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Abstract: The parameterization of ocean/sea-ice/atmosphere interaction processes is a challenge for
regional climate models (RCMs) of the Arctic, particularly for wintertime conditions, when small
fractions of thin ice or open water cause strong modifications of the boundary layer. Thus, the
treatment of sea ice and sub-grid flux parameterizations in RCMs is of crucial importance. However,
verification data sets over sea ice for wintertime conditions are rare. In the present paper, data of the
ship-based experiment Transarktika 2019 during the end of the Arctic winter for thick one-year ice
conditions are presented. The data are used for the verification of the regional climate model COSMO-
CLM (CCLM). In addition, Moderate Resolution Imaging Spectroradiometer (MODIS) data are used
for the comparison of ice surface temperature (IST) simulations of the CCLM sea ice model. CCLM is
used in a forecast mode (nested in ERA5) for the Norwegian and Barents Seas with 5 km resolution
and is run with different configurations of the sea ice model and sub-grid flux parameterizations.
The use of a new set of parameterizations yields improved results for the comparisons with in-situ
data. Comparisons with MODIS IST allow for a verification over large areas and show also a good
performance of CCLM. The comparison with twice-daily radiosonde ascents during Transarktika
2019, hourly microwave water vapor measurements of first 5 km in the atmosphere and hourly
temperature profiler data show a very good representation of the temperature, humidity and wind
structure of the whole troposphere for CCLM.

Keywords: Arctic; sea ice; regional climate model; verification; MODIS ice surface temperatures

1. Introduction

The impact of the recent global climate change is most pronounced in the Arctic, where
the near-surface warming effects are 2–3 times the global average [1]. This effect, called
“Arctic Amplification”, is strongly related to atmosphere–ocean–sea ice (AOI) interactions
and their feedbacks between the free atmosphere, the atmospheric boundary layer (ABL)
and the surface. The strong reductions in sea ice thickness, volume and the minimum
extent have led to a new state, which has been termed the “New Arctic”, where the winter
sea ice consists mainly of first year ice [2,3]. On a regional scale, the sea ice changes have
led to much larger temperature trends than average trends in the Arctic [4].

In order to understand the New Arctic and its future development, AOI interactions
over the Arctic sea ice areas represent key processes. Fractional sea ice cover and the
distribution of leads have a large impact on the ABL [5], particularly during winter. While a
couple of experiments have been performed in the marginal ice zone and thin ice areas [6],
experiments for the inner Arctic representing wintertime conditions with thick ice are rare.

Regional climate models (RCMs) are an important tool to investigate the relevant
processes to understand the New Arctic. In order to include effects of topographic winds
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and polynyas as well as extreme winds in atmospheric models, a horizontal resolution of
15 km or less is needed [7,8]. Global reanalyses (such as ERA-Interim, [9]) and most of the
regional climate models used in Arctic CORDEX [10] have coarser resolutions (25–80 km).
Parameterization of the stable boundary layer (SBL) and subgrid processes such as leads
are major challenges for atmospheric models. In all state-of-the-art RCMs, leads are not
realistically represented [11]. Sea ice is considered as a mean concentration over a model
grid box, and surface fluxes are computed according to the fractions of water and ice. Most
uncoupled RCMs assume open water for the water fraction, which is unrealistic during
winter, where leads and polynyas are almost totally covered with thin ice [12]. The thin ice
coverage has a large effect on the surface fluxes and sea ice production [13].

In the present paper, we use data of the experiment Transarktika 2019 during April
2019, where the Russian research vessel “R/V Akademik Tryoshnikov” drifted with the ice
in the inner Arctic [14]. A meteorological tower was installed on level sea ice at a distance
of about 350 m from the ship, and atmospheric remote sensing measurements as well as
radiosonde ascents were performed on the ship [15]. The data are used for a verification
of the regional climate model COSMO-CLM (CCLM) with a horizontal resolution of
5 km (Figure 1). The sea-ice concentration data are from Advanced Microwave Scanning
Radiometer (AMSR2) data [16], and thin-ice thickness (TIT) from Soil Moisture and Ocean
Salinity (SMOS) data [17]. Although the ship track came close to a polynya near Franz Josef
Land at the end of April (Figure 1), the ship remained in thick ice all the time.
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Figure 1. Left: Model domain of the COSMO-CLM (CCLM) model with 5 km resolution with topography and sea ice
concentration for 15 April 2019 and ship positions for 5, 12, 19 and 25 April 2019. Right: subsection of the model domain
with daily ship positions during the drift (numbers are the days of April) and sea ice conditions for 15 April 2019. In
addition to sea ice concentration, thin-ice thickness (TIT) from Soil Moisture and Ocean Salinity (SMOS) data are shown.

