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Abstract. In this study, we present the winter time surface
energy balance at a polygonal tundra site in northern Siberia
based on independent measurements of the net radiation, the
sensible heat flux and the ground heat flux from two winter
seasons. The latent heat flux is inferred from measurements
of the atmospheric turbulence characteristics and a model ap-
proach. The long-wave radiation is found to be the dominant
factor in the surface energy balance. The radiative losses are
balanced to about 60 % by the ground heat flux and almost
40 % by the sensible heat fluxes, whereas the contribution of
the latent heat flux is small. The main controlling factors of
the surface energy budget are the snow cover, the cloudiness
and the soil temperature gradient. Large spatial differences in
the surface energy balance are observed between tundra soils
and a small pond. The ground heat flux released at a freezing
pond is by a factor of two higher compared to the freezing
soil, whereas large differences in net radiation between the
pond and soil are only observed at the end of the winter pe-
riod. Differences in the surface energy balance between the
two winter seasons are found to be related to differences in
snow depth and cloud cover which strongly affect the tem-
perature evolution and the freeze-up at the investigated pond.

1 Introduction

In scenarios of the future climate obtained from current state-
of-the-art General Circulation Models (GCMs), the Arctic
experiences a much more pronounced warming compared to
the global average. The strongest warming is expected to
occur during winter which is already confirmed in current
climate observations (Moritz et al., 2002; Johannessen et al.,
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2004). This warming trend is already reflected in widely in-
creasing soil temperatures in arctic land areas underlain by
permafrost (e.g.Osterkamp, 2005).

The diversity and complexity of the processes governing
the arctic climate constitute a major challenge for climate
modeling, so that predictions are associated with a great un-
certainty. The scientific report of the “Arctic Climate Impact
Assessment” concludes that “much of the uncertainty in arc-
tic climate change projections can be attributed to an insuffi-
cient knowledge of many of the physical processes active in
the arctic domain. [...] To validate coupled high-resolution
models in the Arctic, improved and extended observational
datasets are required. In situ observations exist for a few lo-
cations and restricted time periods, but more such datasets
are needed.” (ACIA, 2004). The latter is especially true
for field datasets on the heat and moisture turnover at the
land-atmosphere interface, which must be parameterized in
an adequate way in climate models. For sea ice on the Arc-
tic Ocean, the SHEBA study has compiled a comprehensive
dataset on the surface energy balance (Persson et al., 2002),
which has been used extensively for model validation (e.g.
Beesley et al., 2000; Tjernstrom et al., 2005). For arctic
land areas,Westermann et al.(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
study is the only available study on the annual surface energy
balance in northern Siberia.

Arctic Permafrost has received increased attention through
scenarios, which suggest massive emissions of greenhouse
gases due to microbial decomposition of organic material
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
until 2100 and an increase of the active layer thickness
in the remaining area (e.g.Stendel and Christensen, 2002;
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Fig. 1. (a)Location of the study site (72◦22′ 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 Slater, 2005; Nicolsky et al., 2007; Lawrence
et al., 2008). In order to improve the accuracy of such pro-
jections, it is desirable to obtain more regional datasets that
can characterize the physical processes and serve as model
validation.

This study is the second part of an extensive investiga-
tion on the annual surface energy balance at a polygonal tun-
dra site in northern Siberia, which represents the first effort
of that scope in the vast tundra regions of northern Siberia.
While the first part (Langer et al., 2011) focuses on the sum-
mer time energy balance and its spatial variability induced by
heterogeneities in the polygonal tundra, this study focuses on
the surface energy balance during the winter periods from 1
October 2007 until 30 March 2008, and 1 October 2008 until
30 March 2009. The objectives of the study are to (i) iden-
tify the controlling and limiting factors of the winter time
surface energy balance, (ii) evaluate differences in the sur-
face energy balance between the most prominent landscape
elements, namely the snow-covered tundra soils and freez-
ing water bodies, and (iii) assess differences between the
two winter seasons. The results are discussed with respect
to modeling the arctic boundary layer and permafrost.

2 Study site

The study site is located at the southern part of the Lena River
Delta on Samoylov Island (72◦22′ N; 126◦30′ E) (Fig. 1).
The regional climate is arctic-continental with a mean annual
air temperature (MAAT) of about−13◦C, a pronounced an-
nual temperature amplitude of about 60◦C and a total annual
precipitation around 250 mm (Boike et al., 2008). Snow fall
and refreezing of the soil begins towards the end of Septem-
ber. The polar winter lasts from mid November until end
of January. The climate and synoptic conditions during the
winter are largely determined by the Siberian High causing
air temperatures to fall frequently below−45◦C. The high
pressure system is often disturbed by the influx of cyclones

with high intensity and short lifetime (Zhang et al., 2004).
The continental climate conditions are also reflected in the
thermal regime of the soil, which is characterized by con-
tinuous permafrost reaching depths of 500 to 600 m in the
region of Lena River Delta (Grigoriev, 1960). During the
observation period, the soil temperature is about−10◦C at
the depth of the zero annual amplitude (ZAA≈ 15 m) and the
maximum thaw depth ranges from 0.4 to 0.5 m at the study
site (Langer et al., 2011). The tundra surface is highly frac-
tionated due to polygonal structures typically 50 to 100 m2

large. The rims of these polygons are elevated by about 0.2
to 0.5 m compared to the centers. The polygonal centers con-
sist of water-saturated peat soils or constitute ponds which
frequently occur at the study site. During the winter period,
the tundra soils are covered by a shallow snow layer, which
has been observed to persist from October until May (Boike
et al., 2008).

