
RESEARCH/REVIEW ARTICLE

Quantifying polynya ice production in the Laptev Sea with the
COSMO model
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Abstract

Arctic flaw polynyas are considered to be highly productive areas for the

formation of sea-ice throughout the winter season. Most estimates of sea-ice

production are based on the surface energy balance equation and use global re-

analyses as atmospheric forcing, which are too coarse to take into account the

impact of polynyas on the atmosphere. Additional errors in the estimates of

polynya ice production may result from the methods of calculating atmo-

spheric energy fluxes and the assumption of a thin-ice distribution within

polynyas. The present study uses simulations using the mesoscale weather

prediction model of the Consortium for Small-scale Modelling (COSMO),

where polynya area is prescribed from satellite data. The polynya area is either

assumed to be ice-free or to be covered with thin ice of 10 cm. Simulations

have been performed for two winter periods (2007/08 and 2008/09). When

using a realistic thin-ice thickness of 10 cm, sea-ice production in Laptev

polynyas amount to 30 km3 and 73 km3 for the winters 2007/08 and 2008/09,

respectively. The higher turbulent energy fluxes of open-water polynyas result

in a 50�70% increase in sea-ice production (49 km3 in 2007/08 and 123 km3 in

2008/09). Our results suggest that previous studies have overestimated ice

production in the Laptev Sea.

Polynyas are considered to cover 2�4% of the Arctic Ocean

(Stringer & Groves 1991). These reoccurring open-water

or thin-ice areas are of great importance in terms of ocean�
atmosphere interactions (e.g., Smith et al. 1990; Barber &

Massom 2007). Most Arctic polynyas are flaw polynyas,

which are opened by off-shore winds and which often

separate fast ice from drifting ice (Dethleff et al. 1998). The

ice production rate in polynyas exceeds that over con-

solidated ice by, on average, one order of magnitude or

more (e.g., Barber & Massom 2007).

As a region with frequent polynya openings, the

Laptev Sea is considered one of the key areas for Arctic

ice production. Past studies using different methods (e.g.,

Martin & Cavalieri 1989; Rigor & Colony 1997; Dethleff

et al. 1998; Winsor & Björk 2000; Dmitrenko et al.

2009; Tamura & Ohshima 2011; Willmes et al. 2011;

Rabenstein et al. 2013) have led to a large range of values

for ice production for Laptev Sea polynyas.

Recent satellite-based studies by Martin et al. (2004),

Willmes et al. (2011) and Tamura & Ohshima (2011)

examined Arctic polynya ice production for different

areas and time periods using passive microwave data in

combination with coarse-resolution atmospheric data.

Thin-ice thickness distribution in polynyas is either used

as climatology or derived from the microwave data.

Atmospheric data is taken from atmospheric reanalyses,

which do not account for the feedback of polynyas with

the atmospheric boundary layer. This may result in

errors in the calculation of surface energy fluxes, which

strongly determine ice production. In addition, the com-

ponents of the net radiation are computed from near-

surface reanalysis data by simple empirical formulae.

Although all three studies mentioned above use the

same satellite data*Special Sensor Microwave Imager

(SSM/I)*the results differ greatly. Tamura & Ohshima

(2011) calculate an ice production of 152 km3 per year
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for the Laptev Sea polynyas for the period September�
May. When excluding the freeze-up months (September

and October) and May, their study yields approximately

100 km3. This ice production is about twice as much

as that estimated by Willmes et al. (2011): 55 km3 for

the Laptev Sea polynyas in November�April. For the

Chukchi Sea, the estimation by Martin et al. (2004) is

also exceeded by the calculation of Tamura & Ohshima

(2011) by a factor of two. This underlines the necessity of

using additional independent methods for the estimation

of ice production.

The presence of polynyas modifies the atmospheric

boundary layer, resulting in a feedback on the surface

energy fluxes, which is not considered in the above-

mentioned satellite-based studies. Ebner et al. (2011)

examined the influence of polynyas on the atmospheric

boundary layer for idealized case studies using the

mesoscale weather prediction model of the Consortium

for Small-scale Modelling (COSMO; Steppeler et al.

