





the fetch over water, modify evaporation and mixing, advect the moisture, and create conditions for

cloud microphysical processes. The task of a NWP model is to simulate all these processes.

OLD, +06H TRU, +06H NHA, +06H

Figure B.6 Six-hour forecasts of instantaneous low-level cloud cover (octas, upper panels) and
screen-level temperature (8C, lower panels) from the three experiments OLD (left), TRU
(middle), and NHA (right). The analysis time (starting time of the forecasts) is 28 January 00
UTC. The red dots denote the two observation stations, Illomantsi and Joensuu (see Fig. B.5).

The low-level cloudiness affected the predicted screen-level temperature (Figures B.6 and B.7,
lower panels). OLD predicted uniformly cold temperatures, as could be expected in such
meteorological situation under clear sky and over snow- or ice-covered surface. In TRU and NHA,
the air temperature was higher both over Lake Ladoga and over the cloudy land areas northwest of the

lake. Over the lake, the temperature followed the ice distribution, as could be expected.
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Figure B.7 Same as Fig. B.6 but for 24-hour forecasts.

Relations between the predicted and observed temperature and low-level cloudiness were studied in
detail by comparing the observations and forecasts at two weather stations, Ilomantsi Mekrijarvi
(02939, marked as 1 in Figure B.5a, hereafter [lomantsi) and Joensuu Linnunlahti (02928, marked as
2, hereafter Joensuu). The distance between the stations is only about 60~km. Note that these stations
are different than those chosen for illustration of the temperature fluctuations during the whole
anticyclonic period in Figure B.2. The cloud passed the weather stations at slightly different times,
thus motivating us to compare this timing in different experiments. The closest predicted grid-point

values from the three forecasts were chosen for comparison.
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The observed low-level cloud cover and temperature at Illomantsi and Joensuu are shown in
Figures B.8a and B.9a as a function of time, respectively. As observed at Illomantsi, the sky was
covered by low clouds from 06 UTC to 15 UTC, while at Joensuu the sky was cloudy from 03 UTC
up till 18 UTC. As a consequence, at Illomantsi the temperature rose from -28°C to -18°C in 12 hours
when the sky became cloud-covered. Because of the clouds, the temperature change was not, at least
entirely, due to the normal daily cycle driven by the solar radiation. When the cloud disappeared after
15 UTC, the temperature dropped from -18°C below -30°C. At Joensuu, the temperature was around -
15°C all day due to the cloudiness, i.e. in the early morning hours it was 15°C warmer than at the
nearby Ilomantsi. During the cloudy phase, the cloud base height varied at llomantsi from 30 m to
120 m and at Joensuu from 70 m to 180 m. At Joensuu also fog was reported. Both stations reported

light snowfall, but the amount was too small to be detected in the precipitation measurements.

The corresponding forecasts (Figures B.8b-d) and 9b-d) reveal the striking differences between the
experiments: there was no low-level cloud in OLD, neither at Joensuu nor at Ilomantsi. Much more
realistic cloud cover was predicted by both TRU and NHA. Looking more closely at the forecasts at
llomantsi (Figure B.8), the duration of the cloudy period was underestimated by these experiments.
When there were clouds, the cloud base heights (diagnosed from the existence of liquid or ice water
within the model's vertical resolution) were predicted well by both TRU and NHA: while the
observed values at 09, 12, and 15 UTC were 60, 90, and 120 m, the predicted values were 66, 66 m,
and no cloud in TRU, and 66, 66, and 105 m in NHA. The heights of cloud tops varied between 240
and 290 m in TRU and between 270 and 360~m in NHA. To summarise, NHA predicted more clouds
than TRU and they were thicker. This difference was also seen in the values of vertically integrated
cloud condensate. This is the sum of specific liquid and ice content, in this case consisting mostly of
liquid. In TRU the values varied between 9-13 gm™ and in NHA between 11-22 gm™ when the cloud
was present. The vertical distribution of cloud condensate revealed that it was in both experiments
concentrated in the lower atmosphere, indicating that only low-level clouds were predicted. For the

cloud condensate and the height of low cloud tops we had no observations for verification.
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Figure B.8 Observed and predicted 2-m air temperature (8C, blue line, left y-axis) and
instantaneous low-level cloud cover (octas, green bar, right y-axis) at Ilomantsi (WMO station
number 02939): Observed (a), predicted by OLD (b), predicted by TRU (c¢), and predicted by
NHA (d).

