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. 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.

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


https://takaovi.fmi.fi/owa/,DanaInfo=vyvi-nettiposti.vyv.fi,SSL+redir.aspx?REF=6ZbfJRSIkW2gyd-1f4MLI7Qgim0dieVqSlR7YX8Sd0V3JFN-eIfWCAFodHRwOi8vcmFqYXBpbm5hdC55bXBhcmlzdG8uZmkvYXBpL0h5ZHJvbG9naWFyYWphcGludGEvMS4wL29kYXRhcXVlcnlidWlsZGVyLw..
https://takaovi.fmi.fi/owa/,DanaInfo=vyvi-nettiposti.vyv.fi,SSL+redir.aspx?REF=6ZbfJRSIkW2gyd-1f4MLI7Qgim0dieVqSlR7YX8Sd0V3JFN-eIfWCAFodHRwOi8vcmFqYXBpbm5hdC55bXBhcmlzdG8uZmkvYXBpL0h5ZHJvbG9naWFyYWphcGludGEvMS4wL29kYXRhcXVlcnlidWlsZGVyLw..

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

11. T 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: Lappajérvi 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 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 Kilpisjdrvi 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.

Page 13, line 5: You say that “Lake Kilpisjdrvi 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 "OBJECTIVE 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. 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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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
ternperature {LSWT) combines the shon forecast of FlLake to observations from the Finnish Esvieonment Instinute (SYKE). The
resulting description of lake surfsce state - forecast Flake variables and analysed LSWT - was compared 10 SYKE observations
of lake water temperare, freezing and melting dates as well as the ice thickmess and snow depth for 200 2-2008 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 abjective analysis of LEWT was able to reduce the bias 1o + 0035 K. The predicted freezing dates corresponded well the
observed dates. mostly within the scouracy of a week. The forecast melting dates were far oo early, typically several weeks
ahead of the observed dates. The growth of ice thickness after freezing was generally overestimated. However, practically mo
predicted snos appeared on lake ice. The absence of smow. found 1o be due to a technical ervor in HIRLAM, is suggested to be

also the reason of the inaccurate simulation of the lake ice melt 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 vearly variation of the water ternperature, freczing in sutamn asd melting in spring, cover a significant area of the surface
(Kheyrollah Pour et al., 2007: Laird 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 therziny. Especially, the existence of ice can be impomant for the numerical
forecast (Ezrola et al., 2004; Cordeira and Laind. 2008).

Validation of lake surface state in the HIRLAM NWP model against
in-situ measurements in Finland

Laura Rontu', Kalle Eerola®, and Maitti Horttanainen'
'Finnish Meteorological Institute, PO Box 503, (0000 Helsinki, Finland

Correspondence: laura ronteE fmi.fi

Abstract. High Resolution Limited Area Model (HIRLAM), used for operational numerical weather prediction in the Finnish
Meteorological Institue (FMD), includes prognostic weatment of lake surface state since 200 2. Forecast is based on the Fresh-
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1 Intesduction

Lakes influence the energy exchange between the surface and the atmosphere, the dynamics of the atmsospheric boundary Layer
and the pear-surface weather. This is impormant for weather fosecasting 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.
Diescription of the lake surface state influences the numerical weather prediction (WWP) results, in particular in the models
whose reselution is high enough o account for even the smaller lakes.

The High Resolution Limited Asea Model HIRLAM (Unden et al., 2002; Eerola, 200 3) has been applied since 1990 for
the mumerical shost-range weather forecast over the Morthern Europe. In the beginning, the monthly climatological water
surface temperature for both sea {sea surface temperature S8T) and lakes (Lake Surface Water Temperature LEWT ) was used.
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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, Mironow et al_, 20000, An independent objective analysis of observed LEWT (Ehevrollah Pour et al.,
01T and references therein) was implemented in 200 1. The fractional ice cover (lake ice concentration in each gridsquare of
the model) is disgnosed 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
raliative and turbulent Auxes from the atmoespheric model are combined with Flake processes at each time-step of the model
integration in the model grd, where the fraction and depth of lakes ane prescribsed.

FlLake has been implemented into the main Evropean NWE and regional climate models. fest into COSMO {Miroroy et al.,
0L then into ECAMWE (Balsameo et al., 2002}, Unified Model (Rooney and Borrernann, 20031, SURFEX surface modelling
framsework {Masson et al., 20060, regional climate madels RCA (Samuelsson et al.. 20100, HCLIM (Lindstedt et al, 2005) 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 variows ways. Results of case studies, e.g. Berola et al. (2004) and shoser-period
MWP experiments, e.g- Berola et al. {20000; Romtw et al. (2002 Kheveollah Pour et al. (20041 Kheyrollab Powr etal, {2007) as
well as elimate model resulis, e.g. Samuelsson et al. (2000); Pletikiinen et al. {2018). have been compared with remote-sensing
satellite data and fe-vira lake emperaire and ice measunements 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
featwres of each of the host models influence the results of the coupled atmosphere-lake system as FLake appears to be guite
sensitive o the forcing by the atmospheric model.

The xim of the present stady is o use de-gine LSWT measurements, lake jee freezing and melting dates and measurements
of ice and snow thickness by the Finnish BEnvisonment Institute {Suomen Ymplisisiokeskus = SYKE) for validstion of the Lake
surfsce state forecast by the operational HIRLAM NWP model. For this purpose, HIRLAM analyses and forecasts archived
by the Finnish Meteorolegical Instinee (FMI) were compared with the observations by SYERE over the lakes of Finland from
sprimg 2012 1o summer 2008, To our knowledge, this is the longest available detailed dataset thar allows o evaluate how well

e lakoe surface state is simulated by an operational WP model 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.. 200 2h). The latter is only needed in order wo provide initial values of FLake prognostic variables in the very
first Fovecast (so-called cold start). Real-time de-séoe LEWT observations by SYKE for 27 Finnish lakes were obtained in 2011

Since 2012, HIRLAM includes a prognostic lake temperature parameterization based on the Freshwater Lake Maodel {Flake,
Miromoy et al., 20000, An independent objective analysis of observed LEWT (Kheyrollah Pour et al. (2007} and references
therein) was implemented in 201 1. Fractional ice cover (lake ice conoentration in each grid-square of the model) is estimated
separately hased on the analysed LSWT and the ice thickness predicted by Flake.

FlLake was designed to be used a3 a parametrization scheme for the forecast of the lake surface state in NWP and climate
madels. It allows 1o predict the lake surface state in interaction with the atmospheric processes treated by the NWEP model.
The radiative and turbulent Auxes from the stmospherie model are combined with FLake processes at each time-step of the
madel integration (with a typical interval of one or several minutes) in the model grid, where the fesction and depth of lakes
are prescribed.

FlLake has been implemented into the main Evropean MWE and regional climate models, first into COSBMO {Miromoy et al..
000 then into BECWVWE (Balaame et al.. 200 23, Unified Medel (Rooney and Borsemann. 2003}, SURFEX surface modelling
framework {Masson et al., 2006), regional climate models RCA (Sarmuselsson et al., 20000, HOLIM {Lindstedt et al, 2005) and
REMO (Pictikinen et al.. 2008), among others. Description of lake surface state and its influence in the numerical weather
and climate prediction has been validated in various ways, Resulis of case studies, e.g. Berola e al. (2004) and shoner-period
NWP experiments, e.g. Eerola et al. {20000; Rontu et al_ (2002); Kheyrollah Pour et al. 120041 Kheyrollah Powr et al. (201712
well as climate model resulis, e.g. Samuelsson et al. (20000; Pietikidinen et al. {2018). have been compared with remote-sensing
satellite data and dr oine lake temperature and ioe measwrements 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
featwres of each of the host models influence the resulis of the coupled atmosphere-lake system as FLake appears 1o be quite
senaitive 1o the forcing by the atmospheric model.