2003). They concluded that the polynyas have a con-

siderable impact by increasing the 2-m temperature

(T2m) above open-water polynyas up to 10 K and

increasing the wind speed up to 5 m s�1 (compared to

identical simulations without polynyas). While higher

T2m values may be considered to reduce the surface-

layer instability (leading to decreased ice production),

the higher wind speeds lead to increased ice production

by enhanced heat export away from the polynya.

Schröder et al. (2011) implemented a thermodynamic

sea-ice model into COSMO and computed ice production

rates for the Laptev polynyas for two weeks in April

2008. Their study demonstrated that high-resolution

COSMO simulations yield realistic atmospheric condi-

tions and can be used to examine ice production rates in

polynyas.

The present study uses the same model set-up as

Schröder et al. (2011) and applies it to the two complete

winter periods of 2007/08 and 2008/09. Since one goal is

to examine the influence of thin ice on ice production,

simulations were performed using two different scenar-

ios. The first assumes that the polynya is not covered by

ice at all and the second assumes a uniformly distributed

layer of thin*10 cm*ice on the polynya. The open-

water scenario can be regarded as the maximum (poten-

tial) ice production, while the thin-ice scenario is

considered to be more realistic since 10 cm corresponds

approximately to the average thickness of ice on the

Laptev polynyas derived by Willmes et al. (2011) using

Moderate-resolution Imaging Spectroradiometer (MODIS)

data. The winters 2007/08 and 2008/09 were chosen

because of the availability of atmospheric and sea-ice data

from winter field experiments (Heinemann et al. 2010).

In addition, these two winters were associated with large

differences in ice production. The winter 2008/09 showed

a relatively large ice production, while 2007/08 was

below average with respect to ice production.

Data and methods

Polynya area

Polynya area is derived from daily sea-ice concentration

maps based on brightness temperatures of the Advanced

Microwave Scanning Radiometer�Earth Observing Sys-

tem (AMSR-E; Spreen et al. 2008). AMSR-E sea-ice data

have a resolution of 6.25 km, which is superior to SSM/I

(12.5�25 km). All pixels with ice concentrations falling

below a threshold of 70% (Massom et al. 1998) are

treated as polynyas and subsequently an ice thickness of

0 or 10 cm is prescribed to COSMO for those areas.

Adams et al. (2011) show that the 70% threshold yields

polynya areas that agree well with those obtained by the

polynya signature simulation method (Markus & Burns

1995). The ice thickness for sea-ice areas with ice

concentrations exceeding 70% is set to 1 m. This value

is in accordance with, for example, the value of 0.95 m

used for the polar Weather Research and Forecasting

model for ice concentration larger than 90% (Bromwich

et al. 2001, 2005). Measurements of ice thickness in the

Laptev Sea area by Rabenstein et al. (2013) show that ice

is typically between 1.0 and 1.5 m thick in the vicinity of

the polynya.

Model data

Atmospheric surface energy fluxes are the key variables

when assessing polynya ice production. In our study, all

fluxes were calculated by means of mesoscale model

simulations. The non-hydrostatic, limited-area COSMO

model was used. COSMO is the operational weather

prediction model of the German Meteorological Service

(Schättler et al. 2012). In addition to the operational

application, the COSMO model provides a modelling

framework for many scientific purposes, ranging from

short case studies to climate simulations (e.g., Schröder

et al. 2011; Gutjahr & Heinemann 2013). Turbulent

fluxes at the surface are calculated using the Louis

scheme (Louis 1979). Radiation fluxes are calculated

according to Ritter & Geleyn (1992). A full description of

the physical parameterizations is given by Doms et al.

(2011).

Version 4.11 of the model was implemented with a

horizontal resolution of 5 km for the Laptev Sea region

(Fig. 1) by means of a two-step nesting. The initial data
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for the 15 km resolution domain was generated by

interpolating from the German Meteorological Service’s

global model (Majewski et al. 2002) with 40 km hori-

zontal resolution to the 15 km grid. Boundary atmos-

pheric conditions were provided by GME every 6 h.