At Joensuu (Figure B.9), the low-level cloud cover and the sky clearing were forecast correctly by
TRU and NHA. However, both experiments predicted similarly the cloud base heights somewhat too
low, giving values between 60 and 100 m, while observations indicated values between 70 and 180
m. The cloud tops were higher in NHA, between 270 and 360 m, than those in TRU, which predicted
values between 200 and 290 m. Thus the clouds were thicker in NHA than in TRU, as was the case at
Ilomantsi. The vertically integrated cloud condensate varied in TRU between 8-247 and in NHA
between 12-37 gm™, which are all realistic values for shallow boundary layer clouds. As at Ilomantsi,
the TRU and NHA cloud condensate was concentrated in the lower atmosphere indicating that only

low-level clouds were predicted.
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Figure B.9 As Fig. B.8 but at Joensuu (WMO station number 02928).

The thicker cloud in NHA compared to TRU both at Ilomantsi and Joensuu was indicated also by
the downward long-wave radiation (LWD). LWD values were constantly around 165 Wm™ in the
clear-sky experiment OLD while the maximum values by TRU and NHA at [lomantsi were in the
afternoon 207 Wm™ and 222 Wm™, respectively. The corresponding values for Joensuu were 231

Wm™Zand 263 Wm™.

The amplitude of screen-level temperature at llomantsi was forecast rather similarly too small by
all experiments (Figure B.8). The maximum daytime temperatures were reasonable and the cooling in
the evening was predicted correctly, although the night minimum temperature remained several
degrees too high. At Joensuu, the temperature in OLD was too low by 5-10°C during the whole
forecast due to the unpredicted clouds (Figure B.9). In TRU and NHA, the temperatures were quite

well predicted, especially at noon and in the afternoon, thanks to the good low-level cloud forecast.
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However, in the morning of 28 January both experiments predicted too cold temperatures by 5°C,
presumably due to inaccurate prediction of the cloud evolution during the first hours of the
simulations. The cooling in the evening and at night in TRU and NHA was well predicted, although

the observed minimum temperatures were again not reached.

The cold morning temperature on 29 January at Ilomantsi (Figure B.8) remained unpredicted,
although no experiment showed clouds. Atlaskin and Vihma (2012) reported that all NWP models
have problems in predicting cold enough temperatures in the stable boundary layer situations, where
they show increasing bias with decreasing temperature and strengthening temperature inversion. In a
review of the results from the Global Energy and Water Exchange (GEWEX) Atmospheric Boundary
Layer Studies (GABLS), Holtslag et al., 2013 reported an obvious result from their studies that
operational models typically have too much mixing in stable conditions, which strongly impacts
diurnal cycle of temperature and other near-surface variables. They also stated that coupling between
the atmosphere and the land surface is the key for a good representation of the diurnal cycle of the
boundary layer variables. Next, in Section 4.3, we analyse in detail the surface energy balance and

cloudiness in order to understand the differences between experiments.

In summary, our experiments showed that a precise forecast of the cloud cover was crucial to
improve the temperature forecast. Only those experiments, which relied on realistic ice conditions
over Lake Ladoga, were able to predict the clouds and their movement. This in turn improved the
temperature forecasts. Provided with these forecast maps by HIRLAM, a forecaster would predict the

variations of temperature in Eastern Finland.
4.3 Boundary layer and conditions over land and lake

So far we have discussed the influence of frozen or unfrozen Lake Ladoga on the near-surface
temperature and cloudiness in Eastern Finland. In this section, we illustrate the simulated boundary
layer structure and surface energy balance with examples at two locations: one at a point over the
central part of Lake Ladoga and one over land at Ilomantsi. The 24-hour predicted temperature and
dew-point (Figure B.10a) and wind speed (Figure B.10b) profiles are shown for point L over Ladoga
(see the map in Figure B.5) in the lowest 2 km layer. Above the atmospheric boundary layer, the
results of three experiments - OLD over ice, NHA over open water and TRU over a freezing surface -
were in agreement with each other. Above the inversion, the atmosphere was very dry, as

characterised by the large dew point deficit 4 = 7' — T; = 20°C. The maximum wind speed was
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reached at the top of the inversion layer. However, inside the boundary layer, the experiments showed

remarkable differences in the profiles.