The aim of the present study is o use e st LSWT measurements, lake freezing and melting dates and measurements of
ice and snow thickness by the Finnish Enviconment Institute (Suomen Ympdristikeskes = 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 Finland from
spring 2002 to summer 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 N'WP model 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., 2000, The
madel utilizes external datasets on the lake depth (Kourzeneva et al, 200 2a; Choulga et al., 2004} and the lake climatobogy
{Kourzeneva et al.. 2002b). The latter is only needed in order to provide initial values of FLake prognostic variables in the
very first forecast. Real-time te-sine LEWT observations by SYKE for 27 Finnish lakes became available for the operational
HIRLAM analysis in 201 1 (Eerola et al., 2000; Rontu et al., 20025, In the current operational HIRLAM at FMI FLake provides
the background for the optimal interpolation (01, based on Gandin 1965 analysis of LSWT. However, the prognostic FLake
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tin b used for the operational LEWT analysis in HIRLAM (Eerola et al.. 2000 Ronotu et al., 2002), In the corrent operational
HIELAM st FMI FLake provides the background for the optimal interpolation analysis (01, based on Gandin, 1965) of LSWT.
Hiowever, the prognestic Flake varables are not corrected wsing the analysed LEWT. This would requine mone advanced data
asaimilation methods based on ez the extended Kalman filter { Kowrzeseva, 20004}

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 diagnostic variables of HIRLAM Flake together with the analysed lake surface vasiables in
HIELAM are listed in the Appendix (Table A1)

At each time step of the HIRLAM forecast. FLake is driven by the atmospheric eadiative and marbalent fluxes provided by the
plysical parameterisations in HIRLAM. This couples the atmospheric variables over lakes with the lake surface properties as
prowided by FlLake. Most importantly, FLake provides HIRLAM with the evolving lake surface {water. ice, snow ) tempserature,
that influences the HIRLAM forecast of the grid-average near-surfisce femperatures.

Imiplementation of FLake mode] as a paramedrization scheme in HIRLAM was based on the experiments described by Romtu
etal., 012 Compared 1o the reference version of FLake (Mironov et al_, 20009, minor modifications were introduced, namely,
use of eonstant spow density = 300 kgm—*, molecular heat conductivity = | Jm—'s-1K -1, constant albedes of dry snow = 0,75
and ice = 0.5, Bottom sediment caleulations were excluded. Global lake depth database (GLDE v.2, Choulga e al., 2004) was
wsid 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 diagnosed from the mixed layer ternperature for the unfrozen lake gridpoints and from the bee
or smnw-on-ice lemperatune for the frozen points. In Flake, jce starts o grow from an assumed valve of one millimeter schen
temperature reaches the freezing paint. The whole lake tile in a gridsquare is considered by Flake either frozen or unfrozen.
Snow o ice is accumulated from the model’s spowfall at each time step during the numerical integration.

22  Ohjective analysis of LSWT observations

A comprehensive description of the optimal interpelation (01) of the LSWT observations in HIRLAM is given by { Kheyrollah
Pour et al., 2017, Shonly, LEWT analyxis is obtained by correcting the FLake forecast at each gridpoim by using the weighted
average of the deviations of observations from their background valses. Prescribed statistical information about the observation
and background error variance as well as the distance-dependent amocorrelation between the locations (observations and
gridpoints) are applied. The real-time observations entering the HIRLAM surface analysis system are subject 1o quality control
i two phases. First, the observations are compared to the background, provided by the FLake shoet forecast. Second, optimal

variables are not corrected using the analysed LEWT, which would require advanced data assimilation methods based on e.g.
the extended Kalman filer (Kourzeneva, 2014). The relations between the O analysis and the prognostic Flake in HIRLAM
are schematically illustrated in Figure 1.

INDEFENDENT LAKE
DATA ASSIMILATION
IN AN INTEGRATED
NWP + LAKE MODEL

Figure L. Cocxistence of the independent ohjective analysis of the chserved LEWT and prognostic FlLake paramelrizations in HIELAM.

21 Freshwater lake model in HIRLAM

FLake iz a bulk mode] capable of predicting the verical temperature stracture and mixing conditions in lakes of various depths
on time-scales from howrs to years (Mironoy et al, 20000 The rmode] is based on swo-layer parametric representation of the
evolving iemperature prodile in the water and on the integral budgets of energy for the lavers in question. Bottom sediments
and the thermodynamics of the ice and spow on ice lavers are treasted separately. FlLake depemds on prescribed lake depth
information. The progoostic and diagnostic variables of HIRLAMFLake plus the analysed lake surfsee variables in HIRLAM
are listed in the Appendix (Table A1)

At esch time step of the HIRLAM forecast. FLake is driven by the atmospheric radiative and racbulent fluxes provided by the
pliwsical parameterisstions in HIRLAM. This couples the atmospheric variables over lakes with the lake surface properties as
provided by FLake. Implementation of Flake model as a parametrizations scheme in HIRLAM was based on the experiments
described by Rontu et al. (20012), Compared 1o the reference version of Flake {Mironoy et al., 20000, miror modifications
were introduced, namely, use of constant snow density = 300 kgm—3, mobecular heat conductivity = 1 JIm~*s~ K~ constant
albedos of dey snow = (075 and ice = 0.5, Bottom sediment caleulations were excluded. Global lake depth database (GLDE v.2.
Choulga et al. (2004)) is used for derivation of mean lake depth in each gridsquare. Fraction of lake is taken from HIRLAM
physiography database, where it originates from GLOC {Loveland et al., 2000).

In this stwdy. lake surface iemperature and thickness of ice predicted by FLake were used for the msodel-observation compar-

imom. Lake surface temperature is diagnosed from the mized layer temperature for the unfrozen lake gridpoints and from the ke
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imterpolation is done at each observation lecation, wsing the neighbowring observations only (excluding the curent observation)
and eomparing the result o the observed value ot the station.

A specific feature of the lake surface temperature O is that the interpolation 15 performed not only within the (large ) lakes
bt also seross the lakes: within a statistically pre-defined radivs. the ehservations 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, mot only by the first guess provided by FLake forecast.

The relations between the O analysis and the progrostic Flake in HIRLAM are schematically illustrated in Figure 1.
Within the present HIRLAM setup, the background for the analvsis is provided by the short {6-houry Flake forecast but
the mexn 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 O1
analysis but the analysis remaing as an extra diagnostic field. to some extent independent of the LSWT fosecast. However,
FLake background has a large infleence in the analysis, especially over distant lakes where seighbouring observations ane
miot available, The diagnostic LSWT analyais, available ot every gridpoint of HIRLAM, might be useful e.g. for hydrological,

agricultural o rosd weather applications.

%

OBJECTIVE ANALYSIS
OF LSWT
IN AN INTEGRATED
NWP + LAKE MODEL

SERFACE LIWER PARAMETRITATIONS :-'-:'
INTEFPOLATION SCREEN LEVIL WARLAOLIS L
OFLSWT | TURMAEAT AN AADIATION PURIES |,
DLLERICETIC
LAKE SURFACE : I : LAKE SURMALL
0 on oo | FLAIKE FRRARETRITATIONE AME |CE COVER
N =
e ————
Figure 1. Coexistence of the independent abjective analysis of the observed LEWT and progoostic FLake p in HIRLAM. The

thim arrvas are related o data Bow between HIRLAM analysis-forecast cycles while the thick armovas describe processes within each cycle.

Misaing LSWT observations in spring and early winter are interpreted to represent presence of ioe and given a flag value
af -1.2°C, If, however, the results of the statistical LEWT 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 sumper
when observations are missing but leads toa misinterpretation of data in sprang if the 8YKE model indicates too cagly melting.

In the analysis, fraction of ice is diagnosed froos the LSWT feld in & simple way. The lake surface within a gridsquarne

ar sww-on-ice lemperature for the frozen points. In Flake, joe starts o grow from an assumed valoe of one millimeter when
temperature reaches the freezing point. The whaole lake tile in a gridsquare is considered by Flake either frozen or unfrozen.
Snow on ice 18 accumulated from the model’s spowfall at each time step during the mumerical integration.

12 Ohjective analysis of LSWT observations

A comprehensive description of the optimal interpolation (O0) of the LSWT observations in HIRLAM is given by Kheyrollzh
Pour et al. {20107). Shorly, LSWT analysis is obtained by correcting the Flake forecast st each gridpoint by using the weighted
average of the deviations of observations from their background valwes. Prescribed statistical information about the observation
and background error variance as well as the distance-dependent autocorrelation between the bocations (observations and
gridpointsh are applied. A specific festure of the lake surface temperatwre O is that the imerpolation is performed not only
within the {large) lakes bat alse seross the lakes: within a statistically pre-defined radius, the observations affect all gridpodnts
containing a fraction of lake. This ensures that the analysed LSWT on lakes without own observations may also be influesced
by observations from neighbouring lakes, mot only by the first guess provided by FLake forecast.

