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Abstract. In this study, we present the winter time surface 2004). This warming trend is already reflected in widely in-
energy balance at a polygonal tundra site in northern Siberi@reasing soil temperatures in arctic land areas underlain by
based on independent measurements of the net radiation, theermafrost (e.gOsterkamp20095.

sensible heat flux and the ground heat flux from two winter The diversity and complexity of the processes governing
seasons. The latent heat flux is inferred from measurementthe arctic climate constitute a major challenge for climate
of the atmospheric turbulence characteristics and a model apnodeling, so that predictions are associated with a great un-
proach. The long-wave radiation is found to be the dominantcertainty. The scientific report of the “Arctic Climate Impact
factor in the surface energy balance. The radiative losses ar&ssessment” concludes that “much of the uncertainty in arc-
balanced to about 60 % by the ground heat flux and almostic climate change projections can be attributed to an insuffi-
40 % by the sensible heat fluxes, whereas the contribution o€ient knowledge of many of the physical processes active in
the latent heat flux is small. The main controlling factors of the arctic domain. [...] To validate coupled high-resolution
the surface energy budget are the snow cover, the cloudinesaodels in the Arctic, improved and extended observational
and the soil temperature gradient. Large spatial differences imlatasets are required. In situ observations exist for a few lo-
the surface energy balance are observed between tundra sodations and restricted time periods, but more such datasets
and a small pond. The ground heat flux released at a freezingre needed.” ACIA, 2004. The latter is especially true
pond is by a factor of two higher compared to the freezingfor field datasets on the heat and moisture turnover at the
soil, whereas large differences in net radiation between théand-atmosphere interface, which must be parameterized in
pond and soil are only observed at the end of the winter pean adequate way in climate models. For sea ice on the Arc-
riod. Differences in the surface energy balance between théc Ocean, the SHEBA study has compiled a comprehensive
two winter seasons are found to be related to differences irdataset on the surface energy balarRergson et 2002,
snow depth and cloud cover which strongly affect the tem-which has been used extensively for model validation (e.g.
perature evolution and the freeze-up at the investigated pondBeesley et a).200Q Tjernstrom et al.2005. For arctic
land areas\Westermann et a(2009 documented the annual
course of the surface energy balance for a permafrost site on
Svalbard, which, however, is not representative for the vast
permafrost regions in Siberia, Canada or Alaska. So far this
In scenarios of the future climate obtained from current state Study is the only available study on the annual surface energy
of-the-art General Circulation Models (GCMs), the Arctic Palance in northern Siberia. _
experiences a much more pronounced warming compared to Arctic Permafrost has received increased attention through

the global average. The strongest warming is expected t§¢€narios, which suggest massive emissions of greenhouse
occur during winter which is already confirmed in current 92ses due to microbial decomposition of organic material

climate observationgMoritz et al, 2002 Johannessen etal. that thaws in the course of permafrost degradation. Per-
mafrost models driven by the output of climate models

(GCM's) predict a sizable reduction of the permafrost area
Correspondence tayl. Langer until 2100 and an increase of the active layer thickness
BY (moritz.langer@awi.de) in the remaining area (e.Gtendel and Christense2002
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Fig. 1. (a)Location of the study site (P22 N; 126°30 E) in the Lena River Delta on a Envisat (MERIS) image acquired on 15 June 2006
(ESA, 2006. (b) Location of the measurement stations at the study site on Samoylov Island.

Lawrence and Slate2005 Nicolsky et al, 2007 Lawrence  with high intensity and short lifetimezZhang et al. 2004).

et al, 2008. In order to improve the accuracy of such pro- The continental climate conditions are also reflected in the

jections, it is desirable to obtain more regional datasets thathermal regime of the soil, which is characterized by con-

can characterize the physical processes and serve as modaiuous permafrost reaching depths of 500 to 600m in the

validation. region of Lena River DeltaGrigoriev, 1960. During the
This study is the second part of an extensive investiga-observation period, the soil temperature is abe@0°C at

tion on the annual surface energy balance at a polygonal turthe depth of the zero annual amplitude (ZAAL5 m) and the

dra site in northern Siberia, which represents the first effortmaximum thaw depth ranges from 0.4 to 0.5m at the study

of that scope in the vast tundra regions of northern Siberiasite (Langer et al.2011). The tundra surface is highly frac-

While the first part (anger et al.2011) focuses on the sum- tionated due to polygonal structures typically 50 to 160 m

mer time energy balance and its spatial variability induced bylarge. The rims of these polygons are elevated by about 0.2

heterogeneities in the polygonal tundra, this study focuses oo 0.5 m compared to the centers. The polygonal centers con-

the surface energy balance during the winter periods from Isist of water-saturated peat soils or constitute ponds which

October 2007 until 30 March 2008, and 1 October 2008 untilfrequently occur at the study site. During the winter period,

30 March 2009. The objectives of the study are to (i) iden-the tundra soils are covered by a shallow snow layer, which

tify the controlling and limiting factors of the winter time has been observed to persist from October until Magike

surface energy balance, (ii) evaluate differences in the suret al, 2008.

face energy balance between the most prominent landscape

elements, namely the snow-covered tundra soils and freez-

ing water bodies, and (jii) assess differences between thd Methods

two winter seasons. The results are discussed with respe

. . cllhe equation of the surface energy balance can be written as
to modeling the arctic boundary layer and permafrost. q oy

Onet=0OH+ Qe+ 0G+ Omelt+C, (1)

2 Study site where Qnet is the net radiationQy the turbulent sensible
heat flux, Qg the turbulent latent heat fluxQg the subsur-
The study site is located at the southern part of the Lena Riveface (ground or snow) heat flu@mei: the energy consumed
Delta on Samoylov Island (722 N; 126°30 E) (Fig. 1). by the melting of snow, and' is the residual of the energy
The regional climate is arctic-continental with a mean annualbalance which accounts for inaccuracies of measurement. In
air temperature (MAAT) of about 13°C, a pronounced an- the following the termQmert is neglected, since only tem-
nual temperature amplitude of about®®Dand a total annual peratures well below the freezing point are observed. The
precipitation around 250 mnBpike et al, 2008. Snow fall energy consumed by sublimation of snow is accounted for
and refreezing of the soil begins towards the end of Septemby the latent heat fluQg.
ber. The polar winter lasts from mid November until end For the evaluation of the surface energy balance we distin-
of January. The climate and synoptic conditions during theguish two basic landscape features: the snow covered tundra
winter are largely determined by the Siberian High causingsoils and freezing or frozen water bodies. While the entire
air temperatures to fall frequently belowd5°C. The high  surface energy balance is measured at the snow covered tun-
pressure system is often disturbed by the influx of cycloneddra (hereafter referred to as tundra site), only the net radiation
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Onetp and the ground heat flu®c , are gathered at a freez- ple, the buoyancy fluQns must be corrected according to

ing polygonal pond (hereafter referred to as pond site). the flux of water vapor in order to obtain the true sensible heat
flux Qn (Schotanus et 311983. With an expected Bowen
3.1 Radiation balance ratio of O/ Qe ~ 0.5, the true sensible heat flux is less than