2. Data and Methods
2.1. The Transarktika Experiment

The experiment was performed during April 2019 in the area between Svalbard
and Franz Josef Land [14]. During the drift, an area of flat ice located as far as possible
from hummocks, frozen leads, cracks and sastrugi was chosen. For security reasons, the
equipment was placed compactly in the area of the meteorological site, forming a single
multifunctional measuring complex (Figure 2a). The Campbell Scientific (CS) gradient me-
teorological complex was deployed 100 m from the pavilion, where the measurement data
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were recorded, and at a distance of 350 m from the vessel. Temperature and relative humid-
ity sensors HMP155A were installed on the mast at heights of 2 and 8 m, anemometers RM
Young 05108—at heights of 2 and 10 m. A compass (ComNav), necessary for calculation of
true wind direction, was installed on the mast in addition. The four-component radiometer
CNR4 was installed at a height of 2 m at a distance of 35 m from the mast. The meteorolog-
ical temperature profiler MTP5, ceilometer CL-51, and water vapor radiometer RVP were
installed on the second open deck of R/V “Akademik Tryoshnikov” at the height 30 m.
Radiosoundings were carried out using the radiosounding system “Polyus-M” and sondes
MRZ-N1, manufactured by producer “Radiy”. General information about meteorological
instrumentation during Transarktika 2019 is presented in Table 1.
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Figure 2. (a) Photo of the meteorological tower with “R/V Akademik Tryoshnikov” in the background (photo: V. Kustov).
(b) Moderate Resolution Imaging Spectroradiometer (MODIS) image (visible channel, 250 m resolution) for 06:00 UTC
11 April 2019. The position of “R/V Akademik Tryoshnikov” is indicated by a circle (image from NASA worldview).

Table 1. Meteorological instrumentation during Transarktika in April 2019.

Tower Height Sensor Instrument Type Sampling Data Resolution

Temperature 2 m, 8 m HMP155 Vaisala 1 min averaging 1 h

Humidity 2 m, 8 m HMP155 Vaisala 1 min averaging 1 h

Wind 2 m, 10 m Propeller, wind
vane

RM Young
05108-45 1 min averaging 1 h

Radiation 4
components 2 m CNR4 Kipp&Zonen 1 min averaging 1 h

Pressure 1 m PTB110 Vaisala 1 min averaging 1 h

On ship

Ceilometer 0–15 km CL51 Vaisala 2 s 1h

MTP5 temperature
profiles 0–1000 m MTP-5PE ATTEX 5 min averaging 1 h, vertically variable

(10–50 m)

Integrated water
vapor 0–5 km RVP IPA-RAS 10 min 1 h, vertically

integrated

Radiosonde
PTU, wind 0.1–25 km Polus-M Radiy 1 s

Twice-daily, vertically
variable (standard and

significant levels)

2.2. Satellite Data

We use the Moderate Resolution Imaging Spectroradiometer (MODIS) ice surface
temperature (IST) product MOD29 (Terra satellite) and MYD29 (Aqua satellite), in the
following referred to as MxD29 [18]. The product is used as collection 6 Level-2 swath
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data, and has a spatial resolution of 1 km at nadir. Daily composites are produced as
described in [19,20]. The accuracy of IST data is specified as about 2 K [21]. However, the
MODIS cloud mask has deficits and many pixels are still contaminated by clouds, leading
to artifacts in the IST data. With the aim of detecting sea-ice leads in the Arctic, the authors
of [20,22] have developed an additional cloud filter, which removes most artifacts.