Within the present HIRLAM setup, the background for the analysis (s provided by the shon (6-hour) Flake forecast. How-
ever, the nest forecast is wot initialised from the analysis, see Figure 1. Instead, Flake comtinues running from the previous
forecast, driven by the atmospheric state given by HIRLAM at each time step. This means that the result of O analysis does
it benefit Flake bat the analysis remaing o some extent as an extra diagnostic field independent of the LSWT forecast. Node
that FLake background has a large influence in the analysis, especially over distant lakes where neighbouring observations are
mot available.

Missing LSWT observations in spring and early winter ase interpreted to repeesent presence of ice and given a flag value of
-1.2°C 16, however, the sesults of the statistical moving-average-type LSWT maodel (Elo, 20607, provided by 8YKE along with
the seal-time observations, indicate unfrozen conditions, the observations are considered missing. This prevents appearance of
ice in summer when observations are missing but leads o a misimerpretation of data in spring if the SYKE model indicates
to carly melting. In the analyais., fraction of ioe is diagnosed from the LSWT field in a simple way. The lake surfsce within &
gridsquare is assumed fully ice-covered when LEWT falls below -005°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
cyele. The feedback consists of the observed value and its deviations from the background and from the final analysis &t
the observation point. Bilinear interpolation of the analysed and forecast values is done 1o the ohservation location from the
mearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of observations is
prowvided. Fractions of land and lake in the model grid as well as the weights, which were used to interpolate gridpoint values
1o the observation location, are given. We use this information a8 basic material of the present study (see sections 3.4 and 4).
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iz assumed fully kce-covered when LSWT falls below -0.5°C and fully ice-free when LEWT is above 0FC, Between these
temperature thresholds, the fraction of ice changes linearly (Kheyrollah Pour et al., 2004},

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. Bilinzar interpolation of the analysed and forecast values is done 1o the ehservation location from the
nearest gridpoints that contain a fraction of lake. In addition, information about the quality check and usage of obhservations is
prowkded. Fractions of land and lake in the model grid as well as the weights, which were used to interpolate gridpodnt values
tio the observation location, are given. This information is the basis of the present study (see sections 3.3 and 4).

3 Muaodel-observation intercomparison 2002-2018

In this intercomparison we validated HIRLAM/FLake results against observations about the lake surface state. The impact
of FLake parametrizations 1o the seather forecast by HIRLAM was wot 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 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 lemperatuns
predicted by Flake (Section 2.1). Observed LSWT refers to the measured by SYKE lake water temperaiare | Section 3.2),

A1 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version {(v.7.4), implemented in spring 2002, {Berala, 2003 and
references therein). Flake was introduced into this version, After that the development of HIRLAM was frozen. Thus, during
the vears of the present comparizon, the FiWI operational HIRLAM system remains unmodified, which offers a clean tiime series
af data for the model-observation intercomparison. The general properties of the system are summarised in Table 1. In the
present study, a coding ervor in Flake implementation was revealed in the reference HIRLAM 7.4, A 100 large eritical value
o dizgeose spow existence prevented practically all accumulation of the forecast snowfall on lake ice in the Fyl HIRLAM-

FLake operational sysienm.
12 SYKE lake observations

In this study wie nsed three different types of 5Y KE lake observations: LEWT, lake ice dates (LID} and ice thickness and snow
depth on lake jce. 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 ).

Talde L FMI operational HIRLAM

Diemain From Atantic 1o Url, from Narth Africa beyend Morib Pole
Madel borizantal / vertscal reselution Tkm { 65 kevels
HIRLAM version 14

Maodel dynamics
Almaspheric physical par rizations  Savijiired mdiation, CBR nrbulence,

Hydrostatic, semi-Lagrangian, grid-paint

Rasch-Kristiansson cloud microphysics + Kain-Fritsch comvection
Surface physical parametrizations ISBA-newsoiww for surfuce, FLake for lakes
Default stmospherc (40VAR) and surface (01} analysis

ECMWE forecast

Dala assimilation
Lateral boundaries
Forecast Up o +54 h inftiated every 6h (00, 06, 12, 18 UTC)

3 Moaodel-ohservation intercomparison 2012-2018

In this imtercomparizon we validated HIRLAMFLake resulis againat observations about the lake surface state. The impact of
FLake parametrizations to the weather forecast by HIRLAM is not considersd. This is because the archived observations and
the operational HIRLAM resulis were used during the period from speing 2002 to summer 20018 when FLake was always an
integral part of HIRLAM. This means that there are no non-Flake weather forecasts 1o compare with.

A1 FMI operational HIRLAM

FMI operational HIRLAM is based on the last reference version (v.74). implemented in spring 20012, (Berola (2003) and
references therein). Flake was introduced into this version. After that the development of HIRLAM was frozen. Thes, during
the vears of the present comparison, the FMI operational HIRLAM system remains unmodified. which offers a clean time series
af data for the model-observation imercomparison. 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
o diagvme spow existence prevented practically all accumulation of the forecast snowfall on lake ice in the FMI HIRLAM-

FLake operational system.
31 SYKE lake ohservations
321 Lake temperature messurements

Regular in-sine lake water temperature (LWT) measurements are performed by SYKE. SYKE operates 32 regular lake and river
water lemperature measurement sites in Finland. The tempesature of the lake water is measured every moming at 8000 AM
local time, close o shore, at 200 cm below the water surfece. The measurements are recorded either antomatically or mamwally
and are performed only during the bce-free season ( Korchonen, 200025 Rontu et al., 2002). Measurements from 27 lakes (Figure 2.
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Talde L FM1 operationad HIRLAM

Dimain From Atlantic o Ural, from Narth Adrica beyond Norib Pole
Made] b L # wertical il T km ! &5 kevels
HIRLAM wersian 14
Mode] dynamics Hydrostatic, semi-Lagrangian, grid-paint
A pheric physical p irations  Savijiirvd rdiation, CBR turbulence,
Rasch-Kristi cloud micraphysics + Kain-Fritsch comection
Surface physical parametrizations LEBA-newsoow for surface, FLake For lakes
Data assimilation Default atmospheric (4DVAR ) and surface (01} analysis
Lateral boundaries ECMWE forecast
Foarecast Up o +54 h initiated every 6 (00, D6, 12, 18 LUTC)

321 Lake temperature measurements

Begular de-sine lake water temperature measurements are performed by SYKE. Currently SYKE operates 34 regular lake
and river water temperatune measurement sites in Finland. The temperaturne of the lake water is measured every moming at
.00 AM local time, chose to shore, at 20 cm below the water surface. The measurements are recorded either amtomatically or
marually and are performed only during the ice-free season (Korhenen, 2002; Ronu et al.. 201 2). Further, we will for simplicity
denote also these data as LSWT observations although they do nod represent exactly the same surface water iemperaiuse (skin
ternperature, radiative temperature) that could be estimated by satellite measurements. These data are available in the SYKE
open data archive (SYKE, 2018). Measurersents 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 onmodified since that. The set of 27 daily observations,
quality-controlled by HIRLAM, were obtaived from the analysis feedback files and wsed 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 (Korhonen, 2005). Presently, dates of freezing and melting are available from SYKE
12018y 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™ {eode 301, For melting the dates
are defined as “no e visible from the observation site” (code 28) and “no ice on the ouwter open water areas” {eode 27). LID
observiations aim at representing conditions onentire lakes. LID observations by SYKE are made independently of their LSWT
measurements ad possibly from dafferent locations on the same lakes. The LSWT measurements may be stanted later than the
date of reported lake ice melting or end eardier than the reporied freezing date.

Figure 2. Map of $YKE observalion points used in this study: lakes with both LSWT amd LI observations (while), lakes where only LID
is available (Mack). On Lakes Lappajlirvd, Kilpisjird aml Simpelejarvi also ice and snow thickness measurements were used (Seciion 4.3),
ey ane sumrounded with a lurge while circle, List of the lakes wilh coordinates is given in Appemdix AL

white dots ) used by the FMI operational HIRLAM. were included in all comparisons reported in this study. These data are also
available inthe SYKE open data archive (SYKE, 2008).