3% lower than the measured buoyancy flux in the tempera-
The net radiation at the tund@ynet and the pond site@netp ture range from-10 to —45°C and about 10 % lower for a
is measured with net radiation sensors (NR-Lite, Kipp & Bowen ratio of 2 at 0C. Hence, we accept the buoyancy flux
Zonen, Netherlands). Based on studies which compare th&éo be a good approximation of the real sensible heat flux for
applied NR-Lite sensor with single component sensors ofmost of the observation period. According to a quality check
higher accuracy we assume the relative accuracy to be abowaind the exclusion of the lee wind sector (268277), about
20% of the measured valudrptzge and Duchgn200Q 18 % of the flux measurements must be discarded. In care-
Kohsiek et al.2007). Data from the NR-Lite sensor are not fully designed experiments, the applied quality criterion is
available at the tundra site for the winter 2008—2009. Insteadound to be associated with a relative accuracy of about 15 %
we apply a four-component radiation sensor (CNR1, Kipp & which we assume to be appropriate for the measured buoy-
Zonen, Netherlands) to calculate the net radiation. Accord-ancy flux Mauder et al.2006. In addition to the turbulent
ing to instrument specification this senor features a relativeluxes, the stability parametercan be inferred from the eddy
accuracy of about 10%. The outgoing thermal radiation atcovariance measurements, which provide information about
the tundra site is measured separately by a long-wave radiahe atmospheric stratification with~ 0 for a well mixed or
tion sensor (CG1, Kipp & Zonen, Netherlands) during winter neutrally stratified atmosphere,> 0 for stable, and <0
2007-2008. The relative accuracy of the sensor is assumefbr unstable atmospheric stratifications.
to be better than 10 % according to a carefully designed senThe latent heat fluQg at the tundra site is modeled for win-
sor inter comparison@bleitner and De Woldel999. In ter 2007—2008 by the same approach which is described in
winter 2008-2009, the outgoing long-wave radiation is cal-detail in the companion study during the summer half-year
culated from an infrared surface temperature sensor (IRTS¢cf. Langer et al.2011, Appendix D). The model makes use
P, Apogee Instruments, USA). The sensor delivers bright-of the available eddy covariance measurements of the mo-
ness temperatures in the spectral range from 7.5 to 14 prmentum fIUXuf and the buoyancy fluQpg, from which
with an accuracy of about0.5°C (Bugbee et a).1998 the turbulent transport coefficient is inferred. The atmo-
from which the outgoing thermal radiation is calculated using spheric stratification is calculated based on the often applied
Stephan-Boltzmann’s law assuming isotropic sky-radiationparametrization introduced byagstram(1988. The near
(cf. Langer et al.2011, Sect. 3.1). This results in an abso- surface gradient of the specific humidity is inferred from
lute accuracy of about2 W m=2 for the upwelling thermal ~measurements of relative humidity RH in 2m height and the
radiation in the relevant temperature range from 6 4%°C. surface temperatur&sy from which the water vapor pres-
Furthermore, the real surface temperatiiggs is calculated  sure above the snow surface is calculated using Magnus for-
using a thermal emissivity of.894+0.01 for snow Dozier mula. The relative accuracy of the latent heat flux is esti-
and Warren1982. This results in a total uncertainty of about mated to be on the order of 25 %, assuming Gaussian error
+1°C on the surface temperature in the expected range opropagation with a relative accuracy of 15 % on the transport
up- and down-welling radiation. coefficient (inferred from the eddy measurements) and 20 %

on the gradient of the specific humidity.
3.2 Turbulent heat fluxes

3.3 Ground heat fluxes
The sensible heat flugy is inferred from the eddy covari-
ance method. The applied eddy covariance setup consists dthe ground heat flux is calculated for both sites. The ground
a 3-D sonic anemometer (C-SAT, Campbell Scientific, USA) heat flux is defined as the heat flux across the landscape sur-
and a data logger (CR3000, Campbell Scientific, USA). Thisface which, as appropriate, is the soil, the snow, or the lake
measurement setup permits the sampling of the three dimeriee surface. For the heat flux calculations, we apply the
sional wind speed components and the sonic temperature aalorimetric and the conductive method (tfnger et al.
a rate of 20Hz. Based on these measurements the mome911 Appendix B and C).
tum flux «2 and, in first order approximation, the buoyancy
flux Ons can be inferredl(iu et al,, 2001). These turbulent 3.3.1 The calorimetric method
fluxes are calculated for 30 min intervals with the “QA/QC”
software package “TK2” including standard corrections andThe calorimetric method calculates the ground heat flux
quality tests iauder and Foker2004 Mauder et al.2008. based on changes in the internal energy of a soil column
For a more detailed description of the corrections and qualityusing measurements of the soil temperature and liquid wa-
tests applied in the data post-processing please refer to ther contentd,, (cf. Langer et al. 2011 Appendix B). This
companion studylL@nger et al.2011, Sect. 3.2). In princi- method is used for evaluating averages of the ground heat
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we assume the peat soils to stay saturated, since subsurface
) ) drainage is assumed to be negligible. In addition, the verti-
Fig. 2. _Scheme of the different measurem_ent setups used for_ the.o| water exchange is largely impeded by the formation of an
?V‘"’?'uayon of ground h.eat fluxa) Cross-section of the.tundra soil ice layer at the soil surface with the beginning of freezing.
indicating polygonal rims and centerqgb) Cross-section of the . . L
polygonal pond during the stage of freezing. Note that the depictecﬁence’ It can b_e assumed that changes in the liquid water
scheme is not to scale. content are mainly attributed to the phase change of water
during the observation period.
The calorimetric method requires measurements down to

flux over periods longer than a few days. Due to the measure2 4€Pth of zero temperature change in the concerned averag-

ments of temperature and liquid water content, it is possible'ng period. Hence, heat fluxes below the measurement depth

to distinguish sensible and latent heat storage, which we exf 4m are required. We calculate the heat flux through the

press as energy fluxe2 sensibie@d O latent Note that the lower boundary of the temperature profile by using the con-

heat storage in the shallow snow layer becomes negligible fofluctive method (cfLanger et al. 2011 Appendix C). Soil
eat capacities, thermal diffusivity and heat conductivity of

long-term averages, so that temperature profiles in the sno ) A i
pack are not required. During winter 2007—2008, soil tem-T0ZeN tundra soils are evaluated similar to the summer time

peratures are available from a 26 m borehole and a thermisto\f"‘llues (Table).
profile in the active layer (CA 1) (Fig2). The liquid water
contentd,, is measured in the active layer by Time-Domain-