3 Methods

The equation of the surface energy balance can be written as

Qnet = QH +QE+QG+Qmelt+C, (1)

whereQnet is the net radiation,QH the turbulent sensible
heat flux,QE the turbulent latent heat flux,QG the subsur-
face (ground or snow) heat flux,Qmelt the energy consumed
by the melting of snow, andC is the residual of the energy
balance which accounts for inaccuracies of measurement. In
the following the termQmelt is neglected, since only tem-
peratures well below the freezing point are observed. The
energy consumed by sublimation of snow is accounted for
by the latent heat fluxQE.

For the evaluation of the surface energy balance we distin-
guish two basic landscape features: the snow covered tundra
soils and freezing or frozen water bodies. While the entire
surface energy balance is measured at the snow covered tun-
dra (hereafter referred to as tundra site), only the net radiation
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Qnet,p and the ground heat fluxQG,p are gathered at a freez-
ing polygonal pond (hereafter referred to as pond site).

3.1 Radiation balance

The net radiation at the tundraQnet and the pond sitesQnet,p
is measured with net radiation sensors (NR-Lite, Kipp &
Zonen, Netherlands). Based on studies which compare the
applied NR-Lite sensor with single component sensors of
higher accuracy we assume the relative accuracy to be about
20 % of the measured value (Brotzge and Duchon, 2000;
Kohsiek et al., 2007). Data from the NR-Lite sensor are not
available at the tundra site for the winter 2008–2009. Instead
we apply a four-component radiation sensor (CNR1, Kipp &
Zonen, Netherlands) to calculate the net radiation. Accord-
ing to instrument specification this senor features a relative
accuracy of about 10 %. The outgoing thermal radiation at
the tundra site is measured separately by a long-wave radia-
tion sensor (CG1, Kipp & Zonen, Netherlands) during winter
2007–2008. The relative accuracy of the sensor is assumed
to be better than 10 % according to a carefully designed sen-
sor inter comparison (Obleitner and De Wolde, 1999). In
winter 2008–2009, the outgoing long-wave radiation is cal-
culated from an infrared surface temperature sensor (IRTS-
P, Apogee Instruments, USA). The sensor delivers bright-
ness temperatures in the spectral range from 7.5 to 14 µm
with an accuracy of about±0.5◦C (Bugbee et al., 1998)
from which the outgoing thermal radiation is calculated using
Stephan-Boltzmann’s law assuming isotropic sky-radiation
(cf. Langer et al., 2011, Sect. 3.1). This results in an abso-
lute accuracy of about±2 W m−2 for the upwelling thermal
radiation in the relevant temperature range from 0 to−45◦C.
Furthermore, the real surface temperatureTsurf is calculated
using a thermal emissivity of 0.99±0.01 for snow (Dozier
and Warren, 1982). This results in a total uncertainty of about
±1◦C on the surface temperature in the expected range of
up- and down-welling radiation.

3.2 Turbulent heat fluxes

The sensible heat fluxQH is inferred from the eddy covari-
ance method. The applied eddy covariance setup consists of
a 3-D sonic anemometer (C-SAT, Campbell Scientific, USA)
and a data logger (CR3000, Campbell Scientific, USA). This
measurement setup permits the sampling of the three dimen-
sional wind speed components and the sonic temperature at
a rate of 20 Hz. Based on these measurements the momen-
tum flux u2

∗ and, in first order approximation, the buoyancy
flux QHB can be inferred (Liu et al., 2001). These turbulent
fluxes are calculated for 30 min intervals with the “QA/QC”
software package “TK2” including standard corrections and
quality tests (Mauder and Foken, 2004; Mauder et al., 2008).
For a more detailed description of the corrections and quality
tests applied in the data post-processing please refer to the
companion study (Langer et al., 2011, Sect. 3.2). In princi-

ple, the buoyancy fluxQHB must be corrected according to
the flux of water vapor in order to obtain the true sensible heat
flux QH (Schotanus et al., 1983). With an expected Bowen
ratio ofQH/QE ≈ 0.5, the true sensible heat flux is less than
3 % lower than the measured buoyancy flux in the tempera-
ture range from−10 to−45◦C and about 10 % lower for a
Bowen ratio of 2 at 0◦C. Hence, we accept the buoyancy flux
to be a good approximation of the real sensible heat flux for
most of the observation period. According to a quality check
and the exclusion of the lee wind sector (263◦ to 277◦), about
18 % of the flux measurements must be discarded. In care-
fully designed experiments, the applied quality criterion is
found to be associated with a relative accuracy of about 15 %
which we assume to be appropriate for the measured buoy-
ancy flux (Mauder et al., 2006). In addition to the turbulent
fluxes, the stability parameterζ can be inferred from the eddy
covariance measurements, which provide information about
the atmospheric stratification withζ ≈ 0 for a well mixed or
neutrally stratified atmosphere,ζ > 0 for stable, andζ < 0
for unstable atmospheric stratifications.
The latent heat fluxQE at the tundra site is modeled for win-
ter 2007–2008 by the same approach which is described in
detail in the companion study during the summer half-year
(cf. Langer et al., 2011, Appendix D). The model makes use
of the available eddy covariance measurements of the mo-
mentum fluxu2

∗ and the buoyancy fluxQHB, from which
the turbulent transport coefficient is inferred. The atmo-
spheric stratification is calculated based on the often applied
parametrization introduced byHøgstrøm(1988). The near
surface gradient of the specific humidity is inferred from
measurements of relative humidity RH in 2 m height and the
surface temperatureTsurf from which the water vapor pres-
sure above the snow surface is calculated using Magnus for-
mula. The relative accuracy of the latent heat flux is esti-
mated to be on the order of 25 %, assuming Gaussian error
propagation with a relative accuracy of 15 % on the transport
coefficient (inferred from the eddy measurements) and 20 %
on the gradient of the specific humidity.