321 Freering 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 1%9h century (Korlonen, 2005). Presently, dates of freezing amd melting are available from SYKE
12018} on 123 lakes, but the time series for many lakes are discontinuous. Further, we will denote the melting and freezing
dates wgether by “lake ice dates” (LID). For both freezing and melting the dates are available in two categories: for freezing
“freceing of the visible area” (code 29 by SYEE) and “permanent feeezing of the visible area™ {code M0). For melting the dates
are defined as “no ice visible from the observation site”™ (code 28) and “so ice on the outer open water areas” (code 27).
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Figure L Magp of SYKE observation points used in this study: lakes with both lake surface water iemperature (LSWT) and lake o date
(LD phservations (whike), lakes where only LID is available (blacky. On Lakes Lappaijird, Kilpisjind and Simpelejirvi also ice thickness
and snow depth measurements were used (Section 4.3}, they are surrounded with a large while circle. List of the lakes with coordinales is
given in Appemlix AL

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

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 wines a month during the ice season. Thickness of ice
and snow depth on ice are measured by drilling holes theough snow and ice layers along chosen iracks, normally at least 50 m
from the coast { Korlonen, 2005). The locations may differ from those of the LEWT measurement or LID observation over the

same lakes.

LID» fromy the 27 lakes whose LWT measorements 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 and snow thickness on lakes

SYKE records the lake ice and swow thickness on around 30 locations in Finland, archived data are available in total from
160 measuremsent sites. The manual measurements are done three times a month during the ice season. Thickness of ice and
the swow o bee are measured by drilling holes through snow and ice layers along chosen racks, nogmally 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_ In this study, meagurements from lakes Lappaj@rvi, Kilpisjirvi and Simplejdirvi were atilized as additional data for
validation in Section 4.3. These lakes, cufficiently large in order to fit well the HIRLAM grid, represent the western, sorthern
and south-eastern Finland.

33  Lake surface state derived from HIRLAM output
331 Lake surface water temperature

Diagnosed LSWT from HIRLAM/FLake analysis and forecast cycles was compared with the observed LWT by SYKE using
dara from the analysis feedback files {Section 2.2) at the observation locations on 6 UTC every day.

332 Freering and melting dates

Boah the analysed LSWT and the lake ice thickness forecast by FLake were separately used wo define LID. The values were
picked afterwards from the HIRLAM archive for a single gridpoint nearest to each of the 43 observation locations {not inter-
polated as in the analysis feedback file that was vsed for the LSWT comparison). For the definition of LID, it was assumed
that the gridpoint valae nearest o the location of the LSWT observation represents the ice conditions over the chosen lake. In
antumn @ lake can freeze and melt several times before final freezing. The last date when the forecast ice thickness crossed
a critical value of | mm or the analysed LSWT fell below freezing poant was selected as the date of freezing. 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 LEWT valwes was used. In the same way, the last date when the forecast ice thickness fell
below the critical value of 1 mm of the analysed LEWT value crossed the freezing point was selected as melting day.

34 Validation methods

For LSWT atatistics we used data collected during the HIRLAM surface analysis at each active observation location {Sec-
tion 2.2}, excluding the winter periods 1 December - 31 March. The observations (ob) at 27 SYKE stations were asumed
1o represent the true value, while the analysis (an) is the sesult of Ol that combines the background forecast (fe) with the
observations. Time-series, maps and statistical scores, to be presented in Section 4.1, were derived from these.
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33  Validation of HIRLAM/FLake lake surface state
331 Lake surface water temperature

LESWT by HIRLAM/FLake, resulting from the objective analysiz 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 ohservation locations on
06 UTC every day, excluding the winter periods | 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 O that combines the background forecast (fe) with
the observations. Time-series, maps and statistieal scores, 1o be presented in Section 4.1, were derived from these,

332 Lake bee conditions

For this study, the observed LIDY, iee and spow thickness ohservations were obtained from 5YKE open data base, relving on
their quality control. The HIRLAMFLake analysed LEWT 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 interpelated as
in the analysis feedback file that was used for the LSWT comparison. It was assumed that the gridpoint value pearest to the
location of the LSWT observation represents the ice conditions over the chosen lake.

LID were defined in two independent ways: from the analysed LSWT and from the forecast lake jce thickness. Note that the
ice thickness and sow 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 | mm or the analysed LSWT
fiell below freezing point was selected as the date of freezing. In the same way, the last date when the forecast ice thickness
fiell 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 oscillation of the gridpoint values between the HIRLAM forecast-analysis cycles, the mean of the four
daily ice thickness forecasts or analysed LEWT values was used.

LII¥ by HIRLAWYFLake were compared to the observed dates during 2000 2-200 8. In this comparizon we included data also
during the winter period. The category 29 observations (“freexing 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 (“n0 bce vizible from the observation site’) were used for comparison. Fumthermore, using a single gridpoint value
for the calculation of LITY also seems to correspond best the observation definition based on what is visible from the observation
site, The statistics were caleulated as fc - ob and an - ob. Hence, positive values mean that melting or freezing takes place too
Late in the madel as compared to the observations.

In this study, lake ice thickness and spow depth measurements from lakes Lappajirvi, Kilpisjarvd and Simpelejarvi werne
utilised as additional data for validation of predicted by HIRLAMFLake ice thickness and snow depth (Section 4.3). These
lakes, representing the western, nombermn and south-sastern Finland, were selected for illusteation based on the best data avail-
ability during the study vears. They are also sufficiently large in order o fit well the HIRLAM grid.

LID by HIRLAM/FLake were compared to the observed dates during 200 2-2008, including in the comparison data over all
maonths. The category 29 observations (see Section 3.2.2) were used. In this category the time series were the most complets
at the selected stations, For the same reason, the melting observations of category 28 were wsed for comparison. Furthermaore,
using a single gridpoint value for the caleulation of LID also seems 1o correspond best the observation definition based on
what is visible from the observation site. The statistics were caleulated as ob - fo and ob - an. Hence, positive values mean that

melting or freezing takes place oo late in the mode] as compared to the observations.

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 that the
amount of data in the class of emperatures which represents frozen conditions (LSW'T flag valwe 272 K) is underestimated
by the forecast (Figure 3a). When subzero temperatures are excluded from the comparison {Figure 3h), anderestimation in
the cobder temperature classes and overestimation in the warmer classes still remaing. LSWT analysis (Figure 4) improves the
situation sormewhat but the basic featwres 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 lllusteating 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 Lappajsirvi and Kilpisjir, to be discussed in detail in Section 4.3, There were three lakes with
megative LSWT bias accosding o Flake forecast, namely the large lakes Saimaa and Paijinne. the smaller Ala-Rieveli. Afver
the correction by objective analysis, a small positive bias converted to negative over 6 additional lakes, among them the large
lakes Lappajdirvi in the west and Inari in the north. The mean shaolute error decreased from forecast to analysis in every lake.

In the frequency distributions, the wanmn emperatures are evidently related 1o summer. For FLake, the overestimation of
maximum temperatures, eapecially in shallow lakes. is a knowm feature (e.g. Kourzeneva 20040, 1t is related to the difficulty
af foreeasting the mixed layer thermodynamics under strong solar heating. Cold and subzero temperatures occur in spring
and autumn. In a few large lakes like Saimaa, Haukivesi, Pielinen, LSWT wends to be slightly underestimated in awtumn both
according o the FLake amd the amalysis (not shown). However, as will be shown in Sections 4.2 and 4.3, the cold lefi-hand side
colurmns in the frequency distributions are mainly related o spring. when HIRLAMFLake tends to melt the lakes significantly
tosts early.

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 ane the
only ones whene an underestimation of summer LSWT can be seen. Cases occur whene FLake results differ 20 much from
the observations that the quality control of the HIRLAM surface data assimilation rejects the observations, forcing also the
analyais to follew the incorrect forecast {rot shown).
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4 Results
4.1  Analysed and forecast LSWT at ahservation points

Figure 3 shows the frequency distribution of LSWT according 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

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 warmer classes still remains.
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Figure 3, Frequency of abserved (ob, yellow) amd forecast {Fe, blue) LEWT over all 27 SYKE lukes 2012-2018, x-axis: LEWT, unit K.
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LEWT analysis {Figure 4) improved the situation somewhat but the basie 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
LEWT statistics.
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Figure 3. Frequency of observed {yellow) and forecast blsej L3WT over all 27 SYKE lakes 200122018, x-axis: LSWT, unit K, yveaxis:
Frequency, unil %.