In the second nesting step the initial and boundary

data needed for 5 km model resolution were taken from

15 km model runs every hour. The thermodynamic sea-

ice model of Schröder et al. (2011) was used to simulate

the sea-ice surface temperature (Ts) and energy fluxes

over ice surfaces.

For comparison, we also used meteorological reanalysis

data of the US National Centers for Environmental

Prediction reanalysis data set (NCEP; Kanamitsu et al.

2002). NCEP data were chosen for a comparison with

COSMO since many remote-sensing and sea-ice modell-

ing studies use NCEP for forcing (e.g., Ernsdorf et al.

2011; Adams et al. 2013).

Assessment of ice production

As mentioned in the introduction, polynya area was

either assumed to be ice-free (COSMO 0 cm, or C00) or

to be covered with 10 cm of ice (COSMO 10 cm, or C10).

To assess seasonal ice production, all model runs were

conducted in a forecast mode for 30 h; the first 6 h were

omitted as a spin-up period. The merging of the remain-

ing 24-h periods generates continuous atmospheric data

sets for the winters 2007/08 and 2008/09 (November�
April). While conventional satellite-based methods (Yu &

Lindsay 2003; Tamura & Ohshima 2011; Willmes et al.

2011) apply simple empirical formulas to calculate

atmospheric energy fluxes, COSMO includes state-of-

the-art parameterizations for turbulent fluxes and a

radiation transfer scheme. In addition, our COSMO

simulations took into account the effect of the polynya

on the atmospheric boundary layer. In all methods, the

calculation of ice production was based on the energy

balance equation. If the water is at the freezing point, it is

assumed that the total energy loss of the polynya surface

to the atmosphere is compensated by freezing (oceanic

heat flux is neglected), and the potential ice production

can be described by the following equation:

@hi=@t��QA=(ri �Lf );

where QA is the total atmospheric heat flux, hi the ice

thickness, ri the density of sea ice (r�910 kg/m3) and

the latent heat of freezing (Lf�0.334 �106 J/kg). QA is

calculated as

QA �Q0�H0�E0;

where Q0 is the net radiation balance, H0 is the sensible

heat flux and E0 is the latent heat flux. Ice production

will occur if the energy flux to the atmosphere QA is

negative and the water is at its freezing point. The latter

is generally observed throughout the winter period. Thin

ice was kept constant during the model run, i.e.,

all newly formed ice was assumed to be transported

away by advection, which is a realistic assumption for

wind-driven flaw polynyas.

COSMO results are compared to Willmes et al. (2011),

who used NCEP atmospheric data and the polynya

signature simulation method for polynya area. Further-

more, the impact of polynyas on the atmospheric

boundary layer is investigated by comparing NCEP-T2m

Fig. 1 Model domains of the weather prediction model of the Consortium for Small-scale Modelling (COSMO) 15 km and COSMO 5 km covering the

Laptev Sea. The underlying map shows altitude over land. Polynya areas for 10 January 2009 are shown as blue areas. The German Meteorological

Service’s global model (GME 40 km) provides forcing data for the COSMO 15 km model runs.
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and COSMO-T2m over polynyas and the entire Laptev

Sea, respectively.

Results

Verification of COSMO

Verifying COSMO simulations in the vicinity of the

Laptev polynyas is difficult due to the lack of observa-

tions. However, data are available from field measure-

ments at the fast-ice edge in the Laptev Sea (Heinemann

et al. 2010; Helbig et al. 2010) obtained from automatic

weather stations as part of the German�Russian Laptev

Sea System project during the Transdrift XIII/XV expedi-

tions in April 2008 and April 2009. Mean biases and root

mean square error (RMSE) between COSMO model

variables and measurements of six automatic weather

stations are �0.54 (1.54) m s�1 for wind speed, �0.72

(1.46) hPa for surface pressure, �1.02 (30.5) W m�2 for

net radiation and �0.18 (2.74) K for T2m. This indicates

a good quality of the simulations (see also Ernsdorf et al.

2011). Furthermore, Schröder et al. (2011) compared

MODIS and COSMO surface temperatures and found

that the sea-ice model implemented in COSMO per-

formed well.