3.3 Ground heat fluxes

The ground heat flux is calculated for both sites. The ground
heat flux is defined as the heat flux across the landscape sur-
face which, as appropriate, is the soil, the snow, or the lake
ice surface. For the heat flux calculations, we apply the
calorimetric and the conductive method (cf.Langer et al.,
2011, Appendix B and C).

3.3.1 The calorimetric method

The calorimetric method calculates the ground heat flux
based on changes in the internal energy of a soil column
using measurements of the soil temperature and liquid wa-
ter contentθw (cf. Langer et al., 2011, Appendix B). This
method is used for evaluating averages of the ground heat
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Fig. 2. Scheme of the different measurement setups used for the
evaluation of ground heat flux.(a) Cross-section of the tundra soil
indicating polygonal rims and centers.(b) Cross-section of the
polygonal pond during the stage of freezing. Note that the depicted
scheme is not to scale.

flux over periods longer than a few days. Due to the measure-
ments of temperature and liquid water content, it is possible
to distinguish sensible and latent heat storage, which we ex-
press as energy fluxesQG,sensibleandQG,latent. Note that the
heat storage in the shallow snow layer becomes negligible for
long-term averages, so that temperature profiles in the snow
pack are not required. During winter 2007–2008, soil tem-
peratures are available from a 26 m borehole and a thermistor
profile in the active layer (CA I) (Fig.2). The liquid water
contentθw is measured in the active layer by Time-Domain-
Reflectometry (TDR) probes.

Since the deep borehole and the TDR probes are not avail-
able during winter 2008–2009 (CA II), we rely on a shallow
borehole of 4 m depth and a parameterization of the liquid
water content in dependence of the soil temperature. This
so-called “freeze curve” is inferred by fitting a polynomial
function to measurements of water content and temperature
of the previous year (Fig.3). In both years (before the onset
of freezing) the soils are water saturated featuring a volu-
metric liquid water content of about 75 %. During freezing,

Fig. 3. The freezing characteristic of the soil at the study site which
parameterizes the soil water contentθw in dependence to the soil
temperature. The used polynomial function and the fitted parame-
ters are depicted in the figure.

we assume the peat soils to stay saturated, since subsurface
drainage is assumed to be negligible. In addition, the verti-
cal water exchange is largely impeded by the formation of an
ice layer at the soil surface with the beginning of freezing.
Hence, it can be assumed that changes in the liquid water
content are mainly attributed to the phase change of water
during the observation period.

The calorimetric method requires measurements down to
a depth of zero temperature change in the concerned averag-
ing period. Hence, heat fluxes below the measurement depth
of 4 m are required. We calculate the heat flux through the
lower boundary of the temperature profile by using the con-
ductive method (cf.Langer et al., 2011, Appendix C). Soil
heat capacities, thermal diffusivity and heat conductivity of
frozen tundra soils are evaluated similar to the summer time
values (Table1).

3.3.2 The conductive method

The conductive method calculates the heat flux across a layer
by solving the differential equation of conductive heat trans-
port. For more details on the calculations please refer to
the companion study (Langer et al., 2011, Appendix C). The
conductive method involves the determination of the thermal
diffusivity of snow or soil which are presented in Table1.
The method is applied for both calculations of the ground
heat flux at (a) the tundra site and (b) the thermokarst pond.
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Table 1. Used soil parameters for ground heat flux calculations during the winter period. Values of porosityPdry and volumetric ice content
θi are estimated based on soil sample analysis and in situ soil water content measurements during summer. The heat capacities are calculated
by weightingCh,i andCh,s according to the assumed ice content and porosity. The thermal diffusivitiesDh are determined by using the
conductive method, from which we evaluate the thermal conductivityKh with estimated heat capacity (cf.Langer et al., 2011). Errors are
calculated using Gaussian error propagation.

Substrate Pdry θi Ch [MJ m−3 K−1] Dh [m2 s−1]×10−6 Kh [W m−1 K−1]

frozen dry peat 0.8± 0.1 0.1± 0.1 0.7± 0.30 0.68± 0.19 0.46± 0.25
frozen wet peat 0.8± 0.1 0.7± 0.1 1.8± 0.30 0.54± 0.09 0.95± 0.23
frozen saturated peat 0.8± 0.1 0.8± 0.1 2.0± 0.05 0.96± 0.09 1.92± 0.19
snow ρsnow= 190± 10kgm−3 0.4± 0.04 0.54± 0.04 0.22± 0.03
ice ρice = 920kgm−3 1.9 1.2 2.3

a. For the tundra site, this method is applied for calculating
heat fluxes with hourly resolution. These high resolu-
tion heat fluxes are only obtained at polygonal centers,
where snow cover measurements are available. Two dif-
ferent sets of measurements (CO I and CO II) are used
to calculate the heat flux across the snow cover with
the conductive method (Fig.2). Firstly, snow temper-
ature measurements at three depths with known relative
distance are employed. This method is similar to the
conductive heat flux calculation used for the uppermost
soil layer in the companion study and involves the de-
termination of the thermal diffusivity of the snow cover.
The required snow temperature profile measurements
are available during winter 2008–2009. The used mea-
surement setup (CO I) consists of an array of tempera-
ture sensors (thermocouples) fixed on very thin (4 mm)
carbon rods of different length which are placed verti-
cally about 3 cm apart from each other (Fig.2). The
height difference between the temperature sensors is
5 cm. Secondly, for winter 2007–2008 when the snow
temperature profile is not available, the snow heat flux
is calculated using the surface temperature of the snow
cover, the temperature at the snow-soil interface, the
snow depth and the thermal diffusivity and conductivity
of the snow cover (CO II). The snow surface tempera-
ture is measured by an infrared sensor, the temperature
at the snow-soil interface is measured by a thermistor
close to the surface and the required snow depth is ob-
tained by an ultrasonic ranging sensor (Fig.2). As a
rough approximation, we assume a similar thermal dif-
fusivity of the snow cover in winter 2007–2008, as cal-
culated from the temperature profile measurements dur-
ing winter 2008–2009.