In experiment OLD (ice-covered lake surface), the surface-based temperature inversion was
strong, about 15°C between the surface and the ca. 300-metre level. The wind was very weak close
to the surface, where the smallest 4 = 2.5°C was suggested by the model. These profiles over ice
resemble those of the snow-covered land surface (not shown). This experiment assumed frozen Lake
Ladoga, which excluded the source of moisture, available for the experiments TRU and NHA. We
can assume that there was not enough humidity for formation of clouds in the shallow stable
boundary layer of OLD, where mixing was also reduced. There may have been a small probability of

local ice fog formation just above the ice.
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Figure B.10 Twenty-four-hour predicted temperature (solid line) and dew point (dotted line) (a)
and wind speed (b) profiles at the grid-point over Lake Ladoga marked with L in Fig. B.5 from
three experiments: OLD (red), TRU (green) and NHA (blue). The valid time of the profiles is 29
January 00 UTC.
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NHA (open water) profiles represent conditions over an ice-free lake surface. Due to the large
temperature difference between water and air, the turbulent fluxes were strong, causing strong mixing
in the planetary boundary layer. The mixed layer was the thickest and warmest among the three
experiments but still reached only the height of ca. 300 m, where it was capped by an elevated
inversion. The near-surface turbulence lifted the inversion from surface to the top of the relatively
shallow boundary layer. This is typical for anticyclonic conditions, where a large-scale descending
motion is prevailing. The wind maximum at the top of the capping inversion showed only a minor
difference from the mean wind speed in the boundary layer. The boundary layer temperature profile
indicated neutral or slightly unstable conditions. Moisture evaporated from the lake was mixed to the
whole boundary layer. However, the relatively weak wind shear reduced the simulated mixing
somewhat. All this favoured cloud formation but not sufficiently to trigger deep convection and

snowfall.

In experiment TRU, lake properties were handled by the prognostic parametrisation by FLake,
which was coupled to the atmospheric model at every time step. Therefore, in any grid-box
containing a fraction of lake, water temperature or ice depth evolved during the forecast. At the grid-
point L, Lake Ladoga became frozen during this forecast about 12 hours before the time of the
predicted wind, temperature and humidity profiles shown in Figure B.10. As seen in Figure B.11, the
surface (now ice) temperature started to decrease after freezing at noon, but there was not enough
time for the surface-based temperature inversion to build to the strength shown by OLD. Hence, the
profiles were between those predicted by NHA and OLD. However, evaporation from the lake and
mixing started to decrease immediately after the freezing (Figure B.11). Some of the neighbouring
grid-boxes still remained ice-free, therefore influencing the profiles in L. No cloud was predicted by

TRU in this grid-box.

Figure B.11 shows the evolution of the latent and sensible heat, net short-wave and long-wave
radiation fluxes together with the predicted lake temperatures at the grid-point L. The figure is based
on one forecast from experiment TRU, initiated from 28 January 00 UTC analysis. Note that in
HIRLAM convention all fluxes are denoted positive towards the surface, both from above and below.
At the beginning of the forecast the lake was ice-free. LSWT by FLake was close to zero, indicating
that water was close to freezing. Due to the cold air mass above, the latent and sensible heat fluxes

were quite large and negative, -70 Wm™ and -150 Wm™, respectively, thus directed from the lake to
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the atmosphere. Turbulent mixing in the boundary layer was reduced by the prevailing stable
conditions and moderate wind shear. However, the moisture flux was sufficient for the formation of
the low cloud over Lake Ladoga. This cloud then propagated downstream and dramatically affected

the screen level temperatures far from the lake.
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Figure B.11 Predicted surface fluxes (unit Wm?, left y-axis), averaged over 3 hours,
and temperatures of ice and water (unit °C, right y-axis) during 28 January 2012 at the
grid-point over Lake Ladoga marked with L in Fig. B.5 as given by the experiment
TRU. No clouds were predicted by TRU at this location. All fluxes are denoted positive
towards the surface, both from above and below.

Energy balance over the water or ice surface is the sum of the turbulent heat fluxes, the net long-
wave and short-wave radiation fluxes and the heat transfer from below. The transfer from below,
estimated by FLake in the experiment TRU, was very small before and after freezing. During the day,
when there was still no ice, the water surface heat balance was negative (fluxes directed from the lake
to the atmosphere). This resulted in ice formation. When ice appeared, its surface heat balance was
still negative, and the ice surface temperature started to drop very fast. Hence, the turbulent heat
fluxes decreased and approached zero in the stable surface layer. During the night, the surface lost
heat only due to the net long-wave radiation. The ice depth continued to increase, and the ice
temperature continued to drop. At the end of the forecast, the ice temperature had decreased almost to
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-5°C. During the next day, the increased albedo of the now ice-covered lake surface would lead to

less absorption of the solar radiation and further cooling of the surface.

