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1. Changes in CCLM Model Parameterizations
1.1. Sea Ice scheme Developments in CCLM

The original sea ice model for CCLM was developed by [1]. The model used the ap-
proach of [2] applied to a two-layer sea—ice model. For thin ice, only one layer of ice with-
out snow is assumed to be present. For thick ice, a snow layer of a fixed depth was as-
sumed to be on top of the ice layer. In both cases, the energy budget (and as a result the
surface temperature) was calculated only for the upper layer. In the case of thick ice, the
temperature at the snow/ice interface was initialized using the forcing data (e.g. reanal-
yses), but was then kept constant. As a consequence, surface temperature variations re-
sulted completely from the energy budget of the snow layer. Sea ice albedo had a constant
value of 0.7 in [1]. The albedo parameterization was improved by [3], who used the
scheme of [4]. The albedo using this scheme depends on ice thickness and temperature
and includes also a parameterization of melt ponds. There was no penetration of solar
radiation through the snow or ice layers. The different parameterizations are summarized
in Table S1, where the state of [3] is referred to as “old” scheme.

Table S1. Sea ice and parameterizations in CCLM as used in the “old” version [3] and in the pre-
sent paper (“new”).

Sea Ice Physics Old New References

Thin ice No snow layer No snow layer [1]

Thick ice Fixed snow layer 0.1m Variable snow layer
Penetration of solar radiation - In snow and ice layer [5]
Temperature gradients Linear Non-linear depending on layer thick- 2]

ness

Heat budgets Thick ice: only in snow layer Snow and ice layer

Albedo Modified Keltzow scheme Modified Kgltzow scheme [4]

For the present study, further improvements of the sea ice scheme were implemented
(Table S1). A variable height of the snow layer was introduced by assuming a snow layer
thickness of 10% of the sea—ice thickness. This seems to be a reasonable assumption, since
recent snow depth retrievals [6] showed mean snow depths between 5 cm and 20 cm de-
pending on the season. Coupled heat budgets of the snow and ice layers are now calcu-
lated, and it is accounted for the penetration of solar radiation through the snow and ice
layers. While conductive heat fluxes were computed assuming linear temperature profiles
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in the old version, a variable non-linear shape of the temperature profiles according to [2]
is now used as a function of the layer thickness.

1.2. Tile Approach Developments in CCLM

The tile approach is a standard method in RCMs to consider sub—grid scale inhomo-
geneities in the flux calculation within a grid cell [7]. In its application to fractional sea ice
cover, sea ice is considered as a mean concentration over a model grid box, and surface
fluxes are computed separately for the water and ice fractions. The grid scale flux is then
calculated as the average of water and ice fluxes weighted with their fractions. Most un-
coupled RCMs assume a fixed thick ice thickness (e.g. 1 m) for the ice fraction and open
water for the water fraction. The latter is unrealistic during winter, where leads and po-
lynyas are almost totally covered with thin ice [8]. The thin-ice coverage has a large effect
on the surface fluxes and sea ice production [9] [3]. As a consequence, [3] introduced a tile
approach for sea ice in CCLM, which uses separate grid—scale and sub—grid scale ice thick-
nesses. This parameterization was different for SIC<0.7 (typical for polynyas) and for large
ice concentration (SIC>0.7). Both ice thicknesses were prescribed, [3] and [10] recommend
for polynyas 30 cm for the grid—scale and 1 cm for the sub-grid scale ice thickness. Outside
polynyas (SIC>70%) the grid—scale ice thickness was that of PIOMAS, and sub—grid scale
ice thickness was taken as 1 cm (Table S2).

Table S2. Tile approach parameterizations in CCLM as used in the “old” version [3] and in the
present paper (“new”).

Ice Thickness Old New Refer-
ences
General: preset ~ PIOMAS, subgrid-scale ice thickness for PIOMAS, depending on SIC for miss- [11]
value missing PIOMAS data and SIC>0 ing PIOMAS data
Subgr%d—scale ice Fixed value (1 cm) Variable, Com].)u.ted from thermody-
thickness namic ice growth
Grid—scale ice SIC>0.7: preset value SIC<0 7'S£1Ce>(lr71:dligriesoe;::$eeramre
thickness SIC<0.7: 30 cm =/ aepencing P
and SIC
Averaging
Averaging of heat Linear with SIC Linear with SIC
fluxes
Averagmg‘o.f trans- Linear with SIC Non—hnea?: form d.ra?g for momentum, [12]
fer coefficients effective coefficients for heat