b. For the pond site the conductive method is used to calcu-
late long-term averages of the heat flux through the ice
layerQG,p. The employed temperature profile (CO III)
consists of four temperature sensors which are fixed on
a mast located in the middle of the water body, where
the water depth is approximately 0.8 m (Fig.2). In the

course of the winter, the temperature sensors freeze in
the ice of the pond. From the temperature profile, we
can calculate the heat flux trough the ice layer, as soon
as it approaches a thickness of 24 cm, which then con-
tains the two uppermost temperature sensors of the pro-
file. We use the conductive method described inLanger
et al. (2011) (cf. Appendix C) to evaluate the heat flux
through the ice cover surface with the known thermal
diffusivity and conductivity of ice. The employed val-
ues are depicted in Table1.

3.4 Snow cover measurements

We use different methods for the detection of the snow depth.
The snow depth is measured with an ultrasonic ranging sen-
sor (SR50, Campbell Scientific, USA) located at the tundra
site and the pond site. During winter 2008–2009, data from
the ultrasonic sensor is not available at the tundra site. There-
fore, we infer the snow depth from the snow temperature pro-
file described in Sect.3.3 using the method ofLewkowicz
(2008), who determines the snow depth from a temperature
decoupling between buried and unburied sensors. The tem-
perature profile provides a vertical resolution of 5 cm. The
method is found to deliver a suitable measure of the snow
cover evolution compared to standard observations at climate
stations (Lewkowicz, 2008). In addition, we use the AMSR-
E 5-Day L3 snow water equivalent (SWE) product (Kelly
et al., 2004) to obtain a complementary snow cover infor-
mation in addition to our point measurements. The satellite
product is based on passive microwave detection and fea-
tures a spatial resolution of 25 km. A detailed technical de-
scription of the product and the retrieval algorithm is given
by Pulliainen and Hallikainen(2001). For tundra surfaces,
the accuracy of the SWE product is expected to be in the
range of 10 %, since the shallow vegetation only marginally
affects the snow cover signal (Foster et al., 2005). We se-
lected the closest pixel to the study site, which must be un-
derstood as an average value over a large variety of surface
structures. The remote sensing product supports the evalu-
ation of the snow depth measurements, as the satellite data
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allow to judge whether the point observations reflect a local
or regional snow cover evolution.

Moreover, SWE field measurements are conducted during
April 2008 and 2009. From these measurements, we calcu-
late the snow heat capacity, which is used for the heat flux
calculations. The obtained values are presented in Table1.
The field measurements of the snow densityρsnoware further
used for the conversion of the AMSR-E dataset from SWE to
snow depths.

4 Results

In the following, we describe the winter surface energy bal-
ance. We divide the observation period into three sections,
according to the availability of sunlight. During the first and
the last winter sections, short-wave radiation is still or again
present, whereas the middle period is characterized by the
absence of sunlight due to polar night conditions.

4.1 Early winter (1 October–30 November)

The first winter period lasts from the beginning of Octo-
ber until the end of November, immediately before the be-
ginning of the polar night. The surface energy balance is
characterized by a strongly negative net radiation on the or-
der of−20 W m−2, which is about 25 W m−2 less compared
to the preceding fall season (cf.Langer et al., 2011). The
net short-wave radiation is very small (≈2 W m−2) due to
the high albedo of the snow cover. The negative net radia-
tion is largely balanced by the ground heat fluxQG (−10 to
−20 W m−2), whereas the sensible heat fluxQH shows only
a marginal contribution of about−5 W m−2, which is only
slightly more negative than during the fall season. The mod-
eled latent heat fluxQE is still positive (≈10 W m−2), which
agrees with the high values measured in the previous fall pe-
riod. Similar to the fall period, the energy balance residual
C is considerable (50 % ofQnet), which indicates that some
heat flux is not detected.

The general weather conditions are characterized by
rapidly declining air temperatures, decreasing sun angles,
snow accumulation and the freezing of soil and water bod-
ies. In both years, the air temperatures rapidly fall from about
0◦C at the beginning to−20◦C at the end of the period. The
build-up of a continuous snow cover starts in both winters at
the beginning of October. However, differences in the snow
depth evolution between both years are observed at the tun-
dra site. In 2007, the snow cover reaches a depth of about
0.15 m shortly after the first snow fall and remains almost
constant until the end of the period. In 2008, the snow cover
accumulation is much slower and ends up with a snow depth
of about 0.1 m (Fig.4). An even greater difference in snow
depth between the two winter seasons is observed at the pond
site, which in 2007 is covered by about 0.2 m of snow shortly
after the first snow fall, whereas in 2008 almost no snow

cover is measured until the end of this winter period (Fig.4).
The differences in snow cover accumulation between the two
winter seasons broadly agree with the satellite measurements
(AMSR-E) (Fig.4).