At a point over land, the surface energy balance evolved differently under the clear sky and low
clouds. The fluxes and surface temperatures at Ilomantsi from TRU (Figure B.12) are shown for the
same period as the temperature and cloud cover in Figure B.8c. Of the Ilomantsi grid square, 41 %
was covered by frozen (small) lakes, while the rest was mainly snow-covered forest. On midday 28
January, the low clouds were forecast by HIRLAM. At that time the net short-wave flux towards the
surface was only one third (ca. 50 Wm™) of that at the clear-sky grid-point over Lake Ladoga (Figure
B.11). The net long-wave radiative flux was small and negative, ca. -20 Wm™ and thus directed from
the surface to air. In this situation, the long-wave cooling was prevented by the low-level cloud
cover. A small sensible heat flux (ca. -15 Wm™) was negative and thus directed from the surface to

air.

The surface temperature in the snow-covered forest reached a maximum value of ca.-22°C in the
afternoon (Figure B.12). The ice surface temperature, predicted by FLake for the lake part of the grid-
box, was much higher during the whole period, with a maximum value of ca. -13°C. In the evening,
when the cloud disappeared, the net long-wave cooling increased and approached value of -60 Wm™.
This was less than half of the corresponding value at the grid-point over Lake Ladoga (Figure B.11).
However, it was sufficient to cause a decrease of the forest snow and lake ice surface temperatures,
since the long-wave flux was only compensated by the smaller heat flux from the snow-covered soil
or lake ice. It is known that both in the model and in the nature, even a rather thin layer of snow is
sufficient to insulate the relatively warm soil (or thin lake ice) from the air. As seen in Figure B.8a,
cooling of the surface led to cooling of the near-surface air, which continued the whole night, as

correctly suggested by experiment TRU.
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Figure B.12 As in Fig. B.11 but for Ilomantsi and temperature of forest surface instead of
LSWT. Cloudy time period is shown with shading. Ice temperature represents the local small
lakes in the Ilomantsi grid-box. Note that the scale in the y-axis is different to Fig. B.11.

In this section we diagnosed the boundary layer and surface conditions of the HIRLAM forecasts.
There were no flux observations for the validation of the simulated surface energy balance. However,
according to the resulting temperature and cloud forecasts, the winter-time boundary layer over water

and snow was described well by HIRLAM.
4.4 Objective verification

Strictly speaking, the influence of lakes on weather and climate is not local but is spread to the
surroundings of the lake. Scott and Huff (1996) reviewed several earlier studies and concluded that
the influence of the Great Lakes extends over a distance from 10 km to more than 100 km, depending
on the weather parameter and also on the lake in question. The influence can be different on different
sides of the lake. These authors used a 80 km wide zone when estimating the size of climatological

lake-effect of several weather parameters.
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In the current case, the maximum influence of Lake Ladoga can be estimated to extend as far as
the lake-originated cloud was spread by the wind. In the upwind direction the influence extent would
be small. Based on Figure B.3, the cloud was detected at least 250 km to the west and northwest of
the lake. The predicted wind direction over Lake Ladoga at the height of the low clouds in all
experiments was from southeast, turning later more towards east and a low-level jet was predicted at
the height of 250-300 m (not shown). Hence, the observing stations on the western side of Lake
Ladoga up to 250 km were selected, ten stations in total, for the objective verification. Exactly the
same observations were included in the verification of different experiments. The validation time

period was from 25 January to 5 February.

The bias and rms-error of 2-metre temperature forecasts as a function of forecast length are shown
in Figure B.13. The values at the initial time are analysis errors and are therefore not comparable to
the forecast errors. Typically to the short-range 2-metre temperature forecasts, there was no large
growth in the bias or rms-error with the forecast length. The differences between experiments were
large, but similar at all forecast lengths. Concerning the bias, OLD had the largest negative error, of
the order -2°C or more. In NHA the bias was of the order -0.5°C and in TRU even less. Because the
only difference between experiments was the state of Lake Ladoga, it is evident that the correct ice
conditions of Lake Ladoga improved the temperature forecasts also when measured with objective

scores and averaged over a longer time period.

The large negative bias of OLD may look surprising, because normally in cold situations NWP
models typically have difficulties to predict cold enough temperatures (Atlaskin and Vihma, 2012).
The explanation is seen in Figure B.14, which shows the scatterplot of observed vs. predicted
temperatures in different experiments. In all experiments, the extremely cold temperatures below -
30°C were predicted too warm, as expected. The large negative bias in OLD was seen mainly in the
observed temperature range -12°C to -18°C, which was typical for the cloudy conditions. In the
observed cloudy conditions, OLD predicted too little cloud and hence too cold screen-level
temperatures in this temperature range. Within the temperature range -20°C to -30°C (presumably
clear-sky cases) the results were rather similar in all experiments. Far from Lake Ladoga the

differences in verification scores of all parameters between experiments were very small (not shown).