2.3. The CCLM Model

The regional climate model COSMO-CLM (CCLM, used version: COSMO-CLM-
v5.0_clm16) is the community model of the German regional climate research commu-
nity [23]. CCLM has been used for several studies of polynyas (e.g., [13,24,25]). Verification
studies for CCLM have been performed, e.g., using standard weather station data [4,26],
radiosondes [27] and aircraft data [28]. For the present paper, CCLM is used with a hor-
izontal resolution of 5 km for the Barents and Kara Sea (Figure 1). Initial and boundary
data are taken from ERA5 [29,30] with hourly resolution. The model is used in a forecast
mode (reinitialized daily at 18:00 UTC, spin-up time of 6 h) for April 2019 (Transarktika
period). No nudging is performed. Model output is available every 1 h. In the vertical,
the model extends up to 22 km with 60 vertical levels, 12 levels are below 500 m in order
to obtain a high resolution of the boundary layer. The first model level is at 5 m above
the surface. Sea ice concentration as shown in Figure 1 is taken from AMSR2 data with
6 km resolution [16]. Sea ice thickness is prescribed daily from interpolated Pan-Arctic
Ice Ocean Modeling and Assimilation System (PIOMAS) fields [31]. Topography data are
taken from [32]. A full technical documentation of the CCLM model can be found in [33].
CCLM was adapted to polar regions by implementing a two-layer sea ice model [34], a tile
approach for sea ice [13], and modifications for the stable boundary layer [27,28]. The mod-
ifications for the stable boundary layer include a reduction in the lower limit of minimum
diffusion coefficients to improve the simulation of the surface inversion over ice surfaces
(see Supplementary Material for details). The cloud schemes are described in [35]. The
cloud schemes include cloud water, cloud ice, rain, snow and graupel as three-dimensional
prognostic variables using a bulk microphysics parameterization scheme. The radiative
transfer scheme is described in detail in [36]. It is based on a δ-two-stream solution of the
radiative transfer equation and is solved for eight spectral intervals for each model layer
considering cloud water droplets, cloud ice crystals, water vapor, ozone, carbon dioxide
and other minor trace gases as well as aerosols [35].

Further modifications concerning the sea ice model, the tile approach and the surface
layer parameterizations were implemented for the present study and are described in
the Supplementary Material in more detail. In summary, these modifications include
an improved computation of the sea ice energy budget, a new parameterization of the
subgrid-scale ice thickness (thin ice in leads and polynyas), non-linear averaging for the tile
approach and new parameterizations for the roughness lengths of momentum and heat.

3. Meteorological Conditions during Transarktika 2019
Synoptic Overview over the Measurement Period

The measurements of 10 m wind, 2 m temperature and pressure for 1–29 April are
shown in Figure 3 together with the simulation results. Wind speeds are moderate most of
the time, but for some periods with cyclonic events the wind speed exceeds 10 m/s (6 and
16 April). The measurements show a weak daily cycle of the temperature for most all days,
but also a strong influence of synoptic forcing (e.g., 9–13 April). The coldest temperatures
of −25 ◦C were observed during 11–13 April. The warmest period with up to 0 ◦C occurred
on 19 April. Wind directions were northerly most of the time, but also some remarkable
wind direction changes occurred during the passage of cyclones and frontal systems. The
simulations agree very well with the measurements indicating some underestimation of
the wind speed and slightly too low temperatures.

Figure 4 shows the surface fluxes of downward shortwave and longwave radiation.
The daily cycle and amplitude of the shortwave radiation is simulated well with a slight
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overestimation at the end of April. For the longwave radiation, the tendency for an
underestimation can be seen particularly for 22–26 April. Overall, the simulation yields
very good results for the radiation fluxes, also for the net radiation (not shown). The
statistics of the comparisons are given in the next section.
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Figure 3. Pressure and 2 m temperature (upper panels), and 10 m wind speed and direction (lower
panels) for the period 1 to 29 April 2019 for the observations (1 h values (3 h values for wind direction),
black) and CCLM simulations (1 h values, red). For 2 m temperature, ERA5 data are shown as a
blue line.
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Figure 4. As in Figure 3, but for downward shortwave (Kd) and downward longwave radiation (Ld).

Figure 5 shows the synoptic conditions as fields of the CCLM simulations for the 2 m
temperature, 10 m wind and mean sea level pressure for selected days of April 2019. On
5 April, a low-pressure system lay between Svalbard and Franz Josef Land (FJL). The ship
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was in the strong wind area east of the low-pressure system with southerly directions, but
the wind turned to northerly directions after the passage of the low-pressure system. The
lowest temperatures occurred on 12 April, when very weak winds were present in the
area of a high-pressure ridge between Svalbard and FJL. The warm event on 19 April is
associated with a warm front of a low-pressure system north of the measurement area. A
pronounced shift in wind direction from southerly to westerly directions occurs during the
passage of this warm front, followed by a cold front with a sharp temperature drop and
a shift to northerly flow. On 25 April, a period of relatively cold temperatures occurred,
which was associated with weak winds and a high-pressure ridge between Svalbard and
FJL. In the monthly average (not shown), a cyclone with the center in the eastern Kara Sea
is found for the mean sea-level pressure (MSLP) as well as at 500 hPa, which is consistent
with the general northerly wind directions.
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4. Verification for Near-Surface Variables
4.1. Statistics for the Comparison with In-Situ Data