4.2  Freezing and melting dates

Ststistics of the error in melting and freezing dates are shown in Table 3. "LEWT an® refers to the melting/freexing dates
computed from analysed lake surface temperature and "leeD fe' to those estimated from the forecast ice thickness. Over the 45
lakes included in this comparison, the number of cases of melting was 288 as estimated from the analyzed LSWT and 238 as
eatimated from the ferecast ice thickness. The difference i due to starting time of our data. When the data starved at the 15t of
April 2002, at several stations the lake was already open according to FLake forecast while the analysed LEWT atill indicated
frozen conditions. Por freezing. the number of cases was 233 according to both estimates, As the data containg the time period
from the 15t April 2002 o the 30th June 2018, the maximum oumber of freezing events on an individual lake is six and that of
melting events seven. [n practice. the number may be bess for some lakes becanse of missing observations.
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Figure 4. As for Figure 3 but for observed amd analysed (anh LSWT.

Takle 2 confirms the warm bias by FLake in the unfrozen conditions. Similar resulis were obtained for all stations together
and also fior our example lakes Lappajdirvi and Kilpisjdrvd, to be discossed in detail in Section 4.3 There were three lakes with
megative LSWT hias according 1o FLake forecast, namely the large lakes Saimaa and Piij@nne and the smaller Ala-Rieveli.
Aditer the correction by objective analysis, a small positive bias converted to negative over & additional lakes. among them the
large lakes Lappajéicvd in the west and Inard in the north. The mean absolute error decreased from forecast 1o analysis on every
Lake.

In the frequency distributions, the warm temperatures were evidently related to summer. For FLake, the overestimation of
mEaximum temperatures, especially in hallow lakes, is a known featore (2.2, Kourzeneva 20040 It is related to the difficulty
of forecasting 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 o the FLake and the analysis (nof shown ). The cobd lefi-hand side columns in the frequency distribations (Figures 3a
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Figure d. As far Figure 3 bot for shserved amd analysed LEWT.

Figure 5 shows the frequency distribution of the emor of freezing dates. Definition of the freezing date from the ice thickness
by FLake gave slightly more occurrences in the unbiased class (error between -5 - +35 days), compared to the estimate from the
amalysed LE3WT. Of all cases 48 % and 40 % fell in this class aceording o ice thickness and LEWT, respectively. In 16% £ 206
af cases the freezing oceurs mone than five days too late and only in 9% / 11% cases more than two weeks too late. This class
af more than two weeks too late freexing consists of 25 cases which are distributed over 15 lakes, thus in most cases one event
per lake. This suggests that the emor is related more to individual vears than o sy ically probl ic lakes. It is worth
miting, that cases where the error is over 43 days, are all but one due 10 one lake, Kevojirvi which is gituated in the very north
of Finland. This lake is narrow, with an area of | km~*_ and situated in a steep canvon. Therefore it is poody represented by
the HIRLAM grid and both Flake and analysis results seem unreliable.

Concerning the cases of too early freezing, in 44% / 32% of the cases freezing occurs more than five days oo early and in
19% ! 15% mose than two weeks tod early. The last mentioned | 5% {34 cases) are distributed over 19 lakes. Each of the five
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Talde X, Statistical scores for LSWT at all stations amd a1 two sebected stalions

slation froran  meanoh  biss mae stde N

unit K K K K

ALL fc IR6.3 ng1 184 X34 30877
an IRA.3 03% 133 L7 30861

Lappaiiired o IRG6.G 033 113 162 1M3
an IRA.G A6 log L10 1243

Kilpisjarvi o IRLT L.z 213 15 7&)
an IRLT Lo 142 L3178k

Slalistis overdiiys when beth ferccaditinalysis asd observalion mdie unfoecs
comibimm. Bas = syalomatic dilfersme (ol - o, mac = mean sheelule oo, side =
standand devistion of the cmarn, B = mumber of days (06 UTC compirtan, m ).

and 4a) are mainly related to spring. when HIRLAMFLake ended 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 occurred where FLake resulis differ so msch from the
observations that the HIRLAM guality control against background values rejected the observations, forcing also the analysis

to follow the incorrect forecast (not shown .
4.2 Freezing and melting dates

In this section the freezing and melting dates from HIRLAM are verified against cormesponding observed dates over 45 lakes
(Appendix Table A2). In the following, 'L3WT an’ refers o the LID estimated from analysed LEWT and "leeD ' to those
estimated from the forecast ice thickness by FlLake. The time peried contains six freezing periods (from awtumn 200 2 to autumn
H1T) and seven melting periods (from spring 2012 to spring 20018). Due to some missing data the number of freezing cases
was 233 and melting cases 238, The 'leeD fe” data for the first melting period in spring 2002 was missing. The overall statistics
of the error in freexing and meling dates are ghown in Table 3. In most cases the difference in ervor between the dates based
on forecast and analysis was small. This is natural as the first guess of the LEWT analysis is the forecast LSWT by FLake, We
will diseuss next the freezing, then the melting dastes.

The bias in the error of freczing dates was small aceording w both "leeD e’ and "LEWT an', -0.3 and -3.5 days, respectively.
The minimom and maximum erroes were large in both cases: the maximuom freezing day occarred about two months oo late
the minirvum about one and a half months (oo early. However, as will be shown lates, the langest errors mostly ocourred on a

few problematic lakes while in most cases the errors wene reasonabbe.

Talde L. Statistical scores for LEWT at all and twa selected siations

slaticn froran  meanoh  bias mae  side N
ALL fc IR6.3 D41 184 X34 30RTT7
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Lappajiirei i IRG.Y 03x 1LX3 L6 13
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Kilpisjarvi o IRL.T 1Bz 213 15 78Eb
an 1817 Lo 142 151 78k

Slalisis over diys when beth forocadtimalyais aad observalion mdiie unfroecs
cumibhizure. bas = syslomatic dilferene folas - ob, mae = mean sheelue o, sde =
standand devistion of the e, M = mumber of days (b6 UTC comprran, m ).

Tabde 3. Statistical measures of the emor of freexing aml melting date

hias sde max min N
Freezing LEWTan .35 179 od 52 B3
lceD fc 0.3 178 &7 <41 133
Melting LSWTan -152 RS 2 54 IRR
TceD fc 205 02 -1 56 IS8

Diersstation: LEWT an - LD estimalnd Som aredysed LSWT, leeld e - LD
extenalzd Broen forecadt nre thickneis

large lakes Pielinen, Kallavesi, Haukivesi, Paijinne and Inari occur in this category three times while all other lakes together
share the remaining 19 cases during the six winters.

Looking at the errors in melting dates (Figure §). both estimates indicate too early melting and the distribution is strongly
shewed towards oo early dates. Based on the LSWT analysis. the maximum frequency (52 %) ocours in the class -14 - -5 days
while based on the ice thickness, the maximum frequency (47 %) is in the class -24 - -15 days. The mean values are -152 and
2005 days and the standard deviations are 8.5 and 9.2 days, respectively. FLake suggests only three cases in the unbiased class
-4 - #5 while according 1o the LSWT analysis there are 12 cases in this class. Hence, the melting dates derived from analysed
LWSET correspond the observations better than those derived from Flake bee thickness forecast but both ane strongly biased
torwards too early melting. In the class where the error is over 35 days too early there are 19 cases on 12 differemt lakes, Four
cases of these occured in the largest error category {over 45 days) on Lake Kilpisjiryi.

If we compare the ermor in freezing or melting dates based on analysed LEWT on those (27) lakes where SYKE temperature
observiations are available and used in the analysis o the rest (15 of lakes with no observations, it appears that the differences
are amall (not shown). Funthermore, similar differences appear also on the emor estimates based on ice thickness from Flake.
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Talde 3. Statistical measures af the emor of freexing and melting date

bias gde max mim N
umit days days days days
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leelDd fc M5 03 =l -5 158
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Figure 3a) shows the frequency distribution of the ervor of freezing dates. Forecast freezing dates occurred slightly mone
often in the unbiased class (error between -5 - +5 days), compared to the estimated dates from the analysis. OF all cases
48 040 % (percentages here and in the following are given as "leeD fe"PLSWT an’) fiell into this class. In 205 / 26% of
cases the freezing occurred more than five days too late and only in 1% / 9% cases more than two weeks oo late. In case of
MleeD ', the class of freezing more than 15 days too Late comnprizsed 25 cases distributed over 15 Lakes, thus mostly one or two
events per lake. This suggests that the error was related more to individoal vears than to systematically problematic lakes. It is
woith noting, that of the eight cases where the error was over 45 days, six cases were due to a single lake, Lake Kevojiirvi. This
lake is sitwated in the very noeth of Finland. It is very small and marrow. with an area of | km?, and located in a steep canyon.
Therefore it is poorly represented by the HIRLAM grid and the results seem unreliable.