Reflectometry (TDR) probes. The conductive method calculates the heat flux across a layer
Since the deep borehole and the TDR probes are not avaiby solving the differential equation of conductive heat trans-
able during winter 2008-2009 (CA I1), we rely on a shallow port. For more details on the calculations please refer to
borehole of 4 m depth and a parameterization of the liquidthe companion studyLénger et al.2011, Appendix C). The
water content in dependence of the soil temperature. Thigonductive method involves the determination of the thermal
so-called “freeze curve” is inferred by fitting a polynomial diffusivity of snow or soil which are presented in Tadle
function to measurements of water content and temperaturghe method is applied for both calculations of the ground
of the previous year (Fig). In both years (before the onset heat flux at (a) the tundra site and (b) the thermokarst pond.
of freezing) the soils are water saturated featuring a volu-
metric liquid water content of about 75 %. During freezing,

3.3.2 The conductive method

The Cryosphere, 5, 50924, 2011 www.the-cryosphere.net/5/509/2011/
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Table 1. Used soil parameters for ground heat flux calculations during the winter period. Values of pBypgitnd volumetric ice content

6; are estimated based on soil sample analysis and in situ soil water content measurements during summer. The heat capacities are calculat
by weightingCh j and Cy, s according to the assumed ice content and porosity. The thermal diffusiifjese determined by using the
conductive method, from which we evaluate the thermal conductijtyith estimated heat capacity (¢fanger et al.2011). Errors are

calculated using Gaussian error propagation.

Substrate Pgry 6, ChIMIm3K-1]  Dh[m2s %10 Kk, [Wm 1K™
frozen dry peat 0.&0.1 0.1+ 0.1 0.7+ 0.30 0.68+0.19 0.46+ 0.25
frozen wet peat 0.860.1 0.7£0.1 1.8+ 0.30 0.544+ 0.09 0.95+ 0.23
frozen saturated peat  0480.1 0.8+0.1 2.0+ 0.05 0.96+ 0.09 1.92+ 0.19
snow psnow= 190+ 10kgni3 0.4+ 0.04 0.54+ 0.04 0.22+ 0.03
ice Pice = 920kgn 3 1.9 1.2 2.3

a. For the tundra site, this method is applied for calculating course of the winter, the temperature sensors freeze in
heat fluxes with hourly resolution. These high resolu- the ice of the pond. From the temperature profile, we
tion heat fluxes are only obtained at polygonal centers, can calculate the heat flux trough the ice layer, as soon
where snow cover measurements are available. Two dif-  as it approaches a thickness of 24 cm, which then con-
ferent sets of measurements (CO | and CO Il) are used tains the two uppermost temperature sensors of the pro-
to calculate the heat flux across the snow cover with file. We use the conductive method describetlanger
the conductive method (Fi@). Firstly, snow temper- et al. (201) (cf. Appendix C) to evaluate the heat flux
ature measurements at three depths with known relative  through the ice cover surface with the known thermal
distance are employed. This method is similar to the diffusivity and conductivity of ice. The employed val-
conductive heat flux calculation used for the uppermost ues are depicted in Table
soil layer in the companion study and involves the de-
termination of the thermal diffusivity of the snow cover. 3 4 snow cover measurements
The required snow temperature profile measurements

are available during winter 2008-2009. The used meayye se different methods for the detection of the snow depth.
surement setup (CO 1) consists of an array of tempera-rpg gnow depth is measured with an ultrasonic ranging sen-
ture sensors (thermocouples) fixed on very thin (4mm)gq (sR50, Campbell Scientific, USA) located at the tundra
carbon rods of different length which are placed verti- gjio ang the pond site. During winter 2008-2009, data from
cally about 3cm apart from each other (FB. The o yitrasonic sensor is not available at the tundra site. There-
height difference between the temperature Sensors igyre e infer the snow depth from the snow temperature pro-
5cm. Secondly, for winter 20072008 when the Snow fje gescribed in SecB.3 using the method of ewkowicz
f[emperature prqflle is not available, the snow heat ﬂUX(ZOO& who determines the snow depth from a temperature
is calculated using the surface temperature of the SNOWjeqpling between buried and unburied sensors. The tem-
cover, the temperature at the snow-soil interface, theyeratyre profile provides a vertical resolution of 5cm. The
snow depth and the thermal diffusivity and conductivity ethod is found to deliver a suitable measure of the snow
of the snow cover (CO II). The snow surface tempera- oo\ ey evolution compared to standard observations at climate
ture is measured by an infrared sensor, the temperaturg;ations Lewkowicz 2008. In addition, we use the AMSR-
at the snow-soil interface is measured by a thermistorg 5-Day L3 snow water equivalent (SWE) produtielly
close to the surface and the required snow depth is 0bg; 51 2004 to obtain a complementary snow cover infor-
tained by an ultrasonic ranging sensor (FX. AS @  aiion in addition to our point measurements. The satellite
rough approximation, we assume a similar thermal dif- 4t is based on passive microwave detection and fea-
fusivity of the snow cover in winter 2007-2008, as cal- y;re5 4 spatial resolution of 25km. A detailed technical de-
culated from the temperature profile measurements durgcjnion of the product and the retrieval algorithm is given
ing winter 2008-2009. by Pulliainen and Hallikainetf2003). For tundra surfaces,
the accuracy of the SWE product is expected to be in the
b. Forthe pond site the conductive method is used to calcurange of 10 %, since the shallow vegetation only marginally
late long-term averages of the heat flux through the iceaffects the snow cover signardster et al.2005. We se-
layer Qg p. The employed temperature profile (CO Ill) lected the closest pixel to the study site, which must be un-
consists of four temperature sensors which are fixed orderstood as an average value over a large variety of surface
a mast located in the middle of the water body, wherestructures. The remote sensing product supports the evalu-
the water depth is approximately 0.8 m (F&). In the ation of the snow depth measurements, as the satellite data
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allow to judge whether the point observations reflect a localcover is measured until the end of this winter period (B)g.
or regional snow cover evolution. The differences in snow cover accumulation between the two
Moreover, SWE field measurements are conducted duringvinter seasons broadly agree with the satellite measurements