The overall statistics of the comparisons for wind, temperature and radiation data are
presented in Table 2. For this comparison, data were linearly detrended for the calculation
of correlations. Wind speed and temperature show both small biases of −1.0 m/s and
−1.1 K, respectively. The pressure is simulated very well with almost no bias, an RMSE
smaller than 1 hPa and a correlation exceeding 0.99. Downward shortwave radiation
shows a small positive bias and a very good correlation (r = 0.95). For downward longwave
radiation, the bias is similar (but negative), and correlation is lower (r = 0.79). The bias
for the net radiation is also small, but the correlation (r = 0.63) is not as good as for the
incoming radiation fluxes. In order to quantify the daily amplitude, the time series were
low-pass filtered using a Gaussian filter with a filter width of 36 h. The daily variations
are calculated by subtraction of the low-pass filtered time series from the original time
series. As a measure of the mean daily amplitude, the difference between the 90% and 10%
percentiles of the daily variations are calculated. As this calculation makes sense only for
quantities showing a daily cycle, it is only shown for temperature, downward shortwave
and net radiation. The simulated average amplitudes agree very well with the observations
(Table 2).

Table 2. Comparison of CCLM with near-surface observations (OBS) for April 2019 (2 m temperature (T), 10 m wind speed
(wind), pressure (p), downward shortwave (Kd), downward longwave radiation (Ld) and net radiation (Q)). Average
amplitude (AA) is the difference between the 90% and 10% percentiles (after subtraction of the low-pass filtered time series,
see text). RMSE = root mean square error, Corr = correlation, number of values is 674.

Quantity OBS CCLM Bias RMSE Corr. AA Diff AA (CCLM-OBS)

T in ◦C −13.7 −14.8 −1.1 2.5 0.927 8.3 −0.6
Wind in m/s 5.5 4.6 −1.0 1.7 0.799

P in hPa 1013.5 1013.9 0.4 0.9 0.996
Kd in W/m2 111 124 13 34 0.949 232 13
Ld in W/m2 233 222 −11 30 0.797
Q in W/m2 −3 −13 −10 22 0.629 51 0.5

In order to get a more detailed view about the statistics of the comparison, the fre-
quency distribution of measured and simulated values as well as their differences is shown
in Figure 6. The negative bias for the temperature is mainly a result of the fact that CCLM
simulates temperatures that are too low when temperatures are below −20 ◦C, while
the frequencies of temperatures higher than −6 ◦C are underestimated. For wind, the
frequencies of lower speeds are overestimated by CCLM, and wind speeds above 6 m/s
are underestimated. For pressure, the simulation is very good for the whole pressure range,
and the difference has a peak for 0–1 hPa. The shortwave radiation is overestimated for
very large values with more than 300 W/m2, while values below 40 W/m2 occur more
often in the observations. In a few cases, the overestimation is up to more than 100 W/m2,
but the peak of the differences is at 0–20 W/m2 (RMSE is 34 W/m2, see Table 2). The
longwave radiation is underestimated for the very low values and underestimated for the
larger values. Together with the findings for the shortwave radiation, this suggests that
CCLM tends to underestimate clouds and the longwave emission for cloud-free conditions.
This is also seen in the net radiation, where CCLM shows negative values too frequently
and positive values more frequently. For the net radiation, the emission of the surface
and the albedo play an additional role. The comparison of the albedo shows that the
parameterized albedo in the sea ice model agrees well with the observations most of the
time, the largest differences with more than 5% occur during the periods 7–9 April and
21–26 April. For the upward radiation fluxes (and albedo) it has to be taken into account
that the measurements represent a specific ice floe, while the model represents a grid scale
of 5 km, and it has slightly lower ice concentrations during these two periods (see also
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discussion section). This makes a comparison of upward radiation fluxes and net radiation
more difficult compared to temperature and wind, where a blending of the influences of
different surface types in the surroundings of the measurement site occurs.
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When using the old version of the sea ice and ABL parameterizations (see Supplemen-
tary Material), a distinct underestimation is found at very low temperatures (Figure 7a).
The cold bias is −2.9 K and the RMSE is 5.4 K, which is much larger than for the new
version. In contrast, the bias in wind speed (−0.3 m/s) is smaller than in the new ver-
sion, but wind speeds larger than 12 m/s are overestimated (Figure 7b). The statistics for
differences between observations and for ERA5 data are shown in Figure 7c for the 2 m
temperature. ERA5 simulates higher frequencies of temperatures in the range of −14 to
−8 ◦C, while the frequencies of temperatures lower than −18 ◦C and higher than −8 ◦C
are underestimated. This can be seen also in Figure 3, where ERA5 is too warm particularly
for cooling periods. The overall bias is +1.4 K, and the average amplitude is only 4.6 K
compared to 8.3 K of the observations and 7.7 K of CCLM (see Table 2). For the downward
longwave radiation (Figure 7d) an underestimation of frequencies for high and low values
can be seen. The biases of ERA5 for pressure and wind speed (not shown) are slightly
smaller than for CCLM, which is likely a result of the assimilation of the observations made
onboard “Akademik Tryoshnikov”.
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Figure 7. Frequency distributions of measured and simulated values (1 h values) and their differences: (a) 2 m temperature
and (b) 10 m wind speed for the old version (Supplementary Tables S1–S3), and (c) 2 m temperature and (d) downward
longwave radiation from ERA5 data.