Time series of polynya parameters

Time series of polynya area, ice production and COSMO-

T2m and NCEP-T2m are shown in Figs. 2 and 3. It should

first be noted that there are large differences for polynya

area and the volume of ice produced between the two

winters (see Table 1). Daily and seasonal ice production

within the Laptev Sea polynyas are highly variable, with

daily values reaching up to 3 km3 d�1 and almost 6 km3

d�1 on 10 January 2009 for C10 and C00, respectively

(Fig. 3d). Monthly values range from 0.4 to 27 km3 for

C10. The longest period without polynyas is 21 days (3�24

March 2009). While typical polynya events lasted for

about six days, the longest event*30 consecutive polynya

days*spanned December 2008 and January 2009.

Polynya openings are associated with temperature

peaks and wind speed peaks (not shown), which can be

expected for wind-driven flaw polynyas and which agrees

well with the findings of Stringer & Groves (1991) for

the Bering and Chukchi seas. Ice production values for

COSMO runs with open-water polynyas exceed those

with 10 cm of ice cover by 50�70% (Table 1). This is caused

by higher absolute values for temperature gradients (T2m-

Ts) for C00 (�10.9 K), leading to higher heat loss into the

atmosphere and therefore higher ice production compared

to the thin-ice covered polynya in C10 (�5.8 K).

As shown in Figs. 2d and 3d, ice-production rates for

C10 match quite well with those calculated by Willmes

et al. (2011). This seems to be surprising considering that

Willmes et al. used NCEP data*which have a resolution

being too coarse to resolve polynyas*for the energy flux

calculation. Consequently, T2m is too low in NCEP

within the polynya areas, since polynyas and their

warming effects on the atmosphere are not represented

adequately. Hence, using NCEP, or any other coarse-grid

global analysis data that cannot resolve the polynyas, for

calculating heat fluxes should lead to systematic over-

estimation of ice production in polynyas. While the NCEP

mean T2m over polynyas is 8K colder than for C00 in

2007/08 (Fig. 2a) and 6.7 K colder in 2008/09 (Fig. 3a),

the differences between NCEP and C10 amount only to

2.4 K and 1.2 K, respectively.

The differences between mean values of T2m over the

polynya and the entire Laptev Sea decline from 12.68C for

C00 to 7.28C for C10 and to 3.58C for NCEP (Table 2). This

decline originates from the decrease in sensible heat fluxes

between C00 and C10 and the different consideration of

polynyas in NCEP. While in NCEP, polynyas are not

resolved and hence are treated as sea ice, the open water

in the C00 simulations leads to a temperature about

7 K higher over polynyas compared to NCEP (Table 2).

However, when comparing average temperatures of NCEP

and COSMO for the whole Laptev Sea, NCEP temperatures

are generally 0.9 (2.8) K higher for 2007/08 (2008/09)

than COSMO temperatures. This systematic warm bias of

NCEP in relation to COSMO has the same effect as the

atmospheric boundary layer warming by the polynyas.

This explains why the results of ice production calculation

for C10 and Willmes et al. (2011) are similar.

The difference between NCEP-T2m and COSMO-T2m

is even greater when looking at daily values (Figs. 2a, 3a).

Mean air temperature over the polynya is only shown if

the polynya size is larger than 300 km2 (corresponding

to 10 model grid points). Mean T2m at polynyas from

C00/C10 exceed the NCEP-T2m by 7.3/1.88C on average

and up to 20/88C for single days. Polynya ice production

would be higher when using NCEP-T2m instead of

COSMO-T2m because the surface layer instability would

be stronger (Table 2).

Regional ice production

Figure 4 shows ice production rates and ice production

of the polynyas of the Laptev Sea sub-regions*north-

eastern Taimyr (NET), Taimyr (T), Anabar�Lena (AL) and

western New Siberian (WNS)*for both winters. The

production rates are calculated by dividing the seasonal

sum of ice production in a sub-region by the seasonal
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sum of polynya area in the same sub-region. Generally,

largest ice production rates can be found for C00 and the

smallest by Willmes et al. (2011). The NET is the most

productive polynya in terms of volume ice production in

both years. While largest growth rates (m d�1) occur in

the WNS polynyas in 2008/09, the total contribution

of this sub-region to ice production is small due to a

generally smaller polynya size. Differences in ice produc-

tion sums between that generated by Willmes et al.

