402/tellusa.v66.21510, 2014.

Laird, N. F., Kristovich, D. A. R. and Walsh, J. E.: Idealized model simulations examining the mesoscale structure of winter lake-effect
circulations. Mon. Wea. Rey. 131, 206-221. https://doi.org/DOI: 10.1175/1520-0493(2003)131<0206:IMSETM>2.0.CO;2, 2003.

Leppéranta, M., Lindgren, E. and Shirasawa, K.: The heat budget of Lake Kilpisjarvi in the Arctic tundra. Hydrology researeh—research, 48,
969-980. https://doi.org/10.2166/nh.2016.171, 2012.

Lei, R., Leppidranta, M., Cheng, B., Heil P. and Li, Z.: Changes in ice-season characteristics of a European Arctic lake from 1964 to 2008.
Climatic Change, 115, 725-739. https://doi.org/10.1007/s10584-012-0489-2, 2012.

Lindstedt, D., P. Lind, E. Kjellstrom and C. Jones.: A new regional climate model operating at the meso-gamma scale: performance over
Europe. Tellus A, 67, 24138. https://doi.org/10.3402/tellusa.v67.24138, 2015.

Loveland, T. R., Reed, B. C., Brown, J. F,, Ohlen, D. O., Zhu, J. and co authors: Development of a global land cover characteristics
database and IGBP DISCover from 1-km AVHRR data. Int. J. Rem. Sens., 21, 1303-1130. Data and documentation available online
at: http://edc2.usgs.gov/glec/glcc.php, 2000.

Masson, V., P. Le Moigne, E. Martin, S. Faroux, S., and-eoauthersAlias, A., Alkama, R., Belamari, S., Barbu, A., Boone, A., Bouyssel, E,,

Brousseau, P, Brun, E., Calvet, J.-C., Carrer, D., Decharme, B., Delire, C., Donier, S., Essaouini, K., Gibelin, A.-L., Giordani, H., Habets,

F, Jidane, M., Kerdraon, G., Kourzeneva, E., Lafaysse, M., Lafont, S., Lebeaupin Brossier, C., Lemonsu, A., Mahfouf, J.-F., Marguinaud,

P., Mokhtari, M., Morin, S., Pigeon, G., Salgado, R., Seity, Y., Taillefer, F., Tanguy, G., Tulet, P, Vincendon, B., Vionnet, V., and Voldoire,
A.: The SURFEXv7.2 land and ocean surface platform for coupled or offline simulation of earth surface variables and fluxes, Geosci.
Model Dev., 6, 929-960. https://doi.org/:10.5194/gmd-6-929-2013, 2013.

Mironov, D., Heise, E., Kourzeneva, E., Ritter, B., Schneider, N. and Terzhevik, A.: Implementation of the lake parameterisation scheme

FLake into the numerical weather prediction model COSMO. Boreal Env. Res., 15, 218-230, 2010.

27



10

15

20

25

Pietikdinen, J.-P., Markkanen, T., Sieck, K., Jacob, D., Korhonen, J., Riisidnen, P., Gao, Y., Ahola, J., Korhonen, H., Laaksonen, A., and
Kaurola, J.: The regional climate model REMO (v2015) coupled with the 1-D freshwater lake model FLake (v1): Fenno-Scandinavian
climate and lakes. Geosci. Model Dev., 11, 1321-1342, https://doi.org/10.5194/gmd-11-1321-2018, 2018.

Rontu, L., Eerola, K., Kourzeneva, E. and Vehvildinen, B.: Data assimilation and parametrisation of lakes in HIRLAM. Tellus A., 64, 17611.
https://doi.org/10.3402/tellusa.v64i0.17611, 2012.

Rontu L., Gleeson, E., Riisdnen, P., Nielsen, K.P., Savijirvi, H. and Sass, B.H.: The HIRLAM fast radiation scheme for mesoscale numerical
weather prediction models. Adv.Sci.Res., 14, 195-215, https://doi.org/10.5194/asr-14-195-2017, 2017.

Rooney, G. G. and Bornemann, F. J.: The performance of FLake in the Met Office Unified Model. Tellus A, 65, 21363,
https://doi.org/10.3402/tellusa.v65i0.21363, 2013.

. Samuelsson P., Gollvik, S., and Ullerstig, A.: The land-surface scheme of the Rossby Centre regional atmospheric climate model (RCA3).
Report in Meteorology 122, SMHI, SE-60176 Norrkoping, Sweden, 2006.

Samuelsson, P., Kourzeneva, E. and Mironov, D.: The impact of lakes on the European climate as stimulated by a regional climate model.
Boreal Env. Res., 15, 113-129, 2010.

Samuelsson, P., Jones, C., Willén, U., Ullersti
Rossby Centre Regional Climate Model RCA3: Model description and performance, Tellus A, 63, 1-3, https://doi.org/10.1111/j.1600-
0870.2010.00478.x, 2011.

Semmler, T., B. Cheng, Y. Yan
Tellus A, 64, 17339. https://doi.org/10.3402/tellusa.v64i0.17339, 2012.

SYKE. ISO 19115 Geographic Information Metadata on Hydrological data. Available at http://metatieto.ymparisto.fi:8080/geoportal/catalog/
search/resource/details.page?uuid=%7B86FC3188-6796-4C79- AC58-8DBC7B568827%7D, 2018.

Termonia, P., Fischer, C., Bazile, E., Bouyssel, F., Brozkova, R., Bénard, P., Bochenek, B., Degrauwe, D., Derkova, M., El Khatib, R.,

Hamdi, R., Masek, J., Pottier, P., Pristov, N., Seity, Y., Smolikovd, P., Spaniel, O., Tudor, M., Wang, Y., Wittmann, C., and Joly, A.: The
https://doi.org/10.5194/gmd-11-257-2018, 2018.

Undén, P, Rontu, L., Jarvinen, H., Lynch, P., Calvo, J., Cats, G., Cuxart, J., Eerola, K., Fortelius, C., Garcia-Moya, J. A. et al.: HIRLAM-5

A., Gollvik, S., Hansson, U., Jansson, C., Kjellstrom, E., Nikulin, G., and Wyser, K.: The

, and L. Rontu. Snow and ice on Bear Lake (Alaska) — sensitivity experiments with two lake ice models.

scientific documentation. Available at http://www.hirlam.org, 2002.

Yang, Y., Cheng, B., Kourzeneva, E., Semmler, T., Rontul—and-coauthors:2643—, L., Leppdranta, M., Shirasawa, K. and Li, Z. J.: Modelling
experiments on air-s iee-interactions itpisjirviair—snow—ice interactions over Kilpisjérvi, a lake in northern Finland. Boreal
EnvirenEnv. Res. +18;:341-358-; 341-358, 2013.

28



Table A1. Prognostic and diagnostic lake variables within HIRLAM

variable unit type.
temperature of snow on lake ice K prog by FLake
temperature of lake ice K Pprog by FLake
mean water temperature K Pprog by FLake
‘mixed layer temperature K prog by FLake
bottom temperature K prog by FLake
temperature of upper layer sediments K prog by FLake
Amixed layer depth m prog by FLake
thickness of upper layer sediments m prog by FLake
thermocline shape factor S prog by FLake
lake ice thickness m prog by FLake
snow depth on lake ice m prog by FLake
LSWT K diag by Flake
= mixed layer temperature if no ice
lake surface temperature K diag by FlLake
LSWT K anal by HIRLAM
flag value 272 K when there is ice
fraction of lake ice. [0-11  diag fraction in HIRLAM erid
lake surface roughness. m diag by HIRLAM
screen level temperature over lake K diag by HIRLAM
Screen level abs humidity over lake. kekg " diag by HIRLAM

1

anemometer level u-component over lake ~ ms_ " diag by HIRLAM

1

anemometer level v-component over lake ~ ms_ " diag by HIRLAM

latent heat flux over lake Wm_?  diag by HIRLAM
sensible heat flux over lake Wm_?  diag by HIRLAM
Scalar momentum flux over lake Pa diag by HIRLAM
SW_ net radiation over lake_ Wm_?  diag by HIRLAM
LW net radiation over lake_ Wm_?  diag by HIRLAM
depth of lake m pres in HIRLAM grid
fraction of lake (11 presin HIRLAM grid

Denotation: prog = prognostic, diag = diagnostic, pres = prescribed, anal = result of OI
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Table A2. Lakes with SYKE observations used in this study.