The net radiation of the first winter period is dominated by
the long-wave radiation1QL , which in 2008 is about fifteen
times larger than the net short-wave radiation1QS (Table2,
Fig.5). The incoming long-wave radiation steadily decreases
from about 300 W m−2 to 180 W m−2. This general trend is
overlain by rapid variations in the range of 60 to 70 W m−2.
In frequent situations, the outgoing and the incoming long-
wave radiation are in quasi-balance (Qnet≈ 0). The outgo-
ing long-wave radiation follows the general trend of its in-
coming counterpart and decreases from about 315 W m−2

to 200 W m−2, which corresponds to a surface temperature
cooling from 0 to−24◦C. The surface temperature of 2008
appears to be slightly increased compared to 2007, which on
average amounts to an increased radiative loss on the order
of 5 W m−2 in 2008. The surface temperature follows to a
large extent the short-term fluctuations of the incoming long-
wave radiation. The observed fluctuations are on the order of
10◦C. The negative net radiation is partly balanced by the
sensible heat fluxQH, which is negative in both years. In
both years, the average values of the sensible heat fluxes are
small compared to the ground heat fluxes, but show strong
short-term variations on the order of 30 W m−2. The ob-
served fluctuations in the sensible heat fluxes largely follow
the stepwise variations of the net radiation. Slightly posi-
tive sensible heat fluxes, that drag heat from the surface to
the atmosphere, are observed occasionally. These events are
strictly correlated to high values of down-welling thermal ra-
diation and positive temperature gradients between the sur-
face and the near-surface air temperature. High absolute val-
ues of the sensible heat flux are almost always associated
with high wind speeds and strong turbulent exchange. The
atmospheric stratification is mostly neutral (ζ ≈ 0), while sta-
ble stratification (ζ > 0) only occur occasionally under clear-
sky and calm conditions. Such stable stratifications are char-
acterized by a very high ground heat flux, which compensates
for the reduced sensible heat flux. The largest fraction of the
negative net radiation is balanced by the ground heat flux
QG, which is predominately supplied by latent heat of freez-
ing (Table2). In the inter-annual comparison, the ground
heat flux of 2008 is by a factor of about two increased com-
pared to 2007. This difference corresponds to lower surface
temperatures and the faster snow cover build-up of 2007 (Ta-
ble 2). It also agrees with the fact, that the active layer is
completely frozen by the end of the early winter period in
2008, but not in 2007.

Even larger differences in the ground heat flux between
both years are observed at the polygonal pond. Accord-
ing to the temperature profile measurements, we can esti-
mate the ice cover thickness to be about 30 cm at the end
of the early winter period in 2007. In 2008, the tempera-
ture measurements indicate that the water body is completely

The Cryosphere, 5, 509–524, 2011 www.the-cryosphere.net/5/509/2011/



M. Langer et al.: Surface energy balance in northern Siberia – Part 2 515

Table 2. Averages of the net radiationQnet, the net short-wave radiation1QS, the net long-wave radiation1QL , the sensible heat fluxQH,
the latent heat fluxQE, the ground heat fluxQG, the sensible fraction of the ground heat fluxQG,sensible, the latent fraction of the ground
heat fluxQG,latent, and the closure termC. 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 radiationQnet,p and the ground heat fluxQG,p at the pond site are
provided.

Early winter Polar winter Late winter
2007 2008 2007–2008 2008–2009 2008 2009

1 Oct–30 Nov 1 Oct–30 Nov 1 Dec–30 Jan 1 Dec–30 Jan 1 Feb–30 Mar 1 Feb–30 Mar

Qnet[W m−2] –171 –212 –211 –252 –14.71 –
1QS [W m−2] – 1.5 0 0 – –
1QL [W m−2] – –22 –21 –25 – –

QH [W m−2] –6 –5 –9 – –10.3 –
QE [W m−2] 93 – 43 – 33 –
QG [W m−2] –11 –20 –17 –14 –5.4 –10.4
QG,sensible[W m−2] 3 –3 –14 –14 –5.4 –10.4
QG,latent[W m−2] –14 –17 –3 0 0 –
C [W m−2] –9 – –1 – 2 –

QH/Qnet 0.35 0.24 0.43 – 0.70 –
QE/Qnet –0.533 – –0.193 – –0.203 –
QG/Qnet 0.65 0.95 0.81 0.56 0.37 –
C/Qnet 0.533 – 0.053 – –0.143 –
QH/QE –0.673 – –2.253 – –3.433 –

Qnet,p [W m−2] –181 –231 –221 –251 –201 –21.51

QG,p [W m−2] –124 –344 –32 –28 –12.6 –22.3

Tsurf [
◦C] –16 –15 –29.9 –29.7 –25.9 –35.5

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 of
about 920 kg m−3, this amount of ice corresponds to an av-
erage heat fluxQG,p of about−12 W m−2 in 2007 and about
−34 W m−2 in 2008. Note that these heat fluxes are only es-
timated according to the amount of frozen water, which does
not contain the temperature change of the water body and the
ground underneath. Hence, the true ground heat flux at the
pond must be even larger. However, in 2007, the estimated
heat flux value at the freezing pond is in a good agreement
with the net radiationQnet,p, which we measure directly at
the surface of the water body (Table2). It is evident, that such
an energy balance agreement is not given in 2008, where the
pond heat flux releases about 10 W m−2 more than is lost by
radiation.

During the early winter period a residual term of the en-
ergy balance ofC = −9 W m−2 is found, which amounts
to about 50 % of the net radiation. This closure gap is by
a factor of two outside of the expected error range which
we estimate based on the given accuracies and the average

flux values (cf. Sect.3) including the error induced by us-
ing the buoyancy flux instead of the true sensible heat flux.
The relatively large closure gap might be explained by dif-
ferences in the footprint areas of the sensors used to measure
the components of the surface energy balance (Langer et al.,
2011, Sect. 5.1). This is even more likely as a strong spa-
tial variability of the surface and subsurface conditions is ob-
served during the early winter period due to a spatially vari-
able build-up of the snow cover and onset of soil freezing.
Surface heterogeneities and inconsistent footprint areas are
considered one of the major sources of uncertainty in energy
balance studies (e.g.Inagaki et al., 1996; Foken, 2008).