(2011) and C10 are also caused by slightly different

polynya areas (Figs. 2c, 3c). Calculations of polynya area

by Willmes et al. are larger for most small polynya

openings, which results in modest differences for regional

ice production compared to C10.

Figure 5 displays the regional distribution of the ice

production in the Laptev Sea. It is generated by accu-

mulating the ice production of one season for every pixel.

The highest ice production rates occur in the western

Laptev Sea, in the NET sub-region (Fig. 4), with up to 5 m

per season for C00 and 3 m for C10, respectively. This

kind of regional distribution differs from that of Tamura

& Ohshima (2011), who show the maximum of ice
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data set (NCEP), Advanced Microwave Scanning Radiometer�Earth Observing System (AMSR-E) and the polynya signature simulation method (PSSM).

Table 1 Seasonal ice production sums (km3) for the model of the

Consortium for Small-scale Modelling (COSMO) for ice-free (C00)

conditions and 10 cm of sea-ice cover (C10) and the results of Willmes

et al. (2011) for the entire Laptev Sea polynya area and the winters

(November-April) of 2007/08 and 2008/09.

2007/08 2008/09

C10 30 73

C00 49 123

Willmes et al. 34 59
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Table 2 Seasonal (November�April) mean 2-m and surface temperatures, temperature gradients and difference (all in 8C) between temperatures over

the polynya (Pol) and the entire Laptev Sea (Lap) for the winters 2007/08 and 2008/09 for Consortium for Small-scale Modelling (COSMO) data for ice-

free (C00) conditions and 10 cm of sea-ice cover (C10) and National Centers for Environmental Prediction reanalysis data set (NCEP). The Laptev Sea

area is the sea part of the COSMO 5 km model area (Fig. 1).

2-m temperature (T2m) Surface temperature (Ts) Temperature gradient (T2m-Ts)

Polynya Laptev Sea Pol-Lap Polynya Laptev Sea Pol-Lap Polynya Laptev Sea

NCEP �19.9 �23.4 3.5 �20.6 �24.5 3.9 0.7 1.1

C00 �12.6 �25.2 12.6 �1.7 �26.3 24.6 �10.9 1.1

C10 �18.1 �25.3 7.2 �12.3 �26.6 14.3 �5.8 1.3
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production (5 m) in the area of AL. While the NET

polynya is relatively broad in both years, ice production

in the other sub-regions occurs in more narrow zones

at the fast-ice edge. This highlights the importance of

high-resolution atmospheric simulations in providing an

appropriate description of air�sea interaction and ice

production for Arctic flaw polynyas.

Frequency distribution of total daily ice production

The frequency distribution of total daily ice production

for both winters is shown in Fig. 6. The distribution shifts

to the right from 2007/08 to 2008/09, which means that

the percentage of days with high ice production is

generally higher for winter 2008/09. This corresponds

well with larger polynya openings in 2008/09 (Fig. 5).

During about 20% of the observation period, no poly-

nyas are observed at all for C00/C10 and consequently

related polynya ice production is zero. Low ice produc-

tion occurs less frequently than as shown by Willmes

et al. (2011). In contrast, high production occurs more

frequently for C00/10 than in simulations by Willmes

et al. (2011). Differences between C10 and C00 are

reflected by an increased number of days with high ice

production for C00. Two main conclusions can be drawn

from Fig. 6: (1) C00 leads to more extreme ice produc-

tion events than C10; and (2) the variability of ice

production is generally lower in simulations by Willmes

et al. (2011) than for C00/C10, which is caused by

differences in the methods for deducing polynya area

and atmospheric data.

Discussion

Wintertime ice production in the Laptev Sea and asso-

ciated dense water formation have been investigated

in a wide range of studies using salinity measurements

(Dmitrenko et al. 2009), wind-driven polynya models

(Dethleff et al. 1998; Winsor & Björk 2000) and satellite

sea-ice data (Martin & Cavalieri 1989; Cavalieri & Martin

1994; Rigor & Colony 1997; Tamura & Oshima 2011;

Willmes et al. 2011) to derive polynya area and associated

ice production.