NAME ~ LON ~ LAT MEAND(m) MAXD(m) AREA(kgm ®) HIRD(m) HIRFR HIRID_
Kallavesi 27783 62762 9.1 750 361 100 0814 4002
Haukivesi 28389 62.108_ 9.1 550 5604 100 0725 4003

Saimaa  28.116  61.338 10.8 85.8 1,377.0 100 0950 4004
Pajiril 24789 62864 38 149 2.5 30 0430 4005
Nilakka 26527 63115 49 217 190 100 0866 4006
Piijinne 25482 61614 141 86.0 8649 100 0983 4009
AlaRieveli 26,172 61303 13 469 130 100 0549 4010
Kyyvesi  27.080 61999 44 353 1300 100 0810 4011

Tusulanjiryi 25054 60441 32 98 5.9 30 0474 4012
Pyhjirvi 22291 61001 5.5 22 1552 50 092 4013
Lingelmivesi 24370 61535 6.8 593 1330 100 0875 4014
Loppajiryi 23,671 63.148_ 6.9 360 455 100 1000 4019
Pesiciryi 28,650 64945 39 158 127 70 029 4020
Rehja-Nuasjiryi 28,016 64.184_ 8.5 120 964 100 053 4021
Inarjirvi 27924 69.082 143 92.0 10394 140 0979 4027

Denotation: LON and LAT are the longitude E and latitude N in degrees, MEAND and MAXD are the mean and maximum depths and AREA is the water surface area

from the updated lake list of GLDB v.3 (Margarita Choulga, personal communication), HIRD and HIRFR are the mean lake depth and fraction of lakes [0...1]
interpolated to the selected HIRLAM gridpoint, taken from the operational HIRLAM that uses GLDB v.2 as the source for lake depths. HIRID is the lake index used by

HIRLAM and in this study. Above the middle line are the 27 lakes with both LSWT and LID observations, below the 18 lakes where only LID was available.
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Table A3. Lakes with SYKE observations used in this study. Part 2

NAME ~ LON ~ LAT MEAND(m) MAXD(m) AREA(kgm ) HIRD(m) HIRFR HIRID_
Simpelejirvi 29482 61,601 93 344 882 100 048 40241
Pokkiinlahti  27.264 61501 8.0 843 80 100 0299 40261
Muurasjfinyi 25353 63478 9.0 357 2L 100 0060 40263
Kalmarinselki  25.001 62786 52 219 7.1 50 0330 40271
Lestijirvi 24716 63584 36 69 647 100 0513 40330
Pyhdjirvi 25995 63682 63 2.0 1218 100 0266 40331

Lenwa  29.690 64204 74 52.0 7.8 70 0600 40335
Lammasjirvi 20551 64131 43 210 468 30 0200 40336
Naamankajirvi 28246 65,104 29 140 8.5 70 0299 40342
Korvuanjirvi 28,663 63348 6.0 370 154 100 0342 40343

Oifirvi 25930 63621 5} 24 210 100 0333 40345

Denotation: LON and LAT are the longitude E and latitude N in degrees, MEAND and MAXD are the mean and maximum depths and AREA is the water surface area
from the updated lake list of GLDB v.3 (Margarita Choulga, personal communication), HIRD and HIRFR are the mean lake depth and fraction of lakes [0...1]
interpolated to the selected HIRLAM gridpoint, taken from the operational HIRLAM that uses GLDB v.2 as the source for lake depths. HIRID is the lake index used by
HIRLAM and in this study. Above the middle line are the 27 lakes with both LSWT and LID observations, below the 18 lakes where only LID was available.
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Abstract. High Resolution Limited Area Model (HIRLAM), used for the operational numerical weather prediction in the
Finnish Meteorological Institute (FMI), includes prognostic treatment of lake surface state since 2012. Forecast is based on
the Freshwater Lake (FLake) model integrated into HIRLAM. Additionally, an independent objective analysis of lake surface
water temperature (LSWT) combines the short forecast of FLake to observations from the Finnish Environment Institute
(SYKE). The resulting description of lake surface state - forecast FLake variables and analysed LSWT - was compared to
SYKE observations of lake water temperature, freezing-and-meltingfreeze-up and break-up dates as well as the ice thickness
and snow depth for 2012-2018 over 45 lakes in Finland. During the ice-free period, the predicted LSWT corresponded to the
observations with a slight overestimation, with a systematic error of + 0.91 K. The colder temperatures were underrepresented
and the maximum temperatures were too high. The objective analysis of LSWT was able to reduce the bias to + 0.35 K. The
predicted freezing-freeze-up dates corresponded well the observed dates, mostly within the accuracy of a week. The forecast
melting-break-up dates were far too early, typically several weeks ahead of the observed dates. The growth of ice thickness after
freezing-freeze-up was generally overestimated. However, practically no predicted snow appeared on lake ice. The absence of
snow, feund-to-presumably be due to a-technieal-error-in-HHREAMan incorrect security coefficient value, is suggested to be

also the main reason of the inaccurate simulation of the lake ice melt-melting in spring.

Copyright statement. @ Authors 2018. This work is distributed under the Creative Commons Attribution 4.0 License.

1 Introduction

Lakes influence the energy exchange between the surface and the atmosphere, the dynamics of the atmospheric boundary layer
and the near-surface weather. This is important for weather forecasting over the areas where lakes, especially those with a
large yearly variation of the water temperature, freezing in autumn and melting in spring, cover a significant area of the surface
(Kheyrollah Pour et al., 2017; Laird et al., 2003 and references therein). Description of the lake surface state influences the
numerical weather prediction (NWP) results, in particular in the models whose resolution is high enough to account for even
the smaller lakes (Eerola et al., 2014 and references therein). Especially, the existence of ice can be important for the numerical

forecast (Eerola et al., 2014; Cordeira and Laird, 2008).
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In the Finnish Meteorological Institute (FMI), the High Resolution Limited Area Model HIRLAM (Undén et al., 2002;
Eerola, 2013) has been applied since 1990 for the numerical short-range weather forecast. In the beginning, the monthly cli-
matological water surface temperature for both sea (sea surface temperature SST) and lakes (Lake Surface Water Temperature
LSWT) was used. Since 2012, HIRLAM includes a prognostic lake temperature parameterization based on the Freshwater
Lake Model (FLake, Mironov et al., 2010). An independent objective analysis of observed LSWT (Kheyrollah Pour et al.,
2017 and references therein) was implemented in 2011. The fractional ice cover (lake ice concentration in each gridsquare of
the model) is diagnosed from the analysed LSWT.

FLake was designed to be used as a parametrization scheme for the forecast of the lake surface state in NWP and climate
models. It allows to predict the lake surface state in interaction with the atmospheric processes treated by the NWP model. The
radiative and turbulent fluxes as well as the predicted snow precipitation from the atmospheric model are combined with FLake
processes at each time-step of the model integration in the model grid, where the fraction and depth of lakes are prescribed.

FLake has been implemented into the other main European NWP and regional climate models, first into COSMO (Mironov
et al., 2010) then into ECMWF (Balsamo et al., 2012), Unified Model (Rooney and Bornemann, 2013), SURFEX surface
modelling framework (Masson et al., 2016), regional climate models RCA (Samuelsson et al., 2010), HCLIM (Lindstedt
et al., 2015) and REMO (Pietikdinen et al., 2018), among others. Description of lake surface state and its influence in the
numerical weather and climate prediction has been validated in various ways. Results of case studies, e.g. Eerola et al. (2014)
and shorter-period NWP experiments, e.g. Eerola et al. (2010); Rontu et al. (2012); Kheyrollah Pour et al. (2014); Kheyrollah
Pour et al. (2017) as well as climate model results, e.g. Samuelsson et al. (2010); Pietikdinen et al. (2018), have been compared
with remote-sensing satellite data and in-situ lake temperature and ice measurements as well as validated against the standard
weather observations. In general, improvement of the scores has been seen over regions where lakes occupy a significant area.
However, specific features of each of the host models influence the results of the coupled atmosphere-lake system as FLake
appears to be quite sensitive to the forcing by the atmospheric model.