4.2 Polar winter (1 December–30 January)

The polar winter section features a highly negative net ra-
diation in the range of−20 to −25 W m−2. Due to polar
night conditions, the radiation balance is only determined by
thermal 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 of(a) 2007 and(b) 2008. Moreover, we depict the snow depth inferred from the AMSR-E snow water equivalent product
using a snow density of 190 kg m−3 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 periods of(c) 2007 and(d) 2008.

Fig. 5. Monthly averages of energy balance components for the
winter 2007/2008.

is balanced by the ground heat fluxQG, which is on the
order of about−15 W m−2. Compared to early winter, the
sensible heat fluxQH decreases and is now on the order of
−10 W m−2. The latent heat fluxQE is lowered and features
a value of only 4 W m−2.

The polar winter section is characterized by the absence
of solar radiation during which the air temperatures reach
their annual minimum of about−44◦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
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
until the end of this section (Fig.4). This delayed freezing
process in 2007–2008 affects the temperature at the bottom
of the water body, which is about 15◦C warmer compared to
the following year (Fig.4).
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Fig. 6. Hourly averages ofQnet, QH andQG 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 parameterζ are depicted in the upper graph.

The energy balance of the polar winter section is en-
tirely governed by the net long-wave radiation1QL which
is strongly negative (Table2). In both years, the incoming
long-wave radiation frequently fluctuates between 140 and
240 W m−2. Conditions of constant incoming radiation typ-
ically last between two and three days. The surface temper-
atures and thus the outgoing thermal radiation show a strong
variability in the range of−15◦C to −45◦C in both years,
which corresponds to emitted radiative fluxes of about−150
and−250 W m−2. The negative net radiation is partly bal-
anced by a slightly increased sensible heat flux compared to
early winter (Table2, Fig. 5). The largest fraction of the
net radiation is balanced by the ground heat fluxQG, which
is mainly supplied by the release of sensible heatQG,sensible
that originates to about 85 % from the first four meters of the
soil column. Recalling the difference in the ground heat flux
between early winter 2007 and 2008, the differences are now
reversed. The ground heat flux of 2007 is now higher com-
pared to 2008, which corresponds to a warmer soil in 2007
and therefore to a steeper soil temperature gradient.

An exemplary situation during the transition from the early
winter to the polar night in 2007–2008 is depicted in Fig.6.
The example shows the typical stepwise pattern of the net
long-wave radiation. This pattern is followed by the course
of the sensible heat flux and the ground heat flux, which usu-
ally balances the largest fraction of the radiative losses. The
turbulent heat flux becomes large (QH ≈ −30 W m−2) under
clear-sky and windy conditions (wind speed≈ 8 m s−1), as
they occur around 23 November and 4 December. The neg-
ative net radiation is then primarily balanced by the sensible
heat flux, which leads to a subsequent surface warming that
reduces the snow temperature gradient and thus the ground

heat flux (Fig.6). On rare occasions, the net radiation is
found to be positive. During one of these situations, we can
observe the development of a slightly unstable stratification
(ζ < 0) around 25 November. This situation follows a pe-
riod of calm conditions featuring stable stratifications and
high radiative losses cooling down the near surface atmo-
sphere. The rapid increase of the net radiation to positive
values heats up the surface which consequently leads to a
positive near-surface temperature gradient and the short-time
development of unstable conditions. The unstable stratifica-
tion breaks down as the net radiation falls back to negative
values (Fig.6).

The dominance of incoming thermal radiation on the sur-
face temperature and thus on the entire energy balance is il-
lustrated in Fig.7. It can be seen that surface temperature is
mainly related to the incoming thermal radiation while other
factors, such as wind speed (turbulent exchange) only have
a secondary impact. The wind speed reveals its largest im-
pact on the surface temperature during low values of incom-
ing long-wave radiation. This relation is explained by the
fact, that the surface cools down strongest under clear-sky
conditions when the turbulent heat transport from the atmo-
sphere to the surface is limited by the absence of wind. This
situation describes the typical evolution of a near-surface
temperature inversion under stable atmospheric stratification
(ζ > 0), which leads to pronounced surface cooling. How-
ever, such conditions are observed only occasionally, since
wind-induced turbulent mixing dominates during the polar
night, so that the formation of stable stratifications (ζ > 0) is
limited.

Large differences in the ground heat flux between 2007
and 2008 are again observed at the investigated pond
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(Table2), which in 2007–2008 is finally frozen by the end of
the polar winter. Similar to the ground heat fluxQG, the pond
heat fluxQG,p is now higher in 2007–2008 than in 2008–
2009. We also observe that in both years the released energy
at the pondQG,p is larger than the radiative lossesQnet,p,
which indicates that amplified turbulent sensible heat fluxes
might occur at the surface of the frozen water body similar
to the early winter period. The ground heat flux at the pond
is by a factor of two higher compared to the ground heat flux
at the tundra siteQG.

4.3 Late winter (1 February–30 March)

The energy balance of the late winter section is still charac-
terized by negative net radiationQnet of about−15 W m−2,
which is still significantly lower compared to the following
spring period, described in the companion study. This is due
to the fact that the net radiation rapidly increases during this
and the following period. The ground heat fluxQG features
about−5 W m−2 and loses its dominant role in balancing the
net radiation. The largest fraction of radiative losses is now
balanced by a further increased sensible heat fluxQH, which
is on the order of−10 W m−2. The modeled latent heat flux
QE remains small at about 3 W m−2.