A comparison between our results and previous studies

yields a good agreement with the satellite-based method

of Willmes et al. (2011) for C10 in terms of annual ice

production: 30 km3 (C10) compared to 34 km3 (Willmes

et al.) in 2007/08, and 73 km3 (C10) compared to 59 km3

Fig. 4 (a, c) Total seasonal ice production and (b, d) mean production rates for polynyas in the Laptev Sea in the study by Willmes et al. (2011) and as

generated by the model of the Consortium for Small-scale Modelling (COSMO) for ice-free (C00) conditions and 10 cm of sea-ice cover (C10). See inset

in (a) for location of the sub-regions: north-eastern Taimyr (NET), Taimyr (T), Anabar�Lena (AL) and western New Siberian (WNS).

M. Bauer et al. Polynya ice production in the Laptev Sea

Citation: Polar Research 2013, 32, 20922, http://dx.doi.org/10.3402/polar.v32i0.20922 7
(page number not for citation purpose)

http://www.polarresearch.net/index.php/polar/article/view/20922
http://dx.doi.org/10.3402/polar.v32i0.20922


Fig. 5 Maps of the sum of ice production in (a, b) November�April 2007/08 and (c, d) November�April 2008/09; and in (a, c) ice-free polynyas (C00) and

(b, d) polynyas with 10 cm of ice cover (C10).

Fig. 6 Frequency distribution of total daily ice production in (a) 2007/08 and (b) 2008/09 in the study by Willmes et al. (2011) and as generated by the

model of the Consortium for Small-scale Modelling (COSMO) for ice-free (C00) conditions and 10 cm of sea-ice cover (C10). Hatching indicates

percentage of days without ice production.
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(Willmes et al.) in 2008/09. Regional distributions are

similar during winter 2007/08, but differ for winter 2008/

09, showing higher ice production for C10 in the western

Laptev Sea polynyas compared to that estimated by

Willmes et al. (2011). In comparison with the mean

distribution for the complete 28-year time series of

Willmes et al. (2011), the ice production is unusually

high in the NET and T sub-region in winter 2008/09.

The study by Dethleff et al. (1998) yielded a seasonal

ice production in Laptev polynyas of 258 km3 for the

winter 1991/92, which is much larger than any year for

the period 1979�2008 shown by Willmes et al. (2011),

who calculate a value of 63 km3 for the winter 1991/92*
a quarter of the ice production arrived at by Dethleff et al.

(1998). These large differences cannot be explained by

interannual variability since the standard deviation used

by Willmes et al. (2011) for ice production for the

20-year period is negligible compared to this difference

for winter 1991/92.

Tamura & Ohshima (2011) investigated ice production

in Arctic polynyas for the period 1992�2007. For the

Laptev Sea, this study yields a mean seasonal ice pro-

duction of about 100 km3 for the months November�
April, which exceeds that of Willmes et al. (2011) by a

factor of two. It is also considerably higher than the

largest value of the present study. Comparing the results

of the present study with those of Tamura & Ohshima

(2011) is difficult. In their study, ice production occurs in

the AL sub-region area very close to the shoreline in a

region that is covered with fast ice during winter, which

is not realistic. While Willmes et al. (2011) show the

WNS sub-region as a major contributor to the total ice

production, this area shows negligible contributions in

the study by Tamura & Ohshima (2011). Additionally,

their method of parameterizing shortwave radiation with

the help of empirical formulae is arguable since it implies

errors in all months with incoming shortwave radiation

(September/October/April/May). However, these last

two points should result in less ice production compared

to our study, which is not the case. As the seasonal sum

of ice production is determined by multiple factors

(including radiation flux computations, parameterization

of turbulent heat fluxes, treatment of thin ice, atmo-

spheric forcing), comparisons between different studies

are generally difficult. Therefore the actual effect of the

advantages of the present study like improved calcula-

tion of energy fluxes and a better physical basis cannot

be quantified exactly. Nevertheless, our results clearly

indicate that the estimations of ice production in the

Laptev Sea by Tamura & Ohshima (2011) tend to be

overestimated.