The aim of the present study is to use-validate the lake surface state forecast by the operational HIRLAM NWP model using
the in-situ LSWT measurements, lake ice freezing-and-meltingfreeze-up and break-up dates and measurements of ice and
snow thickness by the Finnish Environment Institute (Suomen Ympiristokeskus = SYKE )fervalidation-ofthe-lakesurface

state-forecast-by-the-operational-HHIREAM-NWP-model. For this purpose, HIRLAM analyses and forecasts archived by the

Finnish-MeteorologicaHnstitute-(FMI-FMI were compared with the observations by SYKE over the lakes of Finland from
spring 2012 to summer 2018. To our knowledge, this is the longest available detailed dataset that allows to evaluate how well

the lake surface state is simulated by an operational NWP model that applies FLake parametrizations.

2 Lake surface state in HIRLAM

FLake was implemented in the HIRLAM forecasting system in 2012 (Kourzeneva et al., 2008; Eerola et al., 2010). The
model utilizes external datasets on the lake depth (Kourzeneva et al., 2012a; Choulga et al., 2014) and the lake climatology

(Kourzeneva et al., 2012b). The latter is only needed in order to provide initial values of FLake prognostic variables in the
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very first forecast (so-called cold start). Real-time-The use of real-time in-situ LSWT observations by SYKE for 27 Finnish
lakes were-obtained-was introduced in 2011 te-be-used-for-into the operational LSWT analysis in HIRLAM (Eerola et al.,
2010; Rontu et al., 2012). In the current operational HIRLAM atFMiof FMI, FLake provides the background for the optimal
interpolation analysis (OI, based on Gandin, 1965) of LSWT. However, the prognostic FLake variables are not corrected using
the analysed LSWT. This would require more advanced data assimilation methods based on e.g. the extended Kalman filter

(Kourzeneva, 2014).
2.1 Freshwater lake model in HIRLAM

FLake is a bulk model capable of predicting the vertical temperature structure and mixing conditions in lakes of various depths
on time-scales from hours to years (Mironov et al., 2010). The model is based on two-layer parametric representation of the
evolving temperature profile in the water and on the integral budgets of energy for the layers in question. Bottom sediments
and the thermodynamics of the ice and snow on ice layers are treated separately. FLake depends on prescribed lake depth
information. The prognostic and diagnostic variables of HIRLAM FLake together with the analysed lake surface variables in
HIRLAM are listed in the Appendix (Table Al).

At each time step ef-during the HIRLAM forecast, FLake is driven by the atmospheric radiative and turbulent fluxes as well
as the predicted snowfall, provided by the physical parameterisations in HIRLAM. This couples the atmospheric variables over
lakes with the lake surface properties as provided by FLake parametrization. Most importantly, FLake provides HIRLAM with
the evolving lake surface (water, ice, snow) temperature ;-thatinfluenees-and radiative properties, that influence the HIRLAM
forecast of the grid-average near-surface temperatures.

Implementation of FLake model as a parametrization scheme in HIRLAM was based on the experiments described by
Rontu-etal;2642Rontu et al. (2012). Compared to the reference version of FLake (Mironov et al., 2010), minor modifications
were introduced, namely, use of constant snow density = 300 kgm~2, molecular heat conductivity = 1 Jm~'s~1K~!, constant
albedos of dry snow = 0.75 and ice = 0.5. Bottom sediment calculations were excluded. Global lake depth database (GLDB v.2,
Choulga et al., 2014) was used for derivation of mean lake depth in each gridsquare. Fraction of lake was taken from HIRLAM
physiography database, where it originates from GLCC (Loveland et al., 2000).

Lake surface temperature is diagnosed from the mixed layer temperature for the unfrozen lake gridpoints and from the ice
or snow-on-ice temperature for the frozen points. In FLake, ice starts to grow from an assumed value of one millimeter when
temperature reaches the freezing point. The whole lake tile in a gridsquare is considered by FLake either frozen or unfrozen.

Snow on ice is accumulated from the model’s snowfall at each time step during the numerical integration.
2.2 Objective analysis of LSWT observations

A comprehensive description of the optimal interpolation (OI) of the LSWT observations in HIRLAM is given by (Kheyrollah
Pour et al., 2017). Shortly, LSWT analysis is obtained by correcting the FLake forecast at each gridpoint by using the weighted
average of the deviations of observations from their background values. Prescribed statistical information about the observation

and background error variance as well as the distance-dependent autocorrelation between the locations (observations and
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gridpoints) are applied. The real-time observations entering the HIRLAM surface analysis system are subject to quality control
in two phases. First, the observations are compared to the background, provided by the FLake short forecast. Second, optimal
interpolation is done at each observation location, using the neighbouring observations only (excluding the current observation)
and comparing the result to the observed value at the station.

A specific feature of the lake surface temperature OI is that the interpolation is performed not only within the (large) lakes
but also across the lakes: within a statistically pre-defined radius, the observations affect all gridpoints containing a fraction of
lake. This ensures that the analysed LSWT on lakes without own observations may also be influenced by observations from
neighbouring lakes, not only by the first guess provided by FLake forecast.

The relations between the OI analysis and the prognostic FLake in HIRLAM are schematically illustrated in Figure 1.
Within the present HIRLAM setup, the background for the analysis is provided by the short (6-hour) FLake forecast but
the next forecast is not initialized from the analysis. Instead, FLake continues running from the previous forecast, driven by
the atmospheric state given by HIRLAM at each time step. This means that FLake does not benefit from the result of OI
analysis but the analysis remains as an extra diagnostic field, to some extent independent of the LSWT forecast. However,
FLake background has a large influence in the analysis, especially over distant lakes where neighbouring observations are
not available. The diagnostic LSWT analysis, available at every gridpoint of HIRLAM, might be useful e.g. for hydrological,

agricultural or road weather applications.

OBSERVATIONS
LSWT

BACKGROUND
LSWT

OBJECTIVE ANALYSIS
OF LSWT

IN AN INTEGRATED

NWP + LAKE MODEL

SURFACE LAYER PARAMETRIZATIONS SURFACE

OPTIMAL FORECAST
INTERPOLATION SCREEN LEVEL VARIABLES FIELDS
OF LSWT TURBULENT AND RADIATION FLUXES |
ANALYSED DIAGNOSTIC
LAKE SURFACE 3 K emaToaE
iy FLAKE PARAMETRIZATIONS AND ICE COVER
with own prognostic lake variablesE? =
-

Figure 1. Coexistence of the independent objective analysis of the observed LSWT and prognostic FLake parametrizations in HIRLAM. The

thin arrows are related to data flow between HIRLAM analysis-forecast cycles while the thick arrows describe processes within each cycle.

Missing LSWT observations in spring and early winter are interpreted to represent presence of ice and given a flag value
of -1.2°C. If, however, the results of the statistical LSWT model (Elo, 2007), provided by SYKE along with the real-time
observations, indicate unfrozen conditions, the observations are considered missing. This prevents appearance of ice in summer

when observations are missing but leads to a misinterpretation of data in spring if the SYKE model indicates too early melting.
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In the analysis, fraction of ice is diagnosed from the LSWT field in a simple way. The lake surface within a gridsquare
is assumed fully ice-covered when LSWT falls below -0.5°C and fully ice-free when LSWT is above 0°C. Between these
temperature thresholds, the fraction of ice changes linearly (Kheyrollah Pour et al., 2014).

The HIRLAM surface data assimilation system produces comprehensive feedback information from every analysis-forecast
cycle. The feedback consists of the observed value and its deviations from the background and from the final analysis at
the observation point. Bilinear interpolation of the analysed and forecast values is done to the observation location from the
nearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of observations is
provided. Fractions of land and lake in the model grid as well as the weights, which were used to interpolate gridpoint values

to the observation location, are given. This information is the basis of the present study (see sections 3.3 and 4).