Concerning oo early freezing. in 33% / 44% of the cases freezing occurred more than five days too early and in 15% / 194%
mare 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, Poijinne and Inari occurred in this category three times while all other lakes
together shared the semaining 19 cases during the six winters,

The melting dates (Table 3) show a large negative bias, about two ("LESWT an’) o0 three weeks ('leeD fic™), indicating that
lake ice melting was systematically forecast to occwr too early. However, the standard deviation of the ervor was anly about
half of that of the ervor of freezing dates and there were no long tails in the diswribution {Figure b, The distribation is strongly
skewed towards 100 early melting, but much narrower than that of freezing (Figure 5a). The large bias was most probably due
1o 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 - -13 davs for "leeD fio', while in case of "LSWT an’, the maximum frequency (52 %)
occurred in the class -14 - -5 days. FlLake forecast "leeD fe' suggested only three cases in the unbiased class -4 - +5 while
according o "LEWT an” there were 12 cases in this elass. Hence, the melting dates derived from analysed LSWT cosresponded
the observations better than those derved from FLake jce thickness forecast

Mote that this kind of method of verifying L1D 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
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This suggests that the differences between these groups are related o the individual properties of the lakes: their depth, size.
shape eic. rather than to the usage of LSWT observations in the analysis.
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Figure 5. Freguency distribution of the difference between analysed/forecast aml observed freezing days over all lakes 2012-2018, Variables
used in diagrasis of ice exislence: analysed LSWT crossing the freezing point (blee) and forecast ice thickness > 1 mm {orange). Observed
variable: freezing date by SYKE. x-axis: difference (fc-ob), unilt day, y-axis: percentage of all cases.

i? 50 IceThick |
= Al

& ap

2 20

c 3 ‘

o L il e 0 ]
MR A
gy e g g g g o

Exmar In days

Figure 6. As for Figure 5 but for melting days.

We can conclude that HIRLAMFLake succeeds rather well in predicting the freezing of Finnish lakes. Almost in half of
the cases the error is bess than £+ 5 days. Some bias towards too early freezing can be seen. Melting is more difficalt. FlLake
5 predicts melting always too early, with a mean erroe of over two weeks, and the LEWT analysis mostly follows it. The statistics
suggest that only on a few stations the freezing or melting dates were systematically wrong during most of the years. Instead.
mast of the large errors were distributed among many lakes. The result of the freezing or melting dates diagnostics is somewhat
sensitive to how the tresholds for freezing and melting are set. Here we used | mm for ioe thickness and the freezing point for

the LESWT analysis as the critical values.
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Figure 5. Frequescy distribution of the difference between analysed/forecast and observed freexing and mehing days over all lakes 2012
2018, Yariables used in diagnosis of ice existence: analysed L3WT crossing the freexing point (blue) and forecast ice thickness = | mm
Imagent). Observed variable: freexing date by SYKE. x-axix difference (fic-ab), unit day, y-axis: percentage of all cases.

single-gridpoint values of LSWT o 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 1| mm for the forecast ice
thickness and the freezing point for the LEWT analysis as the critical values,

In cosclusion, the validation statistics show that HIRLAMFLake spcceeded rather well in predicting freezing of Finnish
lakes. Almost in half of the cases the error was bess than = 5 days. Some bias towards too early freezsing can be seen both in
forecast and in the analysis. Melting was more difficult. Flake predicted ice melting always too early, with a mean error of
over twio wieseks, and the analysis mostly followed it These results are rather obvious becanse of the missing snow on e,
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4.3 Comparisons on three lakes

In this section we cornbine the analysis of LWST time-series and LID for two representative lakes, Kilpisjarvi in the north
and Lappajievi in the west {see the map in Figure 2). Obseeved and forecast bee and snow thickness are discussed. using also
additional data from Lake Stmpelejirvi in the south-east of Finland.

Lake Kilpisjirvi is an Arctic lake at the elevation of 473 m, surrounded by fells. Its average’maximum depth s 22.5/57 m
and the surface area 37.33 km“. The heat balance as well as the ice and snow conditions on Lake Kilpasjirvi have been a subject
af several studies (Leppiranta et al., 200 2; Led et al, 20025 Yang et al., 2003). Typically, the ice season lasts there seven months
from Movember to May. Lake Lappajirvi is formed from a 23 km wide meteorite impact crater, which is estimated o be 76
million years obd, Tt is Europe's largest crater lake with a surface area of 1435 km® and an average/maximum depth of | 2036 m.
Here the climatological ice season is shorter, typically about five months from December to April. The average/maximum depth
of Lake Simpelejiev is 9.3/34.4 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 BEurope’s largest lake, Lake Ladoga in Russia

Figures 7 - 1 show the frequency distributions of LEWT according to the observations v.s. forecast and analysis for these
lakes. Features common to the majority of lakes {Seetion 4. | ) are seen, e underestimation of the amount of cold temperature
cases and overestimation of the warmer temperatwres by the forecast and analysis. On Lake Lappaj@rvi, only the amount
af below-freezing temperatures is clearly underestimated, otherwise the distributions look quite balanced. According o the
observations, on Lake KilpigjErvi the davs with frozen surface dominate during the April-Movember periods. According to
both Flake forecast and HIRLAM LSWT analyis the amount of these days is clearly smaller.
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Figure 7. As for Figure 3a) but for Lake Lappagirvi, with all temperatures included.

Yearly time series of the observed, forecast and analysed LSWT, with the observed LID marked, are shown in Figures 11 and
12, Inn the absence of ohaervations, the HIRLAM analvsis follows the forecast. Missing data in the time series close o freezing
and melting are due o missing observations, henee missing information in the feedback fles {see Section 2.2), Differences
berween the years due 1o the different prevailing weather conditions can be seen in the temperature variations.
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4.3 Comparisons on three lakes

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

Lake Kilpisj@vi is an Arctic lake at the elevation of 473 m, surounded by fells. The lake occupies 40 % of the area of
HIRLAM gridsquare cowvering 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 (Leppiiranta et al., 2002; Lei ee al, 2002; Yang et al., 2003). Typically, the ice season
lasts there seven menths from November to May. Lake Lappajérvi is formed from a 23 km wide meteorite impact crater,
which is estimated o be 76 million vears old. It is Europe's largest crater lake with a surface area of 145.5 km? and an
averagefmaximurm depth of 5.936 m. Here the climatological ice season is shorter, typically about five months from December
to April. The average/maximum depth of Lake Simpelejgrvi is 8.7/34.4 m and the surface area 5.2 km®. This lake is located
at the bosder 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 foreeast v.s. observation and analysis v.s. observation
for Lappajirvi and Kilpisjirvi. Features similar to the resulis averaged over all lakes (Section 4.1, Figures 3 and 4) are seen.
i.e. underestimation of the amount of cold emperatune cases and overestimation of the warmer temperatares by the forecast
and analysis. On Lake Lappajievi, only the amount of below-freezing temperatunes was clearly underestimated. otherwise the
distributions look quite balanced. According to the observations, on Lake Kilpisjgrvi ice-covered days dominated during the
periods from April to Movember. According to both FlLake 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 & 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, hence missing information in the feedback files {see Section 2.2). Differences
berween the years due to the different prevailing weather conditions can be seen in the temperature variations.

Generally, FlLake tended to melt the lakes too early in spring, as already indicated by the LID statistics (Section 4.2). The
oy early melting and too wanm LEWT in summer show up cleady in Kilpisjirvi (Figure 95 In Lappajievi, the model and
amalysis were able to follow even quite large and quick variations of LSWT in summer, but tended 10 somewhat overestimate
the maximum temperatures. Overestimation of the maximam empersiures by Flake was still moge prominest in shallow
lakes (mol shown ). In autumn over Lakes Lappapieovi and Kilpisjirel, the forecasts and analyses followed closely the LSWT
observations and reproduced the freezing dates within a few days, which was also typical 1o the majority of lakes.