4.2. Comparison with MODIS Data

The comparison with MODIS IST data allows for a comparison for larger areas. CCLM
surface temperatures are averaged daily to compare with the daily MODIS composites.
However, there can be biases because of the sampling of the IST data, which are not evenly
distributed over a day for a given pixel. MODIS data are resampled to the CCLM grid.
As clouds affect the surface temperature both in the MODIS data and in CCLM, cloud
filters were applied to both data sets. For MODIS, the vigorous Fuzzy Cloud Artefact
Filter (FCAF) was applied [20]. For CCLM, values were discarded if the sum of integrated
cloud liquid water and cloud ice exceeded 0.01 kg/m2. Figure 8a shows the frequency
distribution of the difference between the surface temperature of CCLM and MODIS for
11 April 2019, when relatively low cloud coverage was present in the CCLM domain (more
than 28,000 grid points are available for comparison). In general, CCLM and MODIS IST
agree within ±4 K, in some cases the differences are up to ±10 K (Figure 8a). The frequency
distribution for the old version (Figure 8b) on 11 April 2019 shows a second peak at the
cold side of the distribution with much larger values for the underestimation of the surface
temperature. These results are similar for the whole of April (Figure 8c). The overall bias
for April 2019 is 1.2 K with an RMSE of 4.7 K (Figure 8c). Considering the error of about
2 K for the MODIS IST [21], this represents a very good agreement. For the old version
of CCLM (Figure 8d), an underestimation of the IST by CCLM is found resulting in a
considerable number of values exceeding −10 K difference.
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5. Verification for the Vertical Structure of the Troposphere
5.1. Verification Using Radiosondes

Although model and radiosonde data capture the lower part of the stratosphere,
we restrict to the lowest 10 km. CCLM profiles were used at the time of the radiosonde
launches, i.e., at 11:00 and 23:00 UTC (corresponding to simulation times of 17 and 29 h,
respectively). Both data sets were interpolated to the same grid and using the same
interpolation method. The results are shown for the potential temperature and specific
humidity as time–height cross-sections for 1–29 April 2019 in Figure 9. Apart from the fact
that the model fields are smoother than the measured ones, a remarkably good agreement
is found. At the end of April, the radiosonde data show higher humidity values in the
lowest 1000 m. For the wind speed and direction (Figure 10), the observed fields show
more fluctuations than for temperature, but again very good agreement can be seen for
the simulated fields. The upper-level jets are at the same height and have the same speed.
A small difference can be seen for the low-level jet on 6 April, which is more pronounced
in the simulations. An interesting feature can be seen for the period 18–20 April, where a
distinct warming occurs throughout the troposphere and unusual high humidity values
are observed in the lowest 2 km. Winds are easterly for low levels and veer to northerly
and northwesterly directions above 2 km. During this period, a frontal system passed over
the ship, which caused strong moisture advection (see Figures 3 and 5).
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Figure 10. Time–height cross-sections for the wind speed from radiosondes (a) and CCLM (c) and for the wind direction
from radiosondes (b) and CCLM (d) for 1–29 April 2019.