3 Model-observation intercomparison 2012-2018

In this intercomparison we validated HIRLAM /FEake-results against observations about the lake surface state. The impact
of FLake parametrizations to the weather forecast by HIRLAM was not considered. This is because no non-FLake weather
forecasts exist for comparison with the operational forecasts during the validation period.

Throughout the following text, the analysed LSWT refers to the result of OI analysis, where FLake forecast has been used
as background (Section 2.2) while the forecast LSWT refers to the value diagnosed from the mixed layer water temperature

predicted by FLake (Section 2.1). Observed LSWT refers to the measured by SYKE lake water temperature (Section 3.2).
3.1 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version (v.7.4), implemented in spring 2012. (Eerola, 2013 and
references therein). FLake was introduced into this version. After that the development of HIRLAM was frozen. Thus, during

the years of the present comparison, the FMI operational HIRLAM system remains unmodified, which offers a clean time

series of data for the model-observation intercomparison. The general properties of the system are summarised in Table 1. fin-the

3.2 SYKE lake observations

In this study we used three different types of SYKE lake observations: LSWT, lake-iee-dates-I=1D)freeze-up and break-u
dates and ice thickness and snow depth on lake ice. In total, observations on 45 lakes listed in Appendix (Table A2) were
included as detailed in the following. The lake depths and surface areas given in Table A2 are based on he updated lake list of

GLDB v.3 (Margarita Choulga, personal communication).
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Table 1. FMI operational HIRLAM

Domain From Atlantic to Ural, from North Africa beyond North Pole
Model horizontal / vertical resolution 7 km / 65 levels

HIRLAM version 7.4

Model dynamics Hydrostatic, semi-Lagrangian, grid-point

Atmospheric physical parametrizations ~ Savijérvi radiation, CBR turbulence,

Rasch-Kristiansson cloud microphysics + Kain-Fritsch convection

Surface physical parametrizations ISBA-newsnow for surface, FLake for lakes

Data assimilation Default atmospheric (4DVAR) and surface (OI) analysis
Lateral boundaries ECMWEF forecast

Forecast Up to +54 h initiated every 6h (00, 06, 12, 18 UTC)

3.2.1 Lake temperature measurements

Regular in-situ lake water temperature measurements are performed by SYKE. Currently SYKE operates 34 regular lake and
river water temperature measurement sites in Finland. The temperature of the lake water is measured every morning at 8.00
AM local time, close to shore, at 20 cm below the water surface. The measurements are recorded either automatically or man-
ually and are performed only during the ice-free season (?Rentu-et-al52042)(Korhonen, 2019). Further, we will for simplicity
denote also these data as LSWT observations although they do not represent exactly the same surface water temperature (skin
temperature, radiative temperature) that could be estimated by satellite measurements. These data are available in the SYKE
open data archive (SYKE, 2018). Measurements from 27 of these 34 lakes (Figure 2, white dots) were selected for use in
the FMI operational HIRLAM in 2011, and the list has been kept unmodified since that. The set of 27 daily observations,
quality-controlled by HIRLAM, were obtained from the analysis feedback files and used in all comparisons reported in this
study.

3.2.2 Freezing Freeze-up and melting-break-up dates

Regular visual observations of freezing-and-meltingfreeze-up and break-up of lakes have been recorded in Finland for centuries,
the longest time series starting in the middle of the 19th century 2)—(Korhonen, 2019). Presently, dates of freezing-and-melting
freeze-up and break-up are available from SYKE (2018) on 123 lakes, but the time series for many lakes are discontinuous.
Further, we will denote the melting-and-freezing-break-up and freeze-up dates together by “lake ice dates” (LID). For-both
freezingand-melting LID observations aim at representing conditions on entire lakes. For both freeze-up and break-up the dates
are available in two categories for-freezing—freezing-of-the-visible-area™(terminology from Korhonen, 2019): "freeze-up of

the lake within sight” (code 29 by SYKE) and “ i isi ~"freeze-up of the whole lake" (code
30). For melting-break-up the dates are defined as “no-iee-visiblefrom-the-observation-site™ no ice within sight” (code 28) and

“no-ice-on-the-outer-open-water-areas-thaw areas out of the shore” (code 27). LID observations airm-at-representing-conditions



Figure 2. Map of SYKE observation points used in this study: lakes with both lake surface water temperature (LSWT) and lake ice date
(LID) observations (white), lakes where only LID is available (black). On Lakes Lappajérvi, Kilpisjiarvi and Simpelejérvi also ice thickness
and snow depth measurements were used (Section 4.3), they are surrounded with a large white circle. List of the lakes with coordinates is

given in Appendix A2.

onentire-lakes—EID-observations-by SYKE are made independently of their LSWT measurements and possibly from different
locations on the same lakes. The LSWT measurements may be started later than the date of reported lake ice melting-break-up
or end earlier than the reported freezing-freeze-up date.

LID from the 27 lakes whose LSWT measurements are used in HIRLAM were available and selected for this study. In
addition, 18 lakes with only LID available (Figure 2, black dots) were chosen for comparison with HIRLAM /FEake-LID.

3.2.3 Ice thickness and snow depth on lakes

SYKE-—reeordsIn the period 2012-2018 SYKE recorded the lake ice thickness and snow depth on around 50 locations in
Finland. Arehived-(Archived historical data are available in total from 160 measurement sites). The manual measurements are

done three times a month during the ice season. Thickness of ice and snow depth on ice are measured by drilling holes through
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snow and ice layers along chosen tracks, normally at least 50 m from the coast ¢2)(Korhonen, 2019). The locations may differ

from those of the LSWT measurement or LID observation over the same lakes.
3.3 Validation of HIRLAM /FLake lake surface state
3.3.1 Lake surface water temperature

LSWT by HIRLAM/AFEake, resulting from the objective analysis or diagnosed from the forecast, was compared with the
observed LSWT by SYKE using data extracted from the analysis feedback files (Section 2.2) at the observation locations on
06 UTC every day, excluding the winter periods 1 December - 31 March. The observations (ob) at 27 SYKE stations were
assumed to represent the true value, while the analysis (an) is the result of OI that combines the background forecast (fc) with

the observations. Time-series, maps and statistical scores, to be presented in Section 4.1, were derived from these.
3.3.2 Lake ice conditions

For this study, the observed LID, ice and snow thickness observations were obtained from SYKE open data base, relying on
their quality control. The HIREAM/AFEake-analysed LSWT as well as the predicted ice thickness and snow depth were picked
afterwards from the HIRLAM archive for a single gridpoint nearest to each of the 45 observation locations (not interpolated as
in the analysis feedback file that was used for the LSWT comparison). It was assumed that the gridpoint value nearest to the
location of the LSWT observation represents the ice conditions over the chosen lake.

LID given by HIRLAM were defined in two independent ways: from the analysed LSWT and from the forecast lake ice
thickness. Note that the ice thickness and snow depth on ice are not analysed variables in HIRLAM. In autumn a lake can
freeze and melt several times before final freezingfreeze-up. The last date when the forecast ice thickness crossed a critical
value of 1 mm or the analysed LSWT fell below freezing point was selected as the date of freezingfreeze-up. In the same way,
the last date when the forecast ice thickness fell below the critical value of 1 mm or the analysed LSWT value crossed the
freezing point was selected as metting-daybreak-up date. To decrease the effect of oscillation of the gridpoint values between
the HIRLAM forecast-analysis cycles, the mean of the four daily ice thickness forecasts or analysed LSWT values was used.

LID by HIRLAM #FEake-were compared to the observed dates during 2012-2018. In this comparison we included data
also during the winter period. The category 29 observations (“freezing-of-the-visible-areafreeze-up of the lake within sight”,
see Section 3.2.2) were used. In this category the time series were the most complete at the selected stations. For the same
reason, the melting-break-up observations of category 28 (“no ice visiblefrom-the-ebservation-sitewithin sight”) were used
for comparison. Furthermore, using a single gridpoint value for the calculation of LID also seems to correspond best the
observation definition based on what is visible from the observation site. The statistics were calculated as fc - ob and an - ob.
Hence, positive values mean that melting-orfreezing-break-up or freeze-up takes place too late in the model as compared to
the observations.