April 2008 and 2009. From these measurements, we calculAMSR-E) (Fig.4).
late the snow heat capacity, which is used for the heat flux The net radiation of the first winter period is dominated by
calculations. The obtained values are presented in Table the long-wave radiation O, which in 2008 is about fifteen
The field measurements of the snow dengifyware further  times larger than the net short-wave radiatio@s (Table2,
used for the conversion of the AMSR-E dataset from SWE toFig.5). The incoming long-wave radiation steadily decreases
snow depths. from about 300 W m? to 180 W nT2. This general trend is

overlain by rapid variations in the range of 60 to 70 Win

In frequent situations, the outgoing and the incoming long-
4 Results wave radiation are in quasi-balano@{¢~ 0). The outgo-

ing long-wave radiation follows the general trend of its in-
In the following, we describe the winter surface energy bal-coming counterpart and decreases from about 315\ m
ance. We divide the observation period into three sectionsto 200 W nT2, which corresponds to a surface temperature
according to the availability of sunlight. During the first and cooling from 0 to—24°C. The surface temperature of 2008
the last winter sections, short-wave radiation is still or againappears to be slightly increased compared to 2007, which on
present, whereas the middle period is characterized by thaverage amounts to an increased radiative loss on the order

absence of sunlight due to polar night conditions. of 5Wm2 in 2008. The surface temperature follows to a
large extent the short-term fluctuations of the incoming long-
4.1 Early winter (1 October—30 November) wave radiation. The observed fluctuations are on the order of

10°C. The negative net radiation is partly balanced by the

The first winter period lasts from the beginning of Octo- sensible heat fluxQ, which is negative in both years. In
ber until the end of November, immediately before the be-both years, the average values of the sensible heat fluxes are
ginning of the polar night. The surface energy balance issmall compared to the ground heat fluxes, but show strong
characterized by a strongly negative net radiation on the orshort-term variations on the order of 30 W# The ob-
der of —20 W 2, which is about 25 W m? less compared  served fluctuations in the sensible heat fluxes largely follow
to the preceding fall season (dfanger et al.2011). The  the stepwise variations of the net radiation. Slightly posi-
net short-wave radiation is very smai#2 Wm~2) due to tive sensible heat fluxes, that drag heat from the surface to
the high albedo of the snow cover. The negative net radiathe atmosphere, are observed occasionally. These events are
tion is largely balanced by the ground heat figx (—10 to strictly correlated to high values of down-welling thermal ra-
—20 W m?), whereas the sensible heat fl@y shows only  diation and positive temperature gradients between the sur-
a marginal contribution of about5W m~2, which is only  face and the near-surface air temperature. High absolute val-
slightly more negative than during the fall season. The mod-ues of the sensible heat flux are almost always associated
eled latent heat fluQg is still positive (=10 W n2), which  with high wind speeds and strong turbulent exchange. The
agrees with the high values measured in the previous fall peatmospheric stratification is mostly neutrak 0), while sta-
riod. Similar to the fall period, the energy balance residualble stratification £ > 0) only occur occasionally under clear-
C is considerable (50 % aPnet), Which indicates that some sky and calm conditions. Such stable stratifications are char-
heat flux is not detected. acterized by a very high ground heat flux, which compensates

The general weather conditions are characterized byor the reduced sensible heat flux. The largest fraction of the
rapidly declining air temperatures, decreasing sun anglespegative net radiation is balanced by the ground heat flux
snow accumulation and the freezing of soil and water bod-Qg, which is predominately supplied by latent heat of freez-
ies. In both years, the air temperatures rapidly fall from abouting (Table2). In the inter-annual comparison, the ground
0°C at the beginning te-20°C at the end of the period. The heat flux of 2008 is by a factor of about two increased com-
build-up of a continuous snow cover starts in both winters atpared to 2007. This difference corresponds to lower surface
the beginning of October. However, differences in the snowtemperatures and the faster snow cover build-up of 2007 (Ta-
depth evolution between both years are observed at the turble 2). It also agrees with the fact, that the active layer is
dra site. In 2007, the snow cover reaches a depth of aboutompletely frozen by the end of the early winter period in
0.15m shortly after the first snow fall and remains almost2008, but not in 2007.
constant until the end of the period. In 2008, the snow cover Even larger differences in the ground heat flux between
accumulation is much slower and ends up with a snow depttboth years are observed at the polygonal pond. Accord-
of about 0.1 m (Fig4). An even greater difference in snow ing to the temperature profile measurements, we can esti-
depth between the two winter seasons is observed at the pondate the ice cover thickness to be about 30 cm at the end
site, which in 2007 is covered by abouf@n of snow shortly  of the early winter period in 2007. In 2008, the tempera-
after the first snow fall, whereas in 2008 almost no snowture measurements indicate that the water body is completely
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Table 2. Averages of the net radiatiaBnet, the net short-wave radiatichQg, the net long-wave radiation Q| , the sensible heat flugy,

the latent heat fluxQg, the ground heat fluQ, the sensible fraction of the ground heat fidx sensible the latent fraction of the ground

heat fluxQg jatent and the closure terr@. Turbulent heat fluxes marked in bold are affected by minor data gaps due to quality assessment
or the exclusion of lee wind sectors. Furthermore, averages of the net radiafigp and the ground heat flugc p at the pond site are
provided.

Early winter Polar winter Late winter
2007 2008 2007-2008 2008-2009 2008 2009
10ct—-30Nov 10Oct-30Nov 1Dec-30Jan 1Dec-30Jan 1Feb-30Mar 1 Feb-30 Mar
OnetlWm™2] -171 212 -1 2% 147 -
AQs[Wm—2] - 15 0 0 _ _
AQL [Wm~2] - 22 21 -25 - -
OHIWmM™2 -6 -5 -9 - -10.3 -
Qe[Wm—2] 9 - 8 - B -
0g[Wm~2 -11 -20 -17 -14 -5.4 -10.4
06, sensibld W m~2] 3 -3 ~14 ~14 5.4 ~10.4
0, latent[W m~?] -14 =17 -3 0 0 -
CIWm~? -9 - -1 - 2 -
OH/ Onet 0.35 0.24 0.43 - 0.70 -
QE/ Onet -0.53 - -0.19 - -0.2¢ -
0G/COnet 0.65 0.95 0.81 0.56 0.37 -
C/Qnet 0.53 - 0.05 - -0.14 -
OH/QE -0.67 - —2.25 - 343 -
Onetp[Wm~2] -18! 23 22 25 20 -215!
0G,p[Wm=2] -1 34 -32 -28 -12.6 223
Tsurf[°Cl -16 -15 -29.9 -29.7 -25.9 -355
Tair [°C] -16.1 -14.8 -29.7 -29.5 -24.8 -34.7
RH[%] 81 - 70 - 75 -
Snow depth [m] 0.09 0.05 0.11 0.15 0.18 -