The overall statistics of the comparisons with the radiosonde profile are presented in
Figure 11. For this comparison, data on each model level were linearly detrended for the
calculation of correlations. Radiosonde data were interpolated to the model levels. The
first radiosonde level started usually at 150 m, so the lowest level for the comparison was
160 m (the eighth level of CCLM above the ground).

Temperature shows very small biases of less than ±0.5 K for almost all levels, the
RMSE is 1.5–2.0 K in the lowest 1000 m and less than 1.0 K for the rest of the troposphere.
The correlation is very high for all levels (r = 0.93–0.99). The biases for wind speed are
also extremely small, while the RMSE has values of 2–3 m/s. The correlation is medium in
the lowest 3000 m (r = 0.59–0.86) and increases for higher levels (r > 0.92 above 6000 m).
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For specific humidity, biases and RMSE are also very small; the correlation is high below
1500 m (r = 0.84–0.93), where most of the water vapor mass is present (see Figure 9). The
decrease in the correlation above 7000 m is in regions where the humidity is extremely low.
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Figure 11. Profiles of bias, RMSE and correlation for the comparison of CCLM with radiosondes for temperature (left),
specific humidity (middle) and wind speed (right) for 1–29 April 2019 (54 profiles).

5.2. Verification Using Remote Sensing Integrated Water Vapor Data

In contrast to the twice-daily radiosondes, remote sensing instruments can probe
the atmosphere at a much higher temporal resolution. The integrated water vapor (IWV)
sensor onboard the ship (water vapor radiometer WVR) yielded IVW values for the lowest
5 km every hour. Figure 12 shows these observations together with the CCLM simulations
(also for the lowest 5 km). The simulations agree very well with the observations. The bias
(CCLM-OBS) is only 0.18 kg/m2, and standard deviations are almost identical (CCLM/OBS:
1.68/1.75). The high humidity event between 18 and 20 April, as discussed above, is also
obvious in the IWV data, but a second event on 16 April can also be seen, which is not
captured by the twice-daily radiosondes.
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5.3. Verification Using Remote Sensing Temperature Profiler Data

The temperature profiler data (MTP5) were compared to the radiosondes by [15]
and showed a good agreement. Here we use the same data covering the lowest 1000 m
with a high temporal resolution of 1 h for the comparison with the 1-hourly CCLM data
(Figure 13). MTP5 data were interpolated to the model levels. The first MTP5 level is at
30 m above sea level. The error of the MTP5 data is specified as 0.25–0.50 K for the lowest
300 m and 0.70–1.20 K between 400 and 1000 m [15].
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Figure 13. Comparisons of CCLM with 1h temperature data of the MTP5 profiler. (a) Profiles of bias, RMSE and correlation
for 1–29 April 2019 (671 profiles), the profile of the bias CCLM compared to radiosondes is shown as a dashed line.
Time–height cross-sections for the temperature for 18–20 April 2019 for CCLM (b) and (c) for the MTP5 profiler.

While the bias (CCLM-MTP) is slightly negative for the lowest 50 m, it is around
+0.5 K for all levels above 100 m. The comparison of the bias to the bias of CCLM with
respect to radiosondes shows slightly lower values in the lowest 1000 m. The RMSE is
1.5–2.0 K, which is the same as for the radiosonde comparison. The correlation is very high
and exceeds 0.95 at all levels.

The 1-hourly data allow a more detailed study for the warming period with unusual
high humidity values during the period 18–20 April. As for the radiosondes, CCLM and
MTP5 data were interpolated with the same method on the same grid for the cross-sections
shown in Figure 13b,c. Both data sets show the warm front approaching at the end of
18 April and the maximum warming in the lowest 400 m in the first half of 19 April. In
the second half of 19 April, strong cooling occurs with a maximum in the lowest 400 m,
which is associated with a shift of the wind direction simulated by CCLM from southerly
to northwesterly directions (not shown). Unfortunately, the MTP5 data show a gap for
this cooling period. Overall, also the comparison of CCLM with MTP5 data at 1-hourly
resolution shows a good quality of the simulations for the lowest 1000 m.

6. Discussion

Regional climate models (RCMs) are a valuable tool for improving our understanding
of processes and interactions of the Arctic climate system. However, only few verification
data sets on sea ice for the inner Arctic during winter are available, when atmosphere–ocean
interactions are most pronounced and have strong impacts on the atmospheric boundary
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layer (ABL). On the other hand, the strongest stable boundary layers (SBL) also occur
during winter over inland ice and sea ice.