In-this-study;take-Lake ice thickness and snow depth measurements from lakes Lappajirvi, Kilpisjirvi and Simpelejérvi
were utilised as additional data for validation of predicted by HIRLAM /FEake-ice thickness and snow depth (Section 4.3).



These lakes, representing the western, northern and south-eastern Finland, were selected for illustration based on the best data

availability during the study years. They are also sufficiently large in order to fit well the HIRLAM grid.

4 Results

4.1 Analysed and forecast LSWT at observation points

Figure 3 shows the frequency distribution of LSWT according to FLake forecast and SYKE observations. It is evident that the
amount of data in the class of temperatures which represents frozen conditions (LSWT flag value 272 K) was underestimated
by the forecast (Figure 3a). When subzero temperatures were excluded from the comparison (Figure 3b), underestimation in

the colder temperature classes and overestimation in the warmer classes still remains.
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Figure 3. Frequency of observed (ob, yellow) and forecast (fc, blue) LSWT over all 27 SYKE lakes 2012-2018. x-axis: LSWT, unit K,

y-axis: frequency, unit %.



LSWT analysis (Figure 4) improved the situation somewhat but the basic features remain. This is due to the dominance of
FLake forecast via the background of the analysis. In Section 4.3, we will show time-series illustrating the physics behind these
LSWT statistics.
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Figure 4. As for Figure 3 but for observed and analysed (an) LSWT.

Table 2 confirms the warm bias by FLake in the unfrozen conditions. Similar results were obtained for all stations together
and also for our example lakes Lappajirvi and Kilpisjérvi, to be discussed in detail in Section 4.3. There were three lakes with
negative LSWT bias according to FLake forecast, namely the large lakes Saimaa and Piijdnne and the smaller Ala-Rieveli.
After the correction by objective analysis, a small positive bias converted to negative over 6 additional lakes, among them the
large lakes Lappajdrvi in the west and Inari in the north. The mean absolute error decreased from forecast to analysis on every
lake.

In the frequency distributions, the warm temperatures were evidently related to summer. For FLake, the overestimation of

maximum temperatures, especially in shallow lakes, is a known feature (e.g. Kourzeneva 2014). It is related to the difficulty
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Table 2. Statistical scores for LSWT at all stations and at two selected stations

station fcoran meanob bias mae stde N

unit K K K K

ALL fc 286.3 0.91 1.94 234 30877
an 286.3 0.35 1.32  1.72 30861

Lappajdrvi  fc 286.9 0.33 123  1.62 1243
an 286.9 -0.65 1.06 1.10 1243

Kilpisjarvi  fc 281.7 1.82 213 215 780
an 281.7 1.10 142 1.51 780

Statistics over days when both forecast/analysis and observation indicate unfrozen
conditions. bias = systematic difference fc/an - ob, mae = mean absolute error, stde =

standard deviation of the error, N = number of days (06 UTC comparison, no ice).

of forecasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperatures occurred in spring
and autumn. In a few large lakes like Saimaa, Haukivesi, Pielinen, LSWT tended to be slightly underestimated in autumn both
according to the FLake and the analysis (not shown). The cold left-hand side columns in the frequency distributions (Figures 3a
and 4a) are mainly related to spring, when HIRLAM /FEake-tended to melt the lakes significantly too early (Sections 4.2 and
4.3).

There are problems, especially in the analysed LSWT, over (small) lakes of irregular form that fit poorly the HIRLAM grid
and where the measurements may represent more the local than the mean or typical conditions over the lake. These are the
only ones where an underestimation of summer LSWT was seen. Cases occurred where FLake results differ so much from the
observations that the HIRLAM quality control against background values rejected the observations, forcing also the analysis

to follow the incorrect forecast (not shown).

4.2 Freezing Freeze-up and melting-break-up dates

In this section the freezing-and-meltingfreeze-up and break-up dates from HIRLAM are verified against corresponding ob-
served dates over 45 lakes (Appendix Table A2). In the following, 'LSWT an’ refers to the LID estimated from analysed LSWT
and ’IceD fc’ to those estimated from the forecast ice thickness by FLake. The time period contains six freezing periods (from
autumn 2012 to autumn 2017) and seven melting periods (from spring 2012 to spring 2018). Due to some missing data the
number of freezing-freeze-up cases was 233 and melting-break-up cases 258. The *IceD fc’ data for the first melting period in
spring 2012 was missing. The overall statistics of the error in freezing-and-melting-freeze-up and break-up dates are shown in
Table 3. In most cases the difference in error between the dates based on forecast and analysis was small. This is natural as the

first guess of the LSWT analysis is the forecast LSWT by FLake. We will discuss next the freezingfreeze-up, then the melting
break-up dates.

11
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Table 3. Statistical measures of the error of freezingfreeze-up and melting-break-up date

bias stde max min N

unit days days days days

Freezing-Freeze-up  LSWTan -3.5 179 64 -52 233
IceD fc -0.3 17.8 67 -41 233

Melting Break-up ~ LSWTan -152 85 2 54 288
IeeDfc 205 92 -1  -56 258

Denotation: LSWT an - LID estimated from analysed LSWT, IceD fc - LID estimated from

forecast ice thickness.

The bias in the error of freezingfreeze-up dates was small according to both "IceD fc’ and 'LSWT an’, -0.3 and -3.5 days,
respectively. The minimum and maximum errors were large in both cases: the maximum freezing-day-freeze-up date occurred
about two months too late, the minimum about one and a half months too early. However, as will be shown later, the largest
errors mostly occurred on a few problematic lakes while in most cases the errors were reasonable.

Figure 5a) shows the frequency distribution of the error of freezingfreeze-up dates. Forecast freezing-freeze-up dates oc-
curred slightly more often in the unbiased class (error between -5 - +5 days), compared to the estimated dates from the
analysis. Of all cases 48 %/ 40 % (percentages here and in the following are given as 'IceD fc’ /’LSWT an’) fell into this class.
In 20% / 26% of cases the freezingfreeze-up occurred more than five days too late and only in 11% / 9% cases more than two
weeks too late. In case of "IceD fc’, the class of freezing-freeze-up more than 15 days too late comprised 25 cases distributed
over 15 lakes, thus mostly one or two events per lake. This suggests that the error was related more to individual years than to
systematically problematic lakes. It is worth noting, that of the eight cases where the error was over 45 days, six cases were due
to a single lake, Lake Kevojarvi. This lake is situated in the very north of Finland. It is very small and narrow, with an area of
1 km?, and located in a steep canyon. Therefore it is poorly represented by the HIRLAM grid and the results seem unreliable.

Concerning too early freezing, in 33% / 44% of the cases freezing-freeze-up occurred more than five days too early and in
15% / 19% more than two weeks too early. According to the forecast, these 15% (34 cases) were distributed over 19 lakes.
Each of the five large lakes Pielinen, Kallavesi, Haukivesi, Péijdnne and Inari occurred in this category three times while all
other lakes together shared the remaining 19 cases during the six winters.

The melting-break-up dates (Table 3) show a large negative bias, about two CLSWT an’) or three weeks (’IceD fc’), in-
dicating that lake ice melting-break-up was systematically forecast to occur too early. However, the standard deviation of
the error was only about half of that of the error of freezingfreeze-up dates and there were no long tails in the distribution
(Figure 5b). The-Hence the distribution is strongly skewed towards too early meltingbreak-up, but much narrower than that
of freezing-freeze-up (Figure 5a). The large bias was most probably due te-the-bug-of-this- HIREAM-version-that prevented
the-acewmutation-of-missing snow over lake ice {see-also-Seetton4-3in this HIRLAM version (see Section 5). The maximum
frequency (47 %) was in the class -24 - -15 days for "IceD fc’, while in case of 'LSWT an’, the maximum frequency (52 %)
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occurred in the class -14 - -5 days. FLake forecast 'IceD fc’ suggested only three cases in the unbiased class -4 - +5 while
according to "LSWT an’ there were 12 cases in this class. Hence, the melting-break-up dates derived from analysed LSWT

corresponded the observations better than those derived from FLake ice thickness forecast.
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(a) error in-freezing-daysof freeze-up dates.
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Figure 5. Frequency distribution of the difference between analysed/forecast and observed freezingfreeze-up and melting-days-break-up
dates over all lakes 2012-2018. Variables used in diagnosis of ice existence: analysed LSWT crossing the freezing point (blue) and forecast
ice thickness > 1 mm (magenta). Observed variable: freezingfreeze-up date by SYKE. x-axis: difference (fc-ob), unit day, y-axis: percentage

of all cases.