1 Radiation values measured with the NR-Lite sensor.

2 Values obtained with the CNR1 sensor.

3 Modeled latent heat fluxes.

4 Subsurface heat fluxes estimated from ice cover thickness.

frozen down to a depth of 85 cm. Assuming an ice density offlux values (cf. Sect3) including the error induced by us-
about 920 kg m?3, this amount of ice corresponds to an av- ing the buoyancy flux instead of the true sensible heat flux.
erage heat fluQg p of about—12 W 2in 2007 and about  The relatively large closure gap might be explained by dif-
—34Wm2in 2008. Note that these heat fluxes are only es-ferences in the footprint areas of the sensors used to measure
timated according to the amount of frozen water, which doeshe components of the surface energy balahemger et al.
not contain the temperature change of the water body and th2011, Sect. 5.1). This is even more likely as a strong spa-
ground underneath. Hence, the true ground heat flux at thé&al variability of the surface and subsurface conditions is ob-
pond must be even larger. However, in 2007, the estimatederved during the early winter period due to a spatially vari-
heat flux value at the freezing pond is in a good agreemenable build-up of the snow cover and onset of soil freezing.
with the net radiationQnetp, Which we measure directly at Surface heterogeneities and inconsistent footprint areas are
the surface of the water body (Tald It is evident, that such  considered one of the major sources of uncertainty in energy
an energy balance agreement is not given in 2008, where thkalance studies (e.thagaki et al. 1996 Foken 2008.
pond heat flux releases about 10 W#more than is lost by
radiation. 4.2 Polar winter (1 December—30 January)

During the early winter period a residual term of the en-
ergy balance ofC = —9Wm2 is found, which amounts The polar winter section features a highly negative net ra-
to about 50 % of the net radiation. This closure gap is bydiation in the range 0f-20 to —25W 2. Due to polar
a factor of two outside of the expected error range whichnight conditions, the radiation balance is only determined by
we estimate based on the given accuracies and the averagigermal radiation. The largest fraction of the radiative loss
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Fig. 4. The diagrams at the top show the evolution of the snow depth measured at the tundra site (polygonal center) and the pond site during
the winter periods ofa) 2007 andb) 2008. Moreover, we depict the snow depth inferred from the AMSR-E snow water equivalent product
using a snow density of 190 kg for both periods. The diagrams at the bottom depict the temperatures observed at the surface and the top
of sediment of the investigated polygonal pond for the winter periode)@007 andd) 2008.

is balanced by the ground heat flgg, which is on the
order of about-15W 2. Compared to early winter, the

40 SN Qe [ Q.| [ 40 sensible heat fluQy decreases and is now on the order of
EC: [ Ic —10W n2. The latent heat flux)e is lowered and features
1 e B a value of only 4 W m?Z.

The polar winter section is characterized by the absence
of solar radiation during which the air temperatures reach
their annual minimum of about44°C in winter 2007—-2008
and—42°C in winter 2008—2009. During winter 2007—-2008,
the snow cover remains almost constant featuring a depth
of about 15 cm at the tundra surface and about 20 cm at the
polygonal pond. A different evolution of the snow cover is
found for 2008-2009, when the snow depth remains between
10 and 15 cm at the tundra surface, whereas almost no snow
B cover is detected at the pond. For the winter 2007—2008,
freezing continues from early winter into the polar night pe-
riod. While the remaining unfrozen soil layer is already
frozen after a few days, the pond remains partially unfrozen
Fig. 5. Monthly averages of energy balance components for theuntil the end of this section (Figl). This delayed freezing
winter 2007/2008. process in 2007—-2008 affects the temperature at the bottom
of the water body, which is about 2& warmer compared to
the following year (Fig4).

Qu, Qe, Qs Wm=2]
[=-w m] *p

-40 \ \ \ \ \ 40
01/10/07 01/11/07 01/12/07 01/01/08 01/02/08 01/03/08 01/04/08
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Fig. 6. Hourly averages oDnet, O and Qg during the transition from early to polar winter in 2007 (lower graph). Presumably overcast
conditions are shaded. Measurements of the wind speed and the stability paaaretdepicted in the upper graph.

The energy balance of the polar winter section is en-heat flux (Fig.6). On rare occasions, the net radiation is
tirely governed by the net long-wave radiatio?vQ; which found to be positive. During one of these situations, we can
is strongly negative (Tablg). In both years, the incoming observe the development of a slightly unstable stratification
long-wave radiation frequently fluctuates between 140 and¢ < 0) around 25 November. This situation follows a pe-
240 W n1 2. Conditions of constant incoming radiation typ- riod of calm conditions featuring stable stratifications and
ically last between two and three days. The surface temperhigh radiative losses cooling down the near surface atmo-
atures and thus the outgoing thermal radiation show a strongphere. The rapid increase of the net radiation to positive
variability in the range of-15°C to —45°C in both years, values heats up the surface which consequently leads to a
which corresponds to emitted radiative fluxes of abeli50 positive near-surface temperature gradient and the short-time
and—250W nt 2. The negative net radiation is partly bal- development of unstable conditions. The unstable stratifica-
anced by a slightly increased sensible heat flux compared ttion breaks down as the net radiation falls back to negative
early winter (Table2, Fig. 5). The largest fraction of the values (Fig6).
net radiation is balanced by the ground heat i, which The dominance of incoming thermal radiation on the sur-
is mainly supplied by the release of sensible h@alsensivle  face temperature and thus on the entire energy balance is il-
that originates to about 85 % from the first four meters of the|ustrated in Fig7. It can be seen that surface temperature is
soil column. Recalling the difference in the ground heat flux mainly related to the incoming thermal radiation while other
between early winter 2007 and 2008, the differences are novfactors, such as wind speed (turbulent exchange) only have
reversed. The ground heat flux of 2007 is now higher com-a secondary impact. The wind speed reveals its largest im-
pared to 2008, which corresponds to a warmer soil in 2007pact on the surface temperature during low values of incom-
and therefore to a steeper soil temperature gradient. ing long-wave radiation. This relation is explained by the