The synoptic conditions are determined by the end of the
polar night and increasing air temperatures from about−35
to−5◦C. The snow depth in 2008 slightly increases by about
5 to 10 cm and reaches its annual maximum of 25 to 30 cm.

In the course of the late winter period the net radiation
reaches values as low as−40 W m−2, while positive fluxes
can exceed 20 W m−2 (Fig. 8). Positive net radiation values
frequently occur within a pronounced diurnal cycle towards
the end of this period. The upwelling long-wave radiation
ranges from 160 to 300 W m−2 which corresponds to sur-
face temperatures of−40 and−3◦C, respectively. The sen-
sible heat flux is more negative compared to the polar win-
ter period and balances about 70 % of the radiative losses,
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
exceeds values of−3◦C with an average gradient of about
−1◦C (Table2). The sensible heat flux features a diurnal
cycle towards the end of the later winter period and ranges
from −40 W m−2 to 5 W m−2 (Fig. 8). Positive sensible heat
fluxes are usually observed during local noon, when the net
radiation is positive due to high values of incoming solar ra-
diation. The atmospheric stratification is neutral during the
first half of the late winter section corresponding to high wind
speeds. Within the course of the late winter period, the sta-
bility parameterζ indicates frequent changes between stable
and unstable stratifications.

The ground heat flux is mainly supplied by sensible heat
from the deep soil layers. About 85 % of the released heat
originates from soil cooling down to a depth of 7 m. A more
detailed look at the ground heat flux reveals more frequent
positive heat fluxes towards the end of the period, which
are usually associated with strongly negative sensible heat
fluxes. This indicates that at the end of the entire winter pe-
riod the initial warming of the ground is largely supplied by
sensible heat fluxes from the atmosphere. The evolution of
the surface energy balance is in good agreement with mea-
surements of the following spring period which are described
in the companion study comprising the summer half-year pe-
riod.

Spatial differences of the energy balance are still observed
between the polygonal pond and the tundra site. The ground
heat flux at the polygonal pondQG,p is still strongly in-
creased compared to the tundra ground heat fluxQG, which
corresponds to the more negative net radiation at the pond
Qnet,p (Table2). This indicates that the polygonal pond most
likely features slightly higher surface temperatures. If we
assume the surface albedo at the snow covered tundra to be
similar to the snow-covered pond, the surface at the pond
would be about 1◦C warmer in accordance to the increased
ground heat flux.
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Fig. 8. Hourly averages ofQnet, QH andQG during the late winter in 2008 (lower graph). The wind speed and the stability parameterζ are
depicted in the upper graph.

5 Discussion

5.1 The controlling factors of the winter time surface
energy balance

5.1.1 The long-wave radiation

The net radiation during the winter period is mainly deter-
mined by the long-wave radiation, as it mostly falls within
the polar night, while the high albedo of the snow cover lim-
its the role of the short-wave radiation at the beginning and
the end of the period (Table2). The net long-wave radiation
fluctuates strongly between almost zero and highly negative
values of up to−50 W m−2. The fluctuations are caused by
rapid changes of the incoming long-wave radiation which are
most likely attributed to changes in cloudiness (Curry et al.,
1993; Shupe and Intrieri, 2004). Our measurements indicate
that the net radiation sets the general range within which the
surface temperature can adjust especially during the polar
winter period. Hence, the cloudiness must be considered a
dominant factor controlling the evolution of the surface tem-
perature and thus strongly affects the turbulent and ground
heat fluxes. The cloudiness is associated with larger-scale at-
mospheric circulation patterns, such as cyclone activity and
the strength of the Siberian High (Brümmer et al., 2000). The
impact of atmospheric circulation patterns on the energy bal-
ance of the Arctic has been outlined in a number of stud-
ies (e.g.Curry et al., 1993; Serreze et al., 2000; Petrone and
Rouse, 2000). As the ground heat flux balances the largest
fraction of the radiative losses, it is conceivable that the fu-
ture evolution of the permafrost temperatures is directly in-
fluenced by the evolution of winter time cyclone activity at
the study site.

5.1.2 The ground heat flux

The ground heat flux is of remarkable importance for the sur-
face energy balance during the entire winter, since it is the
main balancing factor of the radiative losses. It originates
from both the refreezing of the active layer and the cool-
ing of the soil which together sustain a ground heat flux that
balances on average about 60 % of the radiative losses. The
magnitude of the ground heat flux is attributed to the strong
soil temperature gradient caused by the large annual temper-
ature amplitude due to the continental climate condition as
well as the shallow snow cover which only constitutes a weak
thermal insulation for the ground. Furthermore, the high wa-
ter (ice) content of the active layer facilitates the storage of
energy in the upper soil layer which already balances 30 %
of the radiative losses during the entire winter. In addition,
the heat conductivity of the frozen soil is by a factor of two
higher compared to unfrozen conditions which facilitates a
strong conductive heat transport from the deep soil layers to
the surface (cf.Langer et al., 2011).

We observe strong differences in the ground heat flux be-
tween both years, in particular during the early winter pe-
riod when the ground heat flux in 2007 is by a factor of two
smaller compared to 2008. This is most likely attributed to
the faster snow cover build-up in 2007 and higher radiative
losses in 2008 leading to a delayed soil freezing of about a
week in 2007 compared to 2008. At the investigated pond,
where almost no snow cover is observed during the early
winter period in 2008, the refreezing is even delayed by about
three months. Our measurements demonstrate that the time
that is required for completely freezing the tundra soils and
ponds is highly sensitive to the evolution of the snow cover
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and the downwelling long-wave radiation which is largely
controlled by cloudiness.