Note that this kind of method of verifying LID compares two different types of data. The observations by SYKE are visual
observations from the shore of the lake (see Section 3.2.2), while the freezing-and-mektingfreeze-up and break-up dates from
HIRLAM are based on single-gridpoint values of LSWT or ice thickness (see Section 3.3.2). In addition, the resulting freezing
and-meltingfreeze-up and break-up dates from HIRLAM are somewhat sensitive to definition of the freezing and melting
tresholds. Here we used 1 mm for the forecast ice thickness and the freezing point for the LSWT analysis as the critical values.

In conclusion, the validation statistics show that HIRLAM #FLEake-succeeded rather well in predicting freezing of Finnish
lakes. Almost in half of the cases the error was less than £ 5 days. Some bias towards too early freezing-freeze-up can be
seen both in forecast and in the analysis. Melting was more difficult. FLake predicted iee-melting-lake ice break-up always too
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early, with a mean error of over two weeks, and the analysis mostly followed it. Theseresults-arerather-obvious-because-of-the
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4.3 Comparisons on three lakes

In this section we present LSWT and LID time-series for two representative lakes, Kilpisjarvi in the north and Lappajérvi in
the west (see the map in Figure 2). Observed and forecast ice and snow thickness are discussed, using also additional data from
Lake Simpelejérvi in southeastern Finland.

Lake Kilpisjdrvi is an Arctic lake at the elevation of 473 m, surrounded by fells. The lake occupies 40 % of the area of
HIRLAM gridsquare covering it (the mean elevation of the gridsquare is 614 m). The average/maximum depths of the lake
are 19.5/57 m and the surface area is 37.3 km?. The heat balance as well as the ice and snow conditions on Lake Kilpisjirvi
have been subject to several studies (Leppéranta et al., 2012; Lei et al., 2012; Yang et al., 2013). Typically, the ice season
lasts there seven months from November to May. Lake Lappajérvi is formed from a 23 km wide meteorite impact crater,
which is estimated to be 76 million years old. It is Europe’s largest crater lake with a surface area of 145.5 km? and an
average/maximum depth of 6.9/36 m. Here the climatological ice season is shorter, typically about five months from December
to April. The average/maximum depth of Lake Simpelejérvi is 8.7/34.4 m and the surface area 88.2 km?. This lake is located
at the border between Finland and Russia and belongs to the catchment area of Europe’s largest lake, Lake Ladoga in Russia.

Figures 6 and 7 show the frequency distributions of LSWT according to forecast v.s. observation and analysis v.s. observation
for Lappajdrvi and Kilpisjéarvi. Features similar to the results averaged over all lakes (Section 4.1, Figures 3 and 4) are seen,
i.e. underestimation of the amount of cold temperature cases and overestimation of the warmer temperatures by the forecast
and analysis. On Lake Lappajérvi, only the amount of below-freezing temperatures was clearly underestimated, otherwise the
distributions look quite balanced. According to the observations, on Lake Kilpisjarvi ice-covered days dominated during the

periods from Apri-to-Nevember-November to May. According to both siss LSWT
analysis and forecast the amount of these days was clearly smaller in HIRLAM.

Yearly time series of the observed, forecast and analysed LSWT, with the observed LID marked, are shown in Figures 8
and 9. In the absence of observations, the HIRLAM analysis followed the forecast. Missing data in the time series close to
freezing-and-melting freeze-up and break-up are due to missing observations, hence missing information in the feedback files
(see Section 2.2). Differences between the years due to the different prevailing weather conditions ean—be-are seen in the
temperature variations.

Generally, FLake tended to melt the lakes too early in spring, as already indicated by the LID statistics (Section 4.2). The too
early melting-break-up and too warm LSWT in summer show up clearly in Kilpisjérvi (Figure 9). In Lappajérvi, the model and
analysis were able to follow even quite large and quick variations of LSWT in summer, but tended to somewhat overestimate
the maximum temperatures. Overestimation of the maximum temperatures by FLake was still more prominent in shallow
lakes (not shown). In autumn over Lakes Lappajdrvi and Kilpisjarvi, the forecasts and analyses followed closely the LSWT

observations and reproduced the freezing-freeze-up dates within a few days, which was also typical to the majority of lakes.
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Figure 6. Frequency of observed (yellow) and forecast or analysed (blue) LSWT over Lake Lappajarvi 2012-2018, all temperatures included.

x-axis: LSWT, unit K, y-axis: frequency, unit %.

Figure 10 shows a comparison of forecast and observed evolution of ice thickness and snow depth on Lappajarvi, Kilpisjarvi
and Simpelejérvi in winter 2012-2013, typical also for the other lakes and years studied. fa-The most striking feature is that
there was no snow in the HIRLAM forecast.

On all three lakes, the ice thickness started to grow after freezing-freeze-up both according to the forecast and the observa-

5 tions. In the beginning HIRLAM #FLake-ice grew faster than observed. However, according to the forecast ice thickness started
to decrease in March of every year but according to the observations only a month or two later. Fhe-mestremarkable-featureis

arrar 1 tha b, AN rofaoran

The too early melting-of-break-up of lake ice in the absence of snow could be explained by the wrong absorption of the

10 solar energy in the model. In reality, the main factor of snow and ice melt in spring is the increase of daily solar radiation. In
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Figure 7. As for Figure 6 but for Lake Kilpisjarvi.

HIRLAM, the downwelling short-wave irradiance at the surface is known to be reasonable, with some overestimation of the

largest clear-sky fluxes and all cloudy fluxes (Rontu et al., 2017). Over lakes, HIRLAM #FLake-uses constant values for the

snow and ice shortwave reflection, with albedo values of 0.75 and 0.5, correspondingly. When there was no snow, the lake

surface was thus assumed too dark. 25 % more absorption of an assumed maximum solar irradiance of 500 Wm~2 (valid for

5 the latitude of Lappajirvi in the end of March) would mean availability of extra 125 Wm~2 for melting of the ice, which
corresponds the magnitude of increase of available maximum solar energy within a month at the same latitude.

The forecast of too thick ice can also be explained by the absence of snow in the model. When there is no insulation by

the snow layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads to faster growth of

ice compared to the situation of snow-covered ice. In nature, ice growth can also be due to the snow transformation, a process

10 whose parametrization in the models is demanding (Yang et al., 2013; Cheng et al., 2014).
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Figure 8. Time-series of the observed, analysed and forecast LSWT at the Lappajérvi observation location 23.67 E, 63.15 N for the years
2012-2018 based on 06 UTC data. Markers are shown in the inserted legend. Observed freezing-freeze-up date (blue) and metting-break-up

date (red) are marked with vertical lines.

Also the downwelling longwave radiation plays a role in the surface energy balance. We may expect values from 150 Wm 2
to 400 Wm ™2 in the Nordic spring conditions, with the largest values related to cloudy and the smallest to clear-sky situations.

The standard deviation of the predicted by HIRLAM downwelling longwave radiation fluxes has been shown to be of the order
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Figure 9. As for Figure 8 but for lake Kilpisjérvi, 20.82 E, 69.01 N.

of 20 Wm ™2, with a positive systematic error of a few Wm~2 (Rontu et al., 2017). Compared to the systematic effects related

to absorption of the solar radiation, the impact of the longwave radiation variations on lake ice evolution is presumably small.

5 Discussion: snow on lake ice
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Figure 10. Evolution of ice (blue) and snow (red) thickness at Lakes Lappajérvi, Kilpisjédrvi and Simpelejirvi during winter 2012-2013.