An exemplary situation during the transition from the early fact, that the surface cools down strongest under clear-sky
winter to the polar night in 2007—2008 is depicted in Fg.  conditions when the turbulent heat transport from the atmo-
The example shows the typical stepwise pattern of the negphere to the surface is limited by the absence of wind. This
long-wave radiation. This pattern is followed by the course Situation describes the typical evolution of a near-surface
of the sensible heat flux and the ground heat flux, which usutemperature inversion under stable atmospheric stratification
ally balances the largest fraction of the radiative losses. Thd¢ > 0), which leads to pronounced surface cooling. How-
turbulent heat flux becomes larg@i§ ~ —30 W nr2) under ~ €ver, such conditions are observed only occasionally, since
clear-sky and windy conditions (wind speed8ms1), as  wind-induced turbulent mixing dominates during the polar
they occur around 23 November and 4 December. The negﬂight, so that the formation of stable stratifications=(0) is
ative net radiation is then primarily balanced by the sensiblelimited.
heat flux, which leads to a subsequent surface warming that Large differences in the ground heat flux between 2007
reduces the snow temperature gradient and thus the grourehd 2008 are again observed at the investigated pond
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15 |@ @@ T,winter07 o The synoptic conditions are determined by the end of the
— — Wind speed < 2ms" N [% polar night and increasing air temperatures from abegfh
1 ﬁ V;’;:j::;d; Sf‘jalues w0 to —5°C. The snow depth in 2008 slightly increases by about
-20 I Stable conditions z 5to 10 cm and reaches its annual maximum of 25 to 30 cm.

4 ye In the course of the late winter period the net radiation
25 | E// B reaches values as low ast0 W nm2, while positive fluxes

-~ L can exceed 20 W nt (Fig. 8). Positive net radiation values

7 = A - 20 frequently occur within a pronounced diurnal cycle towards
30 -~ |- the end of this period. The upwelling long-wave radiation
7 = ranges from 160 to 300 Wn? which corresponds to sur-
face temperatures 6f40 and—3°C, respectively. The sen-
-35 7 / sible heat flux is more negative compared to the polar win-
. ter period and balances about 70% of the radiative losses,
40 - while the ground heat flux loses its dominant role. This
corresponds to the evolution of a strong temperature gra-
dient in the atmospheric boundary layer, which frequently

Tsurel°cl

-45 w w T T T -0 exceeds values 6f3°C with an average gradient of about
150 170 190 ) 210 230 —1°C (Table2). The sensible heat flux features a diurnal
Qry [Wm™] cycle towards the end of the later winter period and ranges

from —40 W m 2 to 5W m 2 (Fig. 8). Positive sensible heat
Fig. 7. The surface temperatufgyf in dependence to the incom-  flyxes are usually observed during local noon, when the net
ing long-wave radiatiorQ, |, and different wind speeds during the  r5qjation is positive due to high values of incoming solar ra-
polar winter period 2007. The first histogram (light grey) indicates qiation. The atmospheric stratification is neutral during the
the frequency of observations that feature the displayed classes Cflrst half of the late winter section corresponding to high wind
incoming long-wave radiation. The second histogram (dark grey) ds. Within th fthe | . iod. th i
shows the occurrence of stable atmospheric stratification under thgpee s. Within t, € ?Ourse of the late winter period, the sta
different 0| conditions. bility parameter; indicates frequent changes between stable

and unstable stratifications.

The ground heat flux is mainly supplied by sensible heat

(Table2), which in 2007—2008 is finally frozen by the end of from the deep soil layers. About 85 % of the released heat
the polar winter. Similar to the ground heat fi@x, the pond  Originates from soil cooling down to a depth of 7m. A more
heat flux Qg p is now higher in 2007-2008 than in 2008 detailed look at the ground heat flux reveals more frequent
2009. We also observe that in both years the released enerdipsitive heat fluxes towards the end of the period, which
at the pondQc p is larger than the radiative loss@etp, are usually associated with strongly negative sensible heat
which indicates that amplified turbulent sensible heat fluxeslluxes. This indicates that at the end of the entire winter pe-
might occur at the surface of the frozen water body similarriod the initial warming of the ground is largely supplied by
to the ear'y winter period_ The ground heat flux at the pondsens|b|e heat fluxes from the thOSphere. The eVOI.UUOn of
is by a factor of two higher compared to the ground heat fluxthe surface energy balance is in good agreement with mea-

at the tundra sit@g. surements of the following spring period which are described
in the companion study comprising the summer half-year pe-
4.3 Late winter (1 February—30 March) riod.

Spatial differences of the energy balance are still observed
The energy balance of the late winter section is still charachetween the polygonal pond and the tundra site. The ground
terized by negative net radiatigBnet of about—15Wn 2, heat flux at the polygonal pon@gp is still strongly in-
which is still significantly lower compared to the following creased compared to the tundra ground heat@lgx which
spring period, described in the companion study. This is duecorresponds to the more negative net radiation at the pond
to the fact that the net radiation rapidly increases during thisQnetp (Table2). This indicates that the polygonal pond most
and the following period. The ground heat fi@¢ features  |ikely features slightly higher surface temperatures. If we
about—5W m~2 and loses its dominant role in balancing the assume the surface albedo at the snow covered tundra to be
net radiation. The largest fraction of radiative losses is nowsimilar to the snow-covered pond, the surface at the pond
balanced by a further increased sensible heatdlyxwhich  would be about $C warmer in accordance to the increased
is on the order of-10 W ni2. The modeled latent heat flux ground heat flux.
Qg remains small at about 3 WT.
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Fig. 8. Hourly averages 0Onet, Oy and Qg during the late winter in 2008 (lower graph). The wind speed and the stability parajrester
depicted in the upper graph.

5 Discussion 5.1.2 The ground heat flux

5.1 The controlling factors of the winter time surface

energy balance The ground heat flux is of remarkable importance for the sur-

face energy balance during the entire winter, since it is the
5.1.1 The long-wave radiation main balancing factor of the radiative losses. It originates

from both the refreezing of the active layer and the cool-
The net radiation during the winter period is mainly deter- ing of the soil which together sustain a ground heat flux that
mined by the long-wave radiation, as it mostly falls within balances on average about 60 % of the radiative losses. The
the polar night, while the high albedo of the snow cover lim- magnitude of the ground heat flux is attributed to the strong
its the role of the short-wave radiation at the beginning andsoil temperature gradient caused by the large annual temper-
the end of the period (Tab®. The net long-wave radiation ature amplitude due to the continental climate condition as
fluctuates strongly between almost zero and highly negativevell as the shallow snow cover which only constitutes a weak
values of up to-50 W 2. The fluctuations are caused by thermal insulation for the ground. Furthermore, the high wa-
rapid changes of the incoming long-wave radiation which areter (ice) content of the active layer facilitates the storage of
most likely attributed to changes in cloudine8si(ry et al, energy in the upper soil layer which already balances 30 %
1993 Shupe and Intrieyi2004. Our measurements indicate of the radiative losses during the entire winter. In addition,
that the net radiation sets the general range within which thehe heat conductivity of the frozen soil is by a factor of two
surface temperature can adjust especially during the polahigher compared to unfrozen conditions which facilitates a
winter period. Hence, the cloudiness must be considered atrong conductive heat transport from the deep soil layers to
dominant factor controlling the evolution of the surface tem- the surface (cfLanger et al.2011).