The assumption that atmospheric forcing from NCEP

data, as used by Willmes et al. (2011), leads to notably

increased T2m in comparison to COSMO-T2m could be

verified for open-water polynyas (C00). Here the differ-

ences for T2m are quite large (up to 10 K; see Figs. 2, 3).

For thin-ice covered polynyas a warm bias of NCEP-T2m

in comparison to COSMO-T2m partly compensates ex-

pected differences. There is therefore only a small overall

temperature difference between NCEP and C10. How-

ever, the comparison of NCEP and C00 shows that large

differences can be expected for the ice production in

open-water polynyas.

Winsor & Björk (2000) estimated the ice production in

the Laptev Sea as 6�8 km3 per winter season as an

average between 1958 and 1997, which is much lower

than in our study. However, we also have to keep in

mind that their study includes only open-water areas and

does not account for surface heat loss and ice production

in areas covered by thin ice.

For the whole Laptev Sea, the net sea-ice production

during wintertime was estimated to amount to 10009

500 km3 by Dmitrenko et al. (2009). This value repre-

sents the entire net ice production including autumn

freeze-up over the entire shelf. Putting the results of

Dmitrenko et al. (2009) in relation to our findings we

obtain a contribution of polynyas to the entire Laptev Sea

ice production that is not higher than about 5%.

Summary and conclusions

We present a model-based, two-winter study with an

improved method to estimate ice production in Laptev

Sea polynyas. Surface energy fluxes for the calculation of

ice production are provided by high-resolution simula-

tions with the COSMO model including a thermody-

namic sea-ice module (Schröder et al. 2011). For areas

that are classified as polynyas (AMSR-E ice concentration

below 70%), either open water polynya (C00) or 10 cm

thin ice (C10) is assumed. Hence, the effects of polynyas

on the atmosphere are included. Model verification using

in-situ data close to the polynya and satellite-derived

sea-ice Ts shows a good quality of the COSMO simula-

tions. Total winter ice production for the Laptev Sea

polynyas amounts to 30 km3 for C10 and 49 km3 for C00

in 2007/08 and to 73 km3 for C10 and 123 km3 for C00 in

2008/09. There is not only a big difference between the

two winter periods, but also a high variability at monthly

and daily time scales. In the C10 simulations monthly

ice production varies from 0.4 to 27 km3 and daily ice

production from 0 to 3 km3. Peak daily ice production

exceeds 5 km3 for C00. These large differences between
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the 0 and 10 cm results demonstrate the big impact of

thin ice.

As different polynya studies (e.g., Markus & Burns

1995; Dethleff et al. 1998; Winsor & Björk 2000; Tamura

& Ohshima 2011) use different methods to infer the

polynya area, resulting values for ice production differ

notably. The method chosen to calculate atmospheric

heat fluxes and to determine ice production in polynyas

has a large influence on the results as well. We propose

high-resolution mesoscale modelling as a tool to estimate

ice production. In contrast to most satellite-based meth-

ods, the state-of-the-art computation of radiative and

turbulent fluxes is inherent in modern mesoscale models,

which is a precondition for calculating ice production

accurately. In addition, the ability of high-resolution

atmospheric forcing to resolve small-scale structures is a

key factor for realistically assessing ice production in

many narrow flaw polynyas. However, it is also crucial to

consider thin-ice distribution within polynyas.

In conclusion, the results of the present study suggest

that most previous studies have greatly overestimated ice

production in the Laptev polynyas. Dethleff et al. (1998)

estimate a production of 258 km3 (only 1990/91), and

the satellite-based study of Tamura & Ohshima (2011)

yields a value of about 100 km3 (1992�2007). Our

model-based estimate is in agreement with the SSM/I-

based study by Willmes et al. (2011), which yields 559

15 km3 for the period 1979�2008. A further perspective

for the calculation of polynya ice production could be

high-resolution coupled sea ice�ocean�atmosphere mod-

els, which can simulate thin-ice distribution that can

then be verified using ice-thickness data derived from

MODIS Ts (Adams et al. 2013).
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