For the present study, further modifications of the tile approach were implemented
(Table S2). Since PIOMAS ice thicknesses are not always consistent with the SIC from sat-
ellite data (particularly for polynyas and in the marginal ice zone), these grid points have
to be attributed to a grid—scale ice thickness, which is a function of SIC in the new version.
This avoids thin—ice areas in the marginal ice zone. For polynyas, the grid-scale thickness
was made variable as a function of temperature and SIC. In a first step, an intermediate
grid-scale thickness is computed, which is the preset (PIOMAS) value at the melting point
and the thickness by thermodynamic growth (see below) below —10°C. This accounts for
the fact that during winter new ice is formed in polynyas, which contributes to the ice
thickness, while during summer all ice in polynyas is considered as thick ice with open
water for the non-ice fraction. The final grid-scale thickness is then computed as a linear
function of SIC assuming a value of zero for SIC<0.15, taking the intermediate thickness
for SIC=0.3 and the preset value for SIC>0.7. For the sub—grid scale fraction, the ice thick-
ness is now computed by a bulk estimation of the thermodynamic growth for a prescribed
time period, which is 24 h for polynyas and 6 h for leads. The sub—grid scale ice thickness
is set to zero for SIC<0.15, which results that open water is assumed for SIC<0.15. This
results in realistic thin ice values when compared to the polynya study of [13].
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While the averaging for the surface heat fluxes is the same for both versions, the av-
eraging for the momentum flux and transfer coefficients was modified in the new version.
For the transfer coefficient for momentum (drag coefficient), the form drag parameteriza-
tion of [12] was implemented. A further modification was made for the averaging of trans-
fer coefficients for heat. Since a bulk approach [14] is used for the calculation of turbulent
fluxes at the ice and thin-ice/water surfaces, a recalculation of averaged transfer coeffi-
cients from averaged gradients as done e.g. in [15] can lead to inconsistent results. Thus,
effective coefficients for heat are calculated using the averaged fluxes and averaged gra-
dients. The second reason for effective coefficients for heat is that CCLM uses only transfer
coefficients and diffusion coefficients for the exchange between different program mod-
ules. In order to enable that the tile approach for fluxes is adequately considered for the
computation of tendencies in the boundary layer, the use of effective coefficients for heat
is necessary.

1.3. Changes for the Boundary Layer Parameterization in CCLM

The parameterization of turbulence in the stable boundary layer (SBL) was adapted
to [16], who used a lower limit of minimum diffusion coefficients to improve the simula-
tion of the surface inversion for weak wind conditions over the Antarctic plateau (Table
S3). An improvement was found also for the katabatic wind structure over Greenland [17].
The diffusion coefficients affect the computation of the turbulent kinetic energy (TKE),
where CCLM uses a prognostic TKE scheme (1.5 order turbulence closure at level 2.5,
[18]), see [19] for a full description. In addition, CCLM uses a parameterization for the
generation of TKE by sub-grid eddies via a thermal circulation term in the TKE equation
[20], which increases the TKE production particularly in the SBL. This term is controlled
by a inhomogeneity length scale, which has a standard value of 500 m. [21] use CCLM for
the Antarctic with a minimal value of 0.03 m?/s and set the thermal circulation length scale
to 10 m. [16] and [17] neglect the thermal circulation term completely (as in [20]). In the
present paper, we also neglect the thermal circulation term. A further modification was
introduced for the asymptotic mixing length in the SBL. While in the old version this
length is described with a fixed value of 500 m, we use a more realistic parameterization
depending on TKE and stability as introduced by [22]. Here the local buoyancy length is
used for limiting the mixing length in the SBL. The experimental study of [23] shows that
the local buoyancy length is suitable for the turbulence parameterization in the SBL.

Roughness lengths for ocean are calculated using the parameterization of [24] in the
old and new version (Table S3). While previously a fixed value of 1 mm was used for the
roughness lengths of momentum (zo) and heat (zr), we now use zo as a function of the ice
thickness [25] being 0.4 mm for young ice (ice thickness less than 0.4 m) and 4 cm for
closed pack ice with ridges (ice thickness more than 3 m). The roughness length for heat
is parameterized according to [26] with the limitations that the maximum value of z1/ zo
is 1, and the minimum is 0.5x10-, which agrees with the values given by [25] for thick ice.

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”).

Refer-
Roughness lengths Old New eter
ences
Modified
Ocean Charnock rela- Modified Charnock relation [24]
tion
M tum: zo d dent on ice thick ; heat:
. Fixed value (1 on.1en um: zo dependent on ice thickness; hea 25],
Sea ice ratio z1/zo dependent on roughness Reynolds
mm) [26]
number
SBL
2
Minimum diffusion coefficients 0.01 m?/s (0.4 0.01 m?/s [16],

m?/s) [17]
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Asymptotic mixing length 500 m Depending on TKE and stability [22]

Parameter (pat_len) for TKE produc- [16]

tion from sub-grid thermal circula- 0 m (500 m) 0Om [ 17]'
tion

Figure S1 shows comparisons between different parameterizations and observations
for the 2m-temperature and 10m-wind speed. Old—defturb (red symbols) is the run with
the old version using the original values for the SBL parameterization (Table S3). The bias
is slightly larger (more negative) than for the new version (black symbols), the RMSE is
about 1.5 K higher. The introduction of the new SBL parameterization (reduction of min-
imum diffusion coefficients and the neglection of TKE-production by sub-grid eddies,
old_newturb) was found to largely improve the simulation of the SBL over the Greenland
[17], ice sheet and over Antarctica [16]. The comparison for Transarktika shows an in-
crease of the negative bias of about 1.5K compared to the old-defturb run, the RMSE is
increased by about the same value. The new version shows the smallest values for bias
and RMSE for the temperature. The run “new_linear” (green symbols) is the new version
but with linear averaging of surface fluxes and transfer coefficients (Table S2). It shows
slightly larger values of bias and RMSE for temperature than the new version. For the
wind speed, all parameterizations show the same RMSE. The bias is close to zero, except
for the new version, where the bias is about 1 m/s. This leads to the conclusion that the
main impact is given by the new parameterization of the roughness length and the drag
coefficient in the new version. For the simulation of the average daily temperature ampli-
tude, the new and the new-linear run are both very close to the observations, while the
old runs largely overestimate the temperature amplitude. This is caused by the underes-
timation of the temperature during periods with low cloudiness.
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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.
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