perature and thus strongly affects the turbulent and ground \ye gpserve strong differences in the ground heat flux be-
heat fluxes. The cloudiness is associated with larger-scale afy een both years, in particular during the early winter pe-
mospheric circulation patterns, such as cyclone activity andioq \when the ground heat flux in 2007 is by a factor of two
the strength of the Siberian HigBimmer etal.2000. The  gyajier compared to 2008. This is most likely attributed to
impact of atmospheric circulation patterns on the energy balyne taster snow cover build-up in 2007 and higher radiative
ance of the Arctic has been outlined in @ number of stud-jpgses in 2008 leading to a delayed soil freezing of about a
ies (e.g.Curry et al, 1993 Serreze et al200Q Petrone and . aek in 2007 compared to 2008. At the investigated pond,
Rouse 2000. As the ground heat flux balances the largest here almost no snow cover is observed during the early
fraction of the radiative losses, it is conceivable that the fu-\yinter period in 2008, the refreezing is even delayed by about
ture evolution of the p,efmaffos_t temperatures is dirgc.tly IN-three months. Our measurements demonstrate that the time
fluenced by the evolution of winter time cyclone activity at ¢ js required for completely freezing the tundra soils and
the study site. ponds is highly sensitive to the evolution of the snow cover
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and the downwelling long-wave radiation which is largely diation is attenuated during the high summer season by the

controlled by cloudiness. presence of clouds, while the radiative losses are reduced
during the entire winter period. This is in agreement with
5.1.3 The sensible heat flux more detailed observations of the cloud radiative forcing in

the Arctic Shupe and Intrieyi2004).

While the interplay between the net radiation, the ground During the winter period, the largest fraction of the net
heat flux and the sensible heat flux can be complex @jig. radiation is provided by the ground heat flux. The average
the magnitude of the average sensible heat flux is signifiground heat flux of the winter half-year period ranges from
cantly smaller than the ground heat flux during most of the—11 to —15W n2 and from 11 and 13 W ¢ during the
winter period. The predominantly high wind speeds and neusummer seasoh.énger et al.2011). Despite the fact that the
tral atmospheric stratifications suggest that the sensible heahdiative forcing during winter is considerably lower than in
flux is not limited by the turbulent transport. Its contribu- the summer season, the ground heat flux is of a similar mag-
tion to the surface energy balance is most likely limited by nitude (Fig.9). This indicates that the ground heat budget is
the depleted atmospheric heat reservoir under the continerin equilibrium in terms of the expected measurement accu-
tal conditions which is also reflected in the extremely cold racy.
air temperatures. The strong ground heat flux is potentially During the winter period, an average latent heat flux of
a limiting factor for the further cooling of the near-surface about 5W nt? is observed which is equivalent to a total of
atmosphere, as the heat reservoir in the ground can delive30 mm of sublimated water which is about 60 % of the water
most of the energy lost through long-wave radiation at theequivalent of the snow cover at the end of winter. Although
surface. The contribution of the winter time sensible heatthe contribution to the surface energy balance is low, the win-
flux to the surface energy balance is by a factor of two smallerter time latent heat flux has a large impact on the hydrology
than values reported for arctic-oceanic conditions on Sval-of study site, since the snow cover contributes about a quar-
bard Westermann et gl2009), but of similar magnitude as ter to the annual water budgdtanger et al.2011). The
values reported from measurements on sea ice at the Arctiannual average of the latent heat flux is about 15 V¢ raor-
Ocean Persson et gl2002. responding to 190 mm of evaporated water. This equates to

The highest values of sensible heat fluxes are observed about 70 to 80 % of the total annual precipitation reported for
the end of the winter season when the ground heat flux losethe study site Boike et al, 2008, so that the vertical water
its dominant role. The measurements reveal that at the entlalance is positive.
of the late winter period the sensible heat flux contributes Over the entire winter period we observe an average sen-
substantially to the initial warming of the soil. These findings sible heat flux of about-8 W m~2 which amounts to a cool-
are in good agreement with observations immediately beforéng of an air column of 1000 m height by about 3D over
the onset of snow melt in spring&nger et al.2011), which a period of 6 months. This matches the order of magnitude
suggests that the warming of the soil as well as the followingof the observed near-surface temperature cooling, which is
snow meltis at least partly triggered by the influx of warm air also on the order of 30C. The average sensible heat flux
masses, which lead to a warming of the cold tundra surfacesduring the summer half-year period is approximately 6 to
This might be attributed to the attenuation of the Siberian7 Wm~2 (Langer et al.2011), which indicates that the an-
High which falls within this time and is observed to lead to an nual heat budget of the atmosphere is almost in equilibrium
increased cyclone activity in northern Siber@e(reze et al.  in the course of one year. This indicates that heat advection

1993 Zhang et al.2004). plays only a secondary role in the annual energy budget, al-
though heat advection is found to be an important factor for
5.2 The annual surface energy balance processes such as snow melt and initial warming in Siberia

(lijima et al,, 2007).

The extensive dataset presented in this and the companion The annual overview indicates that the surface energy bal-
paper Langer et al.2011) allows to assess the annual course ance is almost in equilibrium for the sensible and the ground
of the surface energy balance at least in a semi-quantitativeeat flux. Hence, the gain of radiative energy mainly during
way, despite of measurement uncertainties and gaps in ththe summer season is almost entirely balanced by the latent
time series due to instrument failure. heat flux. The total evaporation is also in a good agreement

The net radiation during the summer season is largely dewith the precipitation which is only slightly larger. There-
termined by the incoming short-wave radiation, which is fur- fore, it is conceivable that the horizontal exchange of energy
ther intensified by the polar day conditions. Conversely, theand water is very limited at the study site. This corresponds
net radiation during winter is almost entirely determined by to the strong intensity of water recycling observed in north-
long-wave radiation facilitated by low or zero values of the east SiberiaT{renberth 1999 Serreze et al2002.
short-wave radiation and the high albedo of the snow cover.
In both periods, the net radiation is strongly altered by the
presence of clouds. Our observations suggest that the net ra-
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Fig. 9. The partitioning of the surface energy balance duamghe summer period from 7 June 2008 to 30 August 2008 @figer et al.
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and latent heaf g |atent