The most striking result reported in Section 4 was the too early melting of the lake ice predicted by FLake in HIRLAM as
compared to observations. We suggested that the early break-up is related to the missing snow on lake ice in HIRLAM. It
was detected that a too large critical value to diagnose snow existence prevented practically all accumulation of the forecast
snowfall on lake ice in the reference HIRLAM v.7.4, used operationally at FMI.

5  In general, handling of the snow cover on lake and sea ice is a demanding task for the NWP models. In HIRLAM, snow.
depth observations are included into the objective analysis over the land areas, but not over ice where no observations are widely.
available in real time. Snow depth and temperature over land are treated prognostically using dedicated parametrizations (in
HIRLAM, similar to Samuelsson et al., 2006, 2011, see also Boone et al., 2017). Over the sea, a simple prognostic parametrization
of sea ice temperature is applied in HIRLAM but neither the thickness of ice nor the depth or temperature of snow on ice are

10 included (Samuelsson et al., 2006). Batrak et al. (2018) provide a useful review and references concerning prognostic sea ice
schemes and their snow treatment in NWP models. An essential difference between the simple sea ice scheme and the lake ice
scheme applied in HIRLAM is that the former relies on external data on the existence of sea ice cover, provided by the objective
analysis, while the latter includes prognostic treatment of the lake water body also. This means that the lake ice freezes and
melts in the model depending on the thermal conditions of lake water, evolving throughout the seasons.

15 Theice thickness, snow depth and ice and snow temperatures are prognostic variables of FLake. When the FLake parametrizations
were introduced into HIRLAM (Kourzeneva et al., 2008; Eerola et al., 2010), parametrization of the snow thickness and snow.
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empirical data on its temperature dependence (Mironov et al., 2010). This way was applied also e.g. in a recent study over the

Semmler et al. (2012) performed a detailed winter-time comparison between FLake and a more complex snow and ice
thermodynamic model (HIGHTSI) on a small lake in Alaska, FLake includes only one ice and one soil layer, while HIGHTST
represents a more advanced multilayer scheme. Atmospheric forcing for the stand-alone experiments was provided by HIRLAM.

parametrizations of FLake: use a prescribed constant snow density, modify the value of the prescribed molecular heat conductivity
and use prescribed constant albedos of dry snow and ice. Later, a similar comparison was performed over Lake Kilpisjarvi
(Yang et al., 2013), confirming the improvements due to the updated snow parametrizations in FLake. Implementation of these
modifications allowed to include the parametrization of snow on lake ice also into HIRLAM (Section 2.1).

In FLake, snow on lake ice is accumulated from the predicted snowfall. Snow melt on lake ice is related to snow and
ice temperatures. In case of FLake integrated into HIRLAM, accumulation and melt are updated at every time step of the
advancing forecast. Very small amounts of snow are considered to fall beyond the accuracy of parametrizations and removed.
This is controlled by a critical limit, which was set too large (one millimeter instead of ten micrometers) in HIRLAM v.7 4.
Due to the incorrect critical value, practically no snow accumulated on lake ice in the FMI operational HIRLAM, validated in
this study. In a HIRLAM test experiment, where the original smaller value was used, up to 17 cm of snow accumulated on lake
ice within a month (Janurary 2012, not shown).

6 Conclusions and outlook

In this study, in-sifu lake observations from the Finnish Environment Institute were used for validation of the HIRLAM NWP
model, which is applied operationally in the Finnish Meteorological Institute. HIRLAM contains Freshwater Lake prognostic
parametrizations and an independent objective analysis of lake surface state. We focused on comparison of observed and
forecast lake surface water temperature, ice thickness and snow depth in the years 2012 - 2018. Because the HIRLAM /ALake
system was unmodified during this period, a long uniform dataset was available for evaluation of the performance of FLake
integrated into an operational NWP model. On the other hand, no conclusions about the impact of the lake surface state on the
operational forecast of the near-surface temperatures, cloudiness or precipitation can be drawn because of the lack of alternative
(without FLake) forecasts for comparison.

On average, the forecast and analysed LSWT were warmer than observed with systematic errors of 0.91 K and 0.35 K,
correspondingly. The mean absolute errors were 1.94 and 1.32 K. Thus, the independent observation-based analysis of in-situ
LSWT observations was able to improve the FLake +6 h forecast used as the first guess. However, the resulting analysis is by
definition not used for correction of the FLake forecast but remains an independent by-product of HIRLAM. An overestimation

of the FLake LSWT summer maxima was found, especially for the shallow lakes. This behaviour of FLake is well known,
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documented earlier e.g. by Keurzeneva;20+4Kourzeneva (2014). It arises due to the difficulty to handle correctly the mixing
in the near-surface water layer that is intensively heated by the sun.

Forecast freezing-freeze-up dates were found to correspond the observations well, typically within a week. The forecast ice
thickness tended to be overestimated, still the melting-break-up dates over most of the lakes occured systematically several
weeks too early. Practically no forecast snow was on found on the lake ice, although the snow parametrization by FLake was
included in HIRLAM. The reason for the incorrect behaviour was evidently related to a eeding-errorin HHREAM-thatprevented
W@J@Mmm lake ice. The

too early melting and overestimated ice thickness differ from the results by
Pietikdinen et al. (2018); Yang et al. (2013); Kourzeneva (2014), who reported somewhat too late melting of the Finnish lakes
when FLake with realistic snow parametrizations was applied within a climate model or stand-alone driven by NWP data. It can
be concluded that a realiste-realistic parametrization of snow on lake ice is impertart-important in order to describe correctly
the lake surface state in spring.

Small lakes and those of complicated geometry cause problems for the relatively coarse HIRLAM grid of 7 - kilometre res-
olution. The problems are related to the observation usage, forecast and validation, especially when interpolation and selection
of point values are applied. The observations and model represent different spatial scales. For example, the comparison of the
freezing-and-meltingfreeze-up and break-up dates was based on diagnostics of single-gridpoint values that were compared to
observations representing-which represent entire lakes as overseen from the observation sites. Also the results of LID diagnos-
tics were sensitive to the criteria for definition of the ice existence in HIRLAM/AEake. All this adds unavoidable inaccuracy
into the model-observation intercomparison but does not change the main conclusions of the present study.

SYKE LSWT observations used for the real-time analysis are regular and reliable but do not always cover the days imme-
diately after melting-break-up or close to freezingfreeze-up, partly because the quality control of HIRLAM LSWT analysis
utilizes the SYKE statistical lake water temperature model results in a tee-strict way. Although the 27 observations are located
all over the country, they cover a very small part of the lakes and their availability is limited to Finland. SYKE observations of
the ice and snow depth as well as the freezing-and-melting freeze-up and break-up dates provide valuable data for the validation
purposes.

A need for minor technical corrections in the FMI HIRLAM /FLake-system was revealed. The snow-aceumulation-bug
was-corrected-in-Oetober2048;-coefficient influencing snow accumulation on lake ice was corrected based on our findings.
Further developments and modifications are not foreseen because the HIRLAM NWP systems, applied in the European weather
services, are being replaced by kilometre-scale ALADIN-HIRLAM forecasting systems (Termonia et al., 2018; Bengtsson et
al., 2017), where the prognostic FLake parametrizations are also available. HARMONIE/FLake uses the newest version of the
global lake database (GLDB v.3) and contains updated snow and ice propertiesthat-were-suggested-byYangetal;2043. The

objective analysis of lake surface state is yet to be implemented, taking into account the HIRLAM experience summarized in

this study and earlier by KheyrollahPour-et-al5204+7Kheyrollah Pour et al. (2017). In the future, an important source of wider

observational information on lake surface state are the satellite measurements, whose operational application in NWP models

still requires further work.
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Code and data availability. Observational data was obtained from SYKE open data archive SYKE, 2018 as follows: LID was fetched

15.8.2018, snow depth 17.9.2018 and ice thickness 16.10.2018 from http://rajapinnat.ymparisto.fi/api/Hydrologiarajapinta/1.0/odataquerybuilder/.