The SHEBA campaign (1997–1998, [37]) was one of the few studies during winter
which was intensively used for model verification [38]. Since icebreakers are needed in
the inner Arctic during winter, most wintertime studies have focused on the marginal
ice zone [6]. For the same reason, many experimental ship-based campaigns have been
performed during summer, e.g., [39,40]. Ref. [11] used measurements onboard the well-
instrumented icebreaker Oden for the verification of six RCMs (including CCLM) during
summer 2014 with a focus on energy fluxes and tropospheric structure. Ref. [41] used the
same set of models for a comparison with measurements of the Japanese ice-strengthened
RV Mirai over the ice-free Arctic ocean during September 2014 with a focus on clouds
and radiation. While CCLM was one of the few models that simulated low-level clouds
correctly, the overall cloud amount was generally underestimated. This results in an
underestimation of the downward longwave radiation and a large positive bias (100 W/m2)
for the downward shortwave radiation. These findings cannot be confirmed by the present
study. Although we find a slight underestimation of the downward longwave radiation,
the bias in downward shortwave radiation is small.

The representation of sea ice in RCMs is of large importance for the simulation of near-
surface quantities, particularly during winter. Most uncoupled RCMs use a rather simple
description of sea ice, taking sea ice concentration (SIC) from the forcing data (reanalysis or
GCM) with coarse resolution and assuming a fixed ice thickness for the grid-scale ice [11].
Using a tile approach [42] with flux averaging according to SIC is standard in all RCMs,
but generally the non-ice fraction is assumed as open water. While this is true during
summertime conditions, strong sea ice formation occurs in leads and polynyas during
winter and open water areas are rare [19,43]. Even a few centimeters of thin ice have a
strong effect on the heat fluxes during winter [13,24]. Thus, the representations of the sea
ice distribution, the physical properties and the sub-grid thin ice are important.

On the other hand, the parameterizations of ice–atmosphere interactions are also
important. Ref. [27] and [28] show that the modification of the turbulence scheme in CCLM
for the SBL yielded a better representation of the near-surface temperature and the SBL
structure over polar ice sheets. Over sea ice, these modifications resulted in an increased
negative bias [27]. The present study confirms this finding, since a large negative bias is
found for the old version of the sea-ice parameterizations, while the new version fits very
well with the measurements taken during Transarktika 2019. In order to better understand
the changes, Figure 14 shows the sea ice conditions as used by CCLM. Sea ice concentration
in the CCLM grid point is larger than 90% most of the time. The grid-scale ice thickness
is around 1.7 m for the whole period. For the sub-grid thin ice thickness, namely the thin
ice thickness for leads, the values computed by CCLM range between 0 (open water) and
4 cm.

The largest differences between the old and new versions occur for the surface temper-
ature for values below −20 ◦C. Figure 15 shows the dependence of the surface temperature
(T0) simulated by CCLM on the simulated longwave downward radiation (Ld). Both
quantities are well correlated, and a drop to very low temperatures can be seen for Ld
smaller than 160 W/m2. This cooling occurs, when the available radiative energy defined
as the net shortwave radiation plus Ld (Qdn = K * + Ld) also get very small (color code of
the dots). This means that for clear sky situations during nighttime the snow layer in the
old version cools too much. In the new version, the snow layer is thicker (Figure 14) and
the snow-ice temperature can adapt to the heat flux from the ice into the snow layer, while
snow-ice temperature stays constant in the old version.
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Figure 14. Sea ice conditions as used by CCLM for the grid point of R/V “Akademik Tryoshnikov” with
daily resolution for 1–29 April 2019. Lower panel: sea ice concentration (SIC, green) and ice thickness
(blue). Upper panel: sub-grid scale thin ice thickness (lines without symbols, black/red: new/old
parameterization.
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Figure 15. Scatter plots of the surface temperature against downward longwave radiation as simulated by CCLM for the
old version (left) and the new version (right). The color code is the available radiative energy (Qdn = K * + Ld). Full lines
are the regression of the respective data, the dashed line in the left panel is the regression of the new version.