Figure 10 shows a comparizon of forecast and observed evolution of ice thickness and snow depth on Lappajied, Kilpisjiryi
and Simpelejirvi in winter 2002-2013, tvpical also for the other lakes and vears stsdied. In all three lakes, the ice thickness
started to grow after freezing both according to the forecast and the observations. In the beginning HIRLAMFLake ice grew
faster than observed. However, according 1o the forecast ice thickness started to decrease in March of every year but sccording
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Figure 9. As for Figure 7 but for Lake Kilpisjirvi.

Gienerally, in spring FLake tends to melt the lakes too early, as aleeady indicated by the LITY statistics (Section 4.2). The
too early melting and too wanm LEWT in summer show up clearly in Kilpisjio (Figure 123, In Lappajicvi, the model and
analyais ane able to follow even quite large variations of LEWT in summer, but tend 10 somewhat overestimate the maxinmm
temperatures. Overestimation of the maximum temperatures by FLake is still mose prominent in shallow Lakes (not shown). In
autuinn over Lakes Lappajiirvi and Kilpigjdrvi, the forecasts and analyses folbow closely the LSWT observations and reproduce
the freezing date within a fes days, which 1= also typical to the majority of lakes.

Figure 13 shows a comparison of forecast and observed evolution of joe and snow thickness on Lappajarvi, Kilpisjire and
Simpelejarvi in winter 2001 2-200 3, typical also for the other lakes and years studied. In all three lakes, the ice thickness starts
1o grow after freezing both sccording to the forecast and the observations. In the beginning HIRLAM/FLake ice grows faster
than observed. However., according to the forecast jce thickness starts wo decrease in March of every vear but according to the
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Figure & Frecuency of observed (yellow) and forecast or amalysed (bue) LSWT over Lake Lappajdrvi 200 2. 308, all temperatures included .
weaxis: LEWT, unit K, y-axis: frequency, unit %.

to the observations only & month o two later. The most remarkable featwre is that there was no snow in the Flake forecast [t
was found that this was dee to o coding ervor in the HIRLAM reference version 7.4 swhich is applied operationally in FML
The too early melting of ice in the absence of snow could be explained by the wrong sheorption of the solar energy in
the mvosdel. In reality, the main factor of snow and ice melt in spring s the increase of daily solar radiation. In HIRLAM, the
dowmwelling short-wave imadiance at the surface is known to be reasonable, with some overestimation of the largest clear-
sky Auxes and all clowdy Auxes (Roatu et al., 2007y Over lakes, HIRLAMFLake uges constant values for the swow and ice
shortwave reflection, with albedo values of .75 and 0.5, correspondingly. When there was no snow, the lake surface was thus
assumed oo dark. 25 % more absorption of an assumed maximum solar iradiance of 500 W2 {valid for the latitude of
Lappajirvi in the end of March) would mean availability of extra 125 Wim™? for melting of the ice. which corresponds the

magnitwde of increase of available maximum solar energy within a month st the same latitude.
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Figure Mk As for Figure & bt for Lake Kilpasjire,

abservations only a month or beo later. The most remarkable feature is that these is no snow o the Flake forecast. Tt was found
theat this was due to a coding error in the HIRLAM reference wersion 7.4 which is applied operationally in FML

The too zarly melting of ice in the absence of snow could be explained by the wrong shaorption of the solar energy in
the odel. Inoreality, the main factor of smow and ice melt in spring 15 the iserease of daily solar radiation. In HIRLAM. the
downwelling short-wave irvadiance at the surface is known to be reasonable, with some overestimation of the largest clear-
sky Auxes and all clowdy Auxes {Rontu et al., 2007). Over lakes, HIRLAM/FLake uses constant values for the siow and ce
shorvwave reflection, with albedoe values of 0.75 and 0.5, correspondingly. When there was no snow, the lake surface was thus
assumed oo dark. 25 % more absorption of an assumed maximum solar irradiance of 500 Wm—2 {valid for the latiude of
Lappajiirvi in the end of Mareh) would mean availabality of extra 125 Wm—2 for meliing of the ice, which corresponds the
magnitude of increase of available maximuem solar energy within a month st the same latitude.

The forecast of too thick ke can also be explained by the absence of snow in the model. When there is no insulation by
the snoww layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads 1o faster growth of
ice compared to the sitaation of snow-covered ice. In nature, ice growth can also be due to the wnow transformation, a process
whose parametrization in the models is demanding (Yang et al., 2003; Cheng et al., 2014).

£ Conclusions and outlook

In this sdy, fu-sitn lake observations from the Finnish BEovironment Institote weee used for validation of the HIRLAM
NWP madel, which is applied operationally in the Finnish Meteorological Institute. It containg Freshwater Lake prognos-
tic parametrizations and an independent objective analysis of lake surface state. We focused on comparizon of observed and
forecast lake surface water ternpesature, ioe and snow thickness in the vears 2002 - 20018, Because the HIRLAM/FLake system
was unmodified during this period. a long uniform dataser was available for evaluation of the performance of FlLake imegrated
in an operational NYWP model.
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The forecast of too thick ke can also be explained by the shsence of snow in the model. When there is no insulation by m .
the snow layer, the longwave cooling of the ice surface in clear-sky conditions is more intensive and leads to faster growth of o f— | R [, o —— i
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ice compared to the simation of snow-covered ice. In nature, ice growth can also be dise to the snow transformation, 4 process 076 b 20T NG Se1 2G0T B0A MG S8 se7 Eit

whose parametrization in the models is demanding (Yang et al, 2013; Cheng et al_, 2014).

Also the downwelling longwave radistion plays a role in the surface energy balance. We may expeet values from 150 Wm 2
o 400 Win—2 in the Mordic spring conditions, with the largest values related to cloudy and the smallest o clear-sky siuations.
The standard deviation of the predicted by HIRLAM downwelling longwave radiation flutes has been shown to be of the order
of 20 Wm = with a positive systematic error of a few W= (Rontu et al, 2017). Compared to the systematic effects related O average. the forecast and analysed LEWT were warmer than observed with systematic errors of 0,01 K and 035 K,
to absorption of the solar radiation, the impact of the longwave radiation variations on lake ice evolution is presumably small. coerespondingly. The mean shsolute erroes were 194 and 1.32 K Thus, the independent observation-based analysis of in-sn
LE3WT observations was able to improve the FlLake +6 h forecast used as the first guess. However, the resulling analysis is by
definition not used for correction of the FlLake forecast but remains an independent by-product of HIRLAM.

Figure 11. Time-series of the choerved, analysed and forecast LEWT althe Lappajin observation lecation 13,67 E, 62,15 N for the years
201 2-201 8 based on 086 UTC data. Markers are shown in the inserted legend. Observed freczing date (Blueh and melting date {red) are marked
wilh wertical lines.
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£ Conclusions and outloak

In this study, fi-zim lake observations from the Finnish Environment Institute were used for validation of the HIRLAM NWP
masdiel, which is applicd operationally in the Finnish Meteorological Institute. HIRLAM contains Freshwater Lake prognostic
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Figure 12. As for Figure 11 bul for lake Kilpisjirvi, 20,82 E, 60.01 N,

An overestimation of the LSWT summer maxima was found, especially for shallow lakes. This behaviour of FlLake is well
kown, documented earlier e.g. by Kourzeneva (2014). It arises due to the difficulty to hasdle comectly the mixing in the
mear-surface water laver 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 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 parnmeirization by FLake wag included in
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Figure 8, As for Figare § but for lake Kilpisjirvi, 20082 E, 69.0] N,

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 snow depth in the years 2002 - 2018, Because the HIRLAM/FLake
system was unmodified during this period, a long uniform dataset was available for evaluation of the performance of Flake
imtegrated into an operational MWE model. On the other hand, no conclusions abourt 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.
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Figure 13, Evolution of ice (blue) amd snow {red) thickness a1 Lakes Lappajiirvi, Kilpisjirvi and Simpelejird during winger 2012-2013,

HIRLAM. The reason for the wrong behaviour in HIRLAM was evidently related to a coding error that prevented smow
accurmulation on lake ice. The wo early melting and overestimated ice thickness differ from the results by Pietikiiinen et al.
(2018, Yang et al. (2003 ) Kowrseneva (2004}, who reported somewhat too Late melting of the Finnish lakes when FLake with
realistic snow parametrizations was applied within a climate model or independently, dreiven by MWP data. It can be concluded
theat a realiste parametrization of snow on lake bee is importan in order o deseribe correctly the lake surface state in spring.