A supplementary file containing the freeze-up and break-up dates as picked and prepared for the lakes studied here is attached. Data picked
from HIRLAM archive are attached as supplementary files: data from the objective analysis feedback files (observed, analysed, forecast
LSWT interpolated to the 27 active station locations) and from the gridded output of the HIRLAM analysis (analysed LSWT, forecast ice
and snow thickness from the nearest gridpoint of all locations used in the present study).

In this study, FMI operational weather forecasts resulting from use of HIRLAM v.7.4 (rc1, with local updates) were validated against lake
observations. The HIRLAM reference code is not open software but the property of the international HIRLAM-C programme. For research
purposes, the codes can be requested from the programme (hirlam.org). The source codes of the version operational at FMI, relevant for the
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Table A1. Prognostic and diagnostic lake variables within HIRLAM

variable unit type
temperature of snow on lake ice K prog by FLake
temperature of lake ice K prog by FLake
mean water temperature K prog by FLake
mixed layer temperature K prog by FLake
bottom temperature K prog by FLake
temperature of upper layer sediments K prog by FLake
mixed layer depth m prog by FLake
thickness of upper layer sediments m prog by FLake
thermocline shape factor - prog by FLake
lake ice thickness m prog by FLake
snow depth on lake ice m prog by FLake
LSWT K diag by FLake
= mixed layer temperature if no ice
lake surface temperature K diag by FLake
uppermost temperature: LSWT or ice or snow
LSWT K anal by HIRLAM
flag value 272 K when there is ice
fraction of lake ice [0-1] diag fraction in HIRLAM grid
lake surface roughness m diag by HIRLAM
screen level temperature over lake K diag by HIRLAM
screen level abs.humidity over lake kgkg™! diag by HIRLAM
anemometer level u-component over lake  ms™* diag by HIRLAM
anemometer level v-component over lake ms™* diag by HIRLAM
latent heat flux over lake Wm~?  diag by HIRLAM
sensible heat flux over lake Wm~2  diag by HIRLAM
scalar momentum flux over lake Pa diag by HIRLAM
SW net radiation over lake Wm~2  diag by HIRLAM
LW net radiation over lake Wm~2  diag by HIRLAM
depth of lake m pres in HIRLAM grid
fraction of lake [0-1] pres in HIRLAM grid
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Denotation: prog = prognostic, diag = diagnostic, pres = prescribed, anal = result of OI



Table A2. Lakes with SYKE observations used in this study.

NAME LON  LAT MEAND(m) MAXD (m) AREA (kgm 2) HIRD(m) HIRFR HIRID

Pielinen  29.607  63.271 10.1 61.0 894.2 10.0 0.916 4001
Kallavesi  27.783  62.762 9.7 75.0 316.1 10.0 0.814 4002
Haukivesi  28.389  62.108 9.1 55.0 560.4 10.0 0.725 4003
Saimaa 28.116  61.338 10.8 85.8 1,377.0 10.0 0.950 4004
Padjarvil  24.789  62.864 3.8 14.9 29.5 3.0 0.430 4005
Nilakka 26.527 63.115 4.9 21.7 169.0 10.0 0.866 4006
Konnevesi  26.605  62.633 10.6 57.1 189.2 10.0 0.937 4007
Jadasjarvi  26.135  61.631 4.6 28.2 81.1 10.0 0.750 4008
Pdijanne 25482 61.614 14.1 86.0 864.9 10.0 0.983 4009
Ala-Rieveli 26.172  61.303 11.3 46.9 13.0 10.0 0.549 4010
Kyyvesi  27.080 61.999 4.4 353 130.0 10.0 0.810 4011
Tuusulanjdarvi ~ 25.054  60.441 32 9.8 59 3.0 0.174 4012
Pyhgjarvi 22291  61.001 55 26.2 155.2 5.0 0.922 4013
Langelmavesi  24.370  61.535 6.8 59.3 133.0 10.0 0.875 4014
Padjarvi2 25132 61.064 14.8 85.0 13.4 14.0 0.350 4015
Vaskivesi  23.764  62.142 7.0 62.0 46.1 10.0 0.349 4016
Kuivajiarvi  23.860  60.786 22 9.9 8.2 10.0 0.419 4017
Nasijarvi  23.750 61.632 14.7 65.6 210.6 10.0 0.850 4018
Lappajarvi  23.671  63.148 6.9 36.0 145.5 10.0 1.000 4019
Pesiojarvi  28.650  64.945 39 15.8 12.7 7.0 0.290 4020
Rehja-Nuasjarvi  28.016  64.184 8.5 42.0 96.4 10.0 0.534 4021
Oulujiarvi  26.965 64.451 6.9 35.0 887.1 10.0 1.000 4022
Ounasjarvi  23.602  68.377 6.6 31.0 6.9 10.0 0.166 4023
Unari  25.711 67.172 5.0 24.8 29.1 10.0 0.491 4024
Kilpisjarvi  20.816  69.007 19.5 57.0 37.3 220 0.399 4025
Kevojarvi  27.011  69.754 11.1 35.0 1.0 10.0 0.016 4026
Inarijarvi  27.924  69.082 14.3 92.0 1,039.4 14.0 0.979 4027

Denotation: LON and LAT are the longitude E and latitude N in degrees, MEAND and MAXD are the mean and maximum depths and AREA is the water surface
area from the updated lake list of GLDB v.3 (Margarita Choulga, personal communication), HIRD and HIRFR are the mean lake depth and fraction of lakes
[0...1] interpolated to the selected HIRLAM gridpoint, taken from the operational HIRLAM that uses GLDB v.2 as the source for lake depths. HIRID is the lake
index used by HIRLAM and in this study. Above the middle line are the 27 lakes with both LSWT and LID observations, below the 18 lakes where only LID was

available.
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Table A3. Lakes with SYKE observations used in this study. Part 2

NAME ~ LON  LAT MEAND(m) MAXD(m) AREA (kgm~2) HIRD (m) HIRFR HIRID_

Simpelejarvi  29.482  61.601 9.3 344 88.2 10.0 0.548 40241
Pokkédanlahti  27.264  61.501 8.0 84.3 58.0 10.0 0.299 40261
Muurasjarvi ~ 25.353  63.478 9.0 35.7 21.1 10.0 0.060 40263
Kalmarinselkd ~ 25.001  62.786 5.7 21.9 7.1 5.0 0.330 40271
Summasjirvi 25344 62.677 6.7 40.5 21.9 10.0 0.555 40272
lisvesi 27.021 62.679 17.2 34.5 164.9 18.0 0.456 40277
Hankavesi 26.826 62.614 7.0 49.0 18.2 18.0 0.100 40278
Petajdvesi  25.173  62.255 4.2 26.6 8.8 3.0 0.245 40282
Kukkia 24.618 61.329 52 35.6 43.9 10.0 0.299 40308
Ahtirinjarvi  24.045  62.755 52 27.0 39.9 10.0 0.266 40313
Kuortaneenjarvi  23.407  62.863 33 16.2 14.9 10.0 0.277 40328
Lestijarvi 24.716  63.584 3.6 6.9 64.7 10.0 0.513 40330
Pyhdjarvi  25.995 63.682 6.3 27.0 121.8 10.0 0.266 40331
Lentua 29.690 64.204 7.4 52.0 71.8 7.0 0.600 40335
Lammasjarvi  29.551  64.131 4.3 21.0 46.8 3.0 0.200 40336
Naamankajirvi  28.246  65.104 29 14.0 8.5 7.0 0.299 40342
Korvuanjiarvi  28.663  65.348 6.0 37.0 15.4 10.0 0.342 40343
Oijjarvi 25930 65.621 1.1 2.4 21.0 10.0 0.333 40345

Denotation: LON and LAT are the longitude E and latitude N in degrees, MEAND and MAXD are the mean and maximum depths and AREA is the water surface area
from the updated lake list of GLDB v.3 (Margarita Choulga, personal communication), HIRD and HIRFR are the mean lake depth and fraction of lakes [0...1]
interpolated to the selected HIRLAM gridpoint, taken from the operational HIRLAM that uses GLDB v.2 as the source for lake depths. HIRID is the lake index used
by HIRLAM and in this study. Above the middle line are the 27 lakes with both LSWT and LID observations, below the 18 lakes where only LID was available.
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