The comparison with IST data from satellites is sensitive to artifacts caused by clouds,
both in the model and the satellite data. On the other hand, it allows for a comparison for
larger areas and a large number of grid points. Cloud effects are reduced by applying cloud
filters both to MODIS and CCLM data. The resulting data yield more than 800,000 compar-
ison points for April 2019. The absolute value of the bias of CCLM is comparable to the
value for the 2 m temperature (although slightly positive, while being slightly negative
for the 2 m temperature). The RMSE between CCLM and MODIS IST is much larger than
for the 2 m temperature (4.7 K and 2.5 K, respectively). One reason for these differences
can be that CCLM uses AMSR2 data for SIC, which results in different distributions of sea
ice compared to MODIS. An underestimation of leads in AMSR SIC would be responsible
for CCLM-MODIS being negative. A positive difference could result from the sampling of
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MODIS. While CCLM data represent a true daily average, MODIS overpasses have a gap
around noon and possibly miss the warmest temperatures of the day.

The comparison of CCLM with radiosondes during Transarktika 2019 yields excellent
results for the whole troposphere. The representation of the wind, temperature and
moisture structure is very good. The comparison of the Transarktika 2019 results to the
results for the summer campaign of [11] shows a similar good performance of CCLM for
the temperature profiles, but better performance for the humidity profiles. The RMSE for
the wind profiles is relatively large compared to the bias, but in the range of other studies
with comparisons of simulations with radiosondes [27,44]. The evaluation of profiles from
ERA5 data at the position of the ship in comparison with the radiosondes (not shown)
yields a warm bias for the lowest 300 m, which is consistent with the warm bias of the
2m temperature. For the free atmosphere, the statistics for temperature are almost the
same for ERA5 and CCLM. For the wind profile, ERA5 is similar to CCLM for the bias,
but has a smaller RMSE and larger correlations. A better performance of ERA5 for the free
atmosphere can be expected, since the radiosonde data of RV Akademik Tryoshnikov were
submitted to the GTS and were likely used in the ERA5 reanalysis. Considering that CCLM
data for the radiosonde comparison were taken for simulation times of 17 and 29 h, the
performance of CCLM is very good.

The Transarktika 2019 campaign allows for comparisons of remote sensing data of
IWV and the temperature profile for the lowest 1km with high temporal resolution. CCLM
simulations show also excellent agreement with these measurements. The detailed study
of a warming event during the period 18–20 April 2019 shows that this is caused by a
short period of warm advection with southerly winds associated with a warm front. The
inspection of the large-scale fields of CCLM show that the unusual high humidity during
this warming event is related to the narrow warm sector of a frontal system, but not to an
atmospheric river event [45].

7. Conclusions

Measurements of the tropospheric structure and near-surface variables during late
winter of the inner Arctic have been performed during Transarktika 2019 in April 2019.
The state-of-the-art RCM CCLM was evaluated using these data. Additionally, remote
sensing data in the form of MODIS-derived IST were used. The main conclusions from this
study are:

– MODIS data represent a valuable data source for the verification of numerical models
with respect to sea ice parameterization. A filtering of cloud artifacts is necessary.

– The simulations using a new set of sea-ice parameterizations in CCLM show an
excellent agreement with the measurements for the near-surface variables.

– Radiation fluxes are represented well by CCLM, an underestimation is found for very
low values of the downward longwave radiation.

– The detailed study of a warming event during the period 18–20 April 2019 shows that
this is caused by a short period of warm advection with southerly winds associated
with a warm front. The inspection of the large-scale fields of CCLM shows that the
unusual high humidity during this warming event is related to the narrow warm
sector of a frontal system, but not to an atmospheric river event.

Overall, the data of Transarktika 2019 represent a valuable data set for the inner
Arctic during late winter and should be used to check the representation of sea ice and the
tropospheric structure in state-of-the-art RCMs, weather forecast models and in reanalyses.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-443
3/12/2/174/s1, Figure S1: left: Bias (dots) and RMSE (squares) for the 2m-temperature (TC, values
in K) and the 10m-wind. (FF10m, values in m/s) for different parameterizations (see text). Right:
average daily 2m-temperature amplitude (in K) of observations and for different parameterizations.,
Table S1: Sea ice and parameterizations in CCLM as used in the “old” version [3] and in the present
paper (“new”), Table S2: Tile approach parameterizations in CCLM as used in the “old” version [3]
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and in the present paper (“new”), Table S3: Boundary layer parameterizations in CCLM as used
in the “old” version [3] with the adaption of the minimum diffusion coefficients and sub-grid TKE
production of [16,17] (original values shown in brackets), and as used in the present paper (“new”).
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