Small 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 ane applied. The observations and madel represent differemt spatial scales. For example, the comparizson of the
freexing and melting dates was based on diagnostics of single-gridpoint values that were compared to observations representing
entire lakes as seen from the observation sites. Also the results of LID diagnostics were sensitive to the criteria for definition
af the jce existence in HIRLAMFLake. All this adds unavoidable inaccuracy into the model-observation intercomparison but
does not change the main conclusions of the presem study.

SYKE LSWT observations used for the real-time analysis are regular and relisble bat did not always cover the days imme-
diately after melting or close 1o freezing, panly because the quality contral of HIRLAM LEWT analysis utilizes the SYKE
statistical lake water temperature model resulis in a wo 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. Y KE obzervations of the ice and smow
depth as well as the freezing and melting dates provide valuable data for the validation purposes.

18




DiffPDF « /media/rontu/ntfs/Submit/GMD-Lake 18/Submit/r20190218-1.pdf vs. /media/rontu/ntfs/Submit/GMD-Lake18/Submit/r20181029-1.pdf « 2019-02-20

Lappajans 2002 - 2013

Kipimand 2012 - 203

120

g
af

I degn [cm]
Ioes s degth [em]

g B &8 2 2 8B

Ineisnow degn [om)

A0 MAT AR AT DR 05 0104 105 Q0 0107
2 2 2013 23 M3 20 2nE Il a3

B
=

Figure Mk Evalution of ice (hlue) amd snow (red) thickness at Lakes Lappaiiirv, Kilpasjiryi and Simpelejiirvd during winter 2012-2013,

On average. the forecast and analysed LEWT were wammer than observed with systematic errors of 0091 K and 035 K.
correspondingly. The mean absoluts emors were 194 and 1.32 K. Thus, the independent observation-based analysis of in-stne
LE3WT observations was able 1o improve the Flake +6 h forecast used as the first guess. However, the resulting analysis is by
definition nof used for correction of the Flake 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 is well known,
docomented zarlier e.g. by Kourzeneva, 2004, It arises due to the difficulty o handbe correctly the mixing in the near-surfsce
water layer that is intensively heated by the swm.

Forecast freezing dates were found to corvespond the observations well, tvpically within a week. The forecast ice thickness
tended o be overestimated, stll the melting dates over most of the lakes occured systermatically several weeks oo 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 incomect behaviowr was evidently related 0 a coding error in HIRLAM that prevented snow
accumulation on lake ice. The too carly melting and overestimated ice thickness differ from the results by Phetikiiinen et al.,
L& Yang et al., 2013; Kourzeneva, 2004, who reported somewhat too Late melting of the Finnish lakes when FlLake with
realistic snow parametrizations was applied within a climate mode] or stand-alone driven by NWE data. It can be concluded

15  that & realistc parametrization of snow on lake ice is importan in order o describe cormectly the lake surface state in spring.

10

A need for minor technical corrections in the FMI HIRLAM/FLake system was revealed. The snow sccumuolation bug
wias comected in October 2008, based on our findings. Further developments and modifications are not foreseen becaunse
the HIRLAM NWP aystems, applied in the BEuropean weather services, are being replaced by kilometre-scale HARMONIE-
AROME-based operational systems (Bengisson et al., 2007}, where the prognostic Flake parametrizations are also available.
HARMOMIEFLake uses the pewest version of the global lake database (GLDE v.3) and contains updated spow and ice
progerties that were suggested by (Yang et al, 2013). The objective analysis of lake surface state is yet to be implemented into
HARMOMIE-AROME, taking into sccount the HIRLAM experience summarized in this study and earlier by Kheyrollah Pour
etal. (2007)

Dt availobility. All ohservational data was oblained from 3YEE open dala archive SYKE (201%). The data files picked from HIELAM
archive are atlached a= supplementary fikes: data from the ohjective analysis feedback files (observed, analysed, forecast LSWT imlerpolated
1o the 27 active station locations) and from the gridded outpat of the HIRLAM analysis {analysed LS3WT. forecast ice amd sooww thickness
Frovm the nearest gridpoint of all lecations vsed in the present study).

1
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Small lakes and those of complicated geometry cause problems for the relatively coarse HIRLAM grid of 7 - kilometre nes-
olution. The problems are related to the ohservation usage, forecast and validation, especially when interpelation and selection
of point valees are applied. The observations and maodel represent different spatial scales. For example, the comparison of the
freezing and melting dates was based on diagnestics of single-gridpoint valoes that were compared o 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 HIRLAM/FLake. All this adds unavoddable inaccuracy into the model-observation intercomparison
bt dises ot change the main conclosions of the present sudy.

SYKE LEWT observations used for the real-time analysis are regular and seliable but do not always cover the days imose-
diately after melting or close 1o freezing, panly because the quality control of HIRLAM LSWT analysis utilizes the SYKE
statistical lake water iemperature model resulis 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 o Finland. 8YKE observations of the ice and snow
depth as well as the freezing and meling dates provide valuable data for the validation purposes.

A need for minor technical corrections in the FMI HIRLAM/FLake system was revealed. The snow sccumuolation bug
was comected in October 2008, based on our findings. Further developments and modifications are not foreseen becanse the
HIRLAM NWP gystems, applied in the European weather services. ane being replaced by kilometre-scale ALADIN-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 (GLDE v.3) and containg updated snow and
ice properties that were suggested by Yang et al, 2013, 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 Kheyrollah Pour et al., 2007, In the future,
an important seurce of wider ohservational information on lake surface state are the zatellite measurements, whose operational

application in N'WTF models still requires further work.

izations are also

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

15.8.301 &, srvo hepth 17.0.2018 and ice thickness 16.10.201 B from hitp-/frajapinnat. ymparisto. ffapiHydrologiarajupinta] Wodatagquerybuildes.

A suppl v hile aning the freerzing and melting dules & picked and prepared for the lakes studied bere ic attached. Dota pecked
Froen. HIRLAM archive are attached as supplementary files: data from the objective analysis feedback files (ohserved, analysed, forecast
LE3WT inlerpolated it the 27 active station locations) and from the gridded outpal of the HIRLAM analysis (analysed L3WT, fonecast ke
and snow thickness from the nearest gridpoint of all kcations used in the present study ).

In this stody, 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
purposes, the codes can be requested from the programnse (hifdameorg ). The source codes of the version operational at FML, relevant for the
present study, ane available from the authers upan reguest.

Tabde Al. Prognestic amd diagnostic lake variables within HIEL AN

variable unk Lype
temperature of snnw on lake ice K prog by FLake
temperature of like o K prog by FLake
mean waler lemperalure K prog by FLake
mixed layer lemperabure K prog by FLake
botiam lemperabure K prog by FlLake
temperature of upper layer sediments K prog by FLake
mixed layer depth m prog by FLake
thickness of upper loyer sediments m prog by FLake
thermocline shape faclor prog by FLake
lake ice thickmess m prog by FLake
snaw cepth on lake ice m prog by FLake
LEWT diag by FLake
= mixed layver lemperatre if no ice
lake surface temperatune K diag by FLake
uppermost lempershure: LEWT or ice ar snow
LEWT K anal by HIRLAK
Hag value 272 K when there is ice
lake surface roughness m diag by HIRLAM
screen Jevel lemperature cver luke m diag by HIRLAM
screen Jevel abs humidity over lake m diag by HIRLAM
anemometer level w-oomponent over luke  m diag by HIRLAM
anemmeter level v-oomponent over luke  m diag by HIRLAM
latent heat fux over lake Wm™* diag by HIRLAM
sensible heat fux over lake Wm™* diag by HIRLAM
scalar momentum fux over lake Wm* diag by HIRLAM
5W met rdiation aver lake Wm ™ diag by HIRLAM
LW net radiation over lake Wm ™ diag by HIRLAM
depth of lake m pres in HIRLAM grd
fraction of lake l0-1] pres in HIRLAM prid
fraction of lake ice [0-1] diag in HIRLAM grid
o P = diag = diggmslic, pres = preribol, snal = el of (0
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Kyyvesi 27080 615999 44 1o LLE] 4011
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Langelmivesi 24370 61.535 6.8 oo GEs 4nl4
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Summesjdrvi 25344 62677 B0 oo 0555 40272
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Petajiivesi  25.173 62255 iy 1) in 245 HZEZ
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