5.3 Implications for modeling permafrost-snow-

atmosphere interactions

As stated in the most recent implementation plan of the
“World Climate Research Programme”, it “is essential
to continue the development and validation of physically
based land-atmosphere-cryosphere process models, includ-
ing permafrost-hydrology and carbon cycle interactions, with
appropriate complexity for their use in coupled climate mod-
els across a range of time and space scaM&CRP, 2010.
Nevertheless, comprehensive field datasets that could be em-
ployed for this task are extremely sparse in the Arctic. To

date, the study on the surface energy budget presented in —

this and the companion papdranger et al. 2011) repre-
sents the only effort of that scope conducted in the vast per-
mafrost areas of northern Siberia. Being so, it is appropri-
ate to draw qualitative conclusions for modeling permafrost-
snow-atmosphere interactions on different scales:

— The ground heat flux at the study site is of remark-
able magnitude, especially during the long-lasting arc-
tic winter. Between October and March, the ground
heat flux supplied by the refreezing active layer and the
cooling of a soil column to a depth of 15m provides
about 60% of the energy lost by net radiation. The
ground heat flux must therefore be regarded a key fac-
tor in the formation of the surface temperature and thus
for the radiation balance and the near-surface air tem-
perature. It should be verified whether the simplified
representation of soil thermal processes in land-surface
schemes employed by climate models is adequate for
permafrost areas, which occupy about 25 % of the land

www.the-cryosphere.net/5/509/2011/

area of the Northern Hemispher@rown et al, 1997).

It has been demonstrated that the chosen soil parame-
terization can affect the performance of climate models
(Pitman 2003 Rinke et al, 2008 Lawrence and Slater
2008. By incorporating freezing of soil water, the rep-
resentation of the boundary layer dynamics in weather
and climate models was improvediterbo et al, 1999

Cox et al, 1999, Beesley et al(2000 could relate inac-
curacies of the near-surface air temperature in weather
forecast models to the parameterization of the ground
heat flux.

Our measurements have demonstrated a high degree of
small-scale heterogeneity of important processes, par-
ticularly during the refreezing of the active layer. Dif-
ferences in completion of freeze-back between water
bodies and soil can amount up to several months and
the duration of refreezing in different years can vary
up to three months. For the development of Earth Sys-
tem Models aiming to predict greenhouse gas emissions
from permafrost areagfivorostyanov et al2008), this
presents an additional challenge, as the soil volume,
in which microbial decomposition can take place, is
highly variable in time and space. While the signifi-
cance of larger water bodies, such as thermokarst lakes,
for methane emissions has been recognizedVajter

et al. (2006 2007, small ponds showing a delayed re-
freezing compared to the surrounding tundra soils might
be of similar importance, as they are frequent landscape
elements in polygonal tundra regions. In order to ac-
count for such subgrid variability in larger-scale model-
ing approaches, a focus of future research should be put
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on the development of up- and downscaling algorithmsAppendix A
for the governing processes and variables.
Definitions and constants

6 Conclusions Onet net radiation
AQs net short-wave radiation
We present measurements of the winter time surface energy AQ. net long-wave radiation
balance on Samoylov Island in the Lena River Delta in north- Qv incoming long-wave radiation
em Siberia. The study facilitates understanding the pro- 2+ sensible hfelat flux
cesses governing energy and moisture turnover in the cou- gHB Egﬁ?ﬂgﬁt ;IJ:X
. o E
pled per_mafrost-snow-atmosphere sys_te_m in a quantitative O ground or snow heat flux
way. It is based on a data set comprising all components . . sensible ground heat flux
of the surface energy balance at hourly resolution over about QG:Iatent latent ground heat flux
two years (see alsbanger et al.2011), which is one of the Onetp net radiation at the pond
few data sets that could be employed to validate and improve Qcp heat flux released from pond
land-surface schemes in atmospheric circulation models for Cmet heat flux consumed by melting snow
the vast tundra regions in Siberia. The main findings are: residual of the energy balance
Uy friction velocity
— The largest fraction (60 %) of the radiative losses during ¢ = /%= stability parameter
h . is bal d by th dh fl z measurement height
the winter season is balanced by the ground heat flux. Obukhov length
This is facilitated py a _shalloyv snow cover, a strong soil 7, air temperature
temperature gradient in conjunction with the relatively 7+ surface temperature
large thermal conductivity of the frozen peat soil, and RH relative humidity
the large amount of latent heat which is stored in the 6w volumetric liquid water content
thawed active layer. At a freezing pond, the ground heat %w.min minimum liquid water content (frozen)
flux delivers an even larger fraction (80%) of the net ‘wmax maximum liquid water content (thawed)
diation 6; volumetric ice content
ra ) Pdry porosity
A 3 i i
— The sensible heat flux balances only about 40 % of the Pice =0-91gcm™ = density of ice
. . . . psnow=0.19gcnT density of snow
net radiation and thus is of secondary importance during o
. . . Dp thermal diffusivity
most of the winter period, despite of strong turbulent thermal conductivity
atmospheric exchange due to frequent high wind speeds ¢, volumetric heat capacity
and relatively rare stable atmospheric stratifications. Chni=1.9MInT3K~1  volumetric heat capacity of ice
) . Chs~2.3MInT3K~1 volumetric heat capacity of the solid
— The latent heat flux is almost negligible for the surface soil matrix

energy balance during the winter season. However, the

sublimation of snow corresponds to an water equ'Val,entAcknowIedgementSNe are thankful to the Department of Micro-

of about 60 % of the snow cover at the end of the win- yeteorology of the University of Bayreuth headed by Thomas
ter period. This .makes the winter time sublimation an oken for providing the eddy covariance post-processing software.
important factor in the annual water budget. We especially acknowledge the help ofi@her Stoof for the

. . . . support of our field work especially during the spring expeditions.
— The timing of the refreezing of the investigated pond We gratefully acknowledge financial support by the Helmholtz

is highly sensitive to the snow depth on top of the ice association through a grant (VH-NG 203) awarded to Julia Boike.
surface and the incoming long-wave radiation which

is mainly determined by cloudiness. Measurements inEdited by: M. Stendel
two consecutive years reveal a difference of about three
months in the time required to freeze to the bottom.

We conclude that further energy balance studies over thé?eferences

annual cycle across a variety of high-latitude ecosystems arg - a. Impacts of a Warming Arctic — Arctic Climate Impact As-
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