The time-series of observations and forecasts indicated that largest differences between forecasts

took place during the last week of January, i.e. time when the ice conditions of Lake Ladoga were
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different in different experiments (not shown). The coldest period in Eastern Finland was observed
during the first week of February. Lake Ladoga was then almost frozen in reality and completely
frozen in all experiments. During this period, the temperature forecasts by different experiments were

close to each other (not shown).
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Figure B.13 Bias and rms-error of 2-m temperature as a function of forecast length for the
period from 25 January to 5 February and averaged over 10 observing stations westwards and
closer than 250 km from Lake Ladoga. Forecasts from 00 UTC and 12 UTC analysis are
included in the statistics.

Summarising the results of objective verification, we conclude, that the correct description of the
ice conditions over Lake Ladoga improved the temperature verification scores against measured
temperatures in the vicinity of Lake Ladoga during the anticyclone period in January - February 2012.
The verification also showed that the known inability of HIRLAM (and presumably also other NWP
models) to predict very cold near-surface temperatures in the stable clear-sky cases still remains,

independently of the surface description.
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Figure B.14 Scatterplot of observed temperature vs. predicted temperature for the same 10
stations as in Fig. B.13 for OLD (a), TRU (b) and NHA (c). The time period is from 25 January
to 5 February and +06-, +12-, +18- and +24-hour forecasts are included. Colours show the
number of cases at each point as shown in the legend.

5 Summary

This study was inspired by a note in a local newspaper on 31 January 2012 about exceptional
temperature fluctuations in the Southeastern Finland. According to the note, the reason of the
observed temperature fluctuations was a cloud spread from Lake Ladoga. For the duty forecaster this
situation was challenging, because a correct forecast of formation and movement of the cloud was
necessary in order to predict the local temperatures. This case was also related to a series of studies,

aimed at improving the treatment of lake effects in the HIRLAM NWP system.

Earlier, most of the studies on the effect of lakes on local weather have focused on severe
convective snowfall cases. This case represents anticyclonic winter conditions, which typically means
clear sky, stable stratification and cold near-surface temperatures. In such conditions the individual

processes may not be strong, but their subtle balance and interactions determine the weather, in this
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case the temperature variability. Thus, this case was a good test-bench for the physical
parametrisations of HIRLAM, in particular for testing the sensitivity of the model to the description

of the changing lake surface state.

We ran three experiments, which differed from each other only in the way the state of Lake
Ladoga was described: based on climatology (experiment OLD), on a lake model (TRU) or on the
analysis of satellite observations (NHA). Experiments based either on the assimilated satellite
observations or on the prognostic lake parametrisation alone, indicated freezing of Lake Ladoga in the

last days of January, which was in accordance with the observations.

When given the correct Lake Ladoga surface conditions, in one way or another (experiments TRU
and NHA), the forecast model was able to predict the cloud formation and movement in a realistic
way. Physically reasonable surface energy balance, predicted under clear and cloudy conditions,
ensured a realistic prediction of the near-surface weather conditions. This made it possible for
HIRLAM to forecast correctly also the 2-metre temperature variations, which was confirmed by
comparison with the observations. However, even small errors in timing of the cloud movement were

found to make the temperature forecasts less accurate.

The period with strongly varying temperatures, due to the distribution of clouds, lasted only a few
days. Objective verification scores were computed using the observations within a distance of about
250~km downstream (westwards) of Lake Ladoga over the whole anticyclonic period (two weeks).
They revealed a clear improvement of the 2-metre temperatures, predicted by the experiments with a
correct state of Lake Ladoga, as compared to the climatology-based experiment. The influence of
Lake Ladoga was visible neither in the scores of the other surface-related parameters nor in the

temperatures over a large area or over a long validation period.

In this study, we arrived at three main conclusions. First, the encouraging message was that
HIRLAM could predict the effect of Lake Ladoga on local weather in this meteorological case, if the
lake surface state was known. Second, the current parametrisation methods of atmospheric processes
and air-surface interactions may lead to realistic description of the evolving anticyclonic boundary
layer conditions, with the subtle balance between processes due to the large scale atmospheric
motion, local surface properties, radiation and turbulence. Third, these results encourage work
towards a better description of the lake surface state in NWP models by fully utilizing satellite

observations, combined with advanced lake parametrization and data assimilation methods.
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