5.1.3 The sensible heat flux

While the interplay between the net radiation, the ground
heat flux and the sensible heat flux can be complex (Fig.6),
the magnitude of the average sensible heat flux is signifi-
cantly smaller than the ground heat flux during most of the
winter period. The predominantly high wind speeds and neu-
tral atmospheric stratifications suggest that the sensible heat
flux is not limited by the turbulent transport. Its contribu-
tion to the surface energy balance is most likely limited by
the depleted atmospheric heat reservoir under the continen-
tal conditions which is also reflected in the extremely cold
air temperatures. The strong ground heat flux is potentially
a limiting factor for the further cooling of the near-surface
atmosphere, as the heat reservoir in the ground can deliver
most of the energy lost through long-wave radiation at the
surface. The contribution of the winter time sensible heat
flux to the surface energy balance is by a factor of two smaller
than values reported for arctic-oceanic conditions on Sval-
bard (Westermann et al., 2009), but of similar magnitude as
values reported from measurements on sea ice at the Arctic
Ocean (Persson et al., 2002).

The highest values of sensible heat fluxes are observed at
the end of the winter season when the ground heat flux loses
its dominant role. The measurements reveal that at the end
of the late winter period the sensible heat flux contributes
substantially to the initial warming of the soil. These findings
are in good agreement with observations immediately before
the onset of snow melt in spring (Langer et al., 2011), which
suggests that the warming of the soil as well as the following
snow melt is at least partly triggered by the influx of warm air
masses, which lead to a warming of the cold tundra surfaces.
This might be attributed to the attenuation of the Siberian
High which falls within this time and is observed to lead to an
increased cyclone activity in northern Siberia (Serreze et al.,
1993; Zhang et al., 2004).

5.2 The annual surface energy balance

The extensive dataset presented in this and the companion
paper (Langer et al., 2011) allows to assess the annual course
of the surface energy balance at least in a semi-quantitative
way, despite of measurement uncertainties and gaps in the
time series due to instrument failure.

The net radiation during the summer season is largely de-
termined by the incoming short-wave radiation, which is fur-
ther intensified by the polar day conditions. Conversely, the
net radiation during winter is almost entirely determined by
long-wave radiation facilitated by low or zero values of the
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-

diation is attenuated during the high summer season by the
presence of clouds, while the radiative losses are reduced
during the entire winter period. This is in agreement with
more detailed observations of the cloud radiative forcing in
the Arctic (Shupe and Intrieri, 2004).

During the winter period, the largest fraction of the net
radiation is provided by the ground heat flux. The average
ground heat flux of the winter half-year period ranges from
−11 to −15 W m−2 and from 11 and 13 W m−2 during the
summer season (Langer et al., 2011). Despite the fact that the
radiative forcing during winter is considerably lower than in
the summer season, the ground heat flux is of a similar mag-
nitude (Fig.9). This indicates that the ground heat budget is
in equilibrium in terms of the expected measurement accu-
racy.

During the winter period, an average latent heat flux of
about 5 W m−2 is observed which is equivalent to a total of
30 mm of sublimated water which is about 60 % of the water
equivalent of the snow cover at the end of winter. Although
the contribution to the surface energy balance is low, the win-
ter time latent heat flux has a large impact on the hydrology
of study site, since the snow cover contributes about a quar-
ter to the annual water budget (Langer et al., 2011). The
annual average of the latent heat flux is about 15 W m−2, cor-
responding to 190 mm of evaporated water. This equates to
about 70 to 80 % of the total annual precipitation reported for
the study site (Boike et al., 2008), so that the vertical water
balance is positive.

Over the entire winter period we observe an average sen-
sible heat flux of about−8 W m−2 which amounts to a cool-
ing of an air column of 1000 m height by about 30◦C over
a period of 6 months. This matches the order of magnitude
of the observed near-surface temperature cooling, which is
also on the order of 30◦C. The average sensible heat flux
during the summer half-year period is approximately 6 to
7 W m−2 (Langer et al., 2011), which indicates that the an-
nual heat budget of the atmosphere is almost in equilibrium
in the course of one year. This indicates that heat advection
plays only a secondary role in the annual energy budget, al-
though heat advection is found to be an important factor for
processes such as snow melt and initial warming in Siberia
(Iijima et al., 2007).

The annual overview indicates that the surface energy bal-
ance is almost in equilibrium for the sensible and the ground
heat flux. Hence, the gain of radiative energy mainly during
the summer season is almost entirely balanced by the latent
heat flux. The total evaporation is also in a good agreement
with the precipitation which is only slightly larger. There-
fore, it is conceivable that the horizontal exchange of energy
and water is very limited at the study site. This corresponds
to the strong intensity of water recycling observed in north-
east Siberia (Trenberth, 1999; Serreze et al., 2002).
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Fig. 9. The partitioning of the surface energy balance during(a) the summer period from 7 June 2008 to 30 August 2008 (cf.Langer et al.,
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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 scales” (WCRP, 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 paper (Langer 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 15 m 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

area of the Northern Hemisphere (Brown 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 improved (Viterbo 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 areas (Khvorostyanov et al., 2008), 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 recognized byWalter
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 algorithms
for the governing processes and variables.

6 Conclusions

We present measurements of the winter time surface energy
balance on Samoylov Island in the Lena River Delta in north-
ern Siberia. The study facilitates understanding the pro-
cesses governing energy and moisture turnover in the cou-
pled permafrost-snow-atmosphere system in a quantitative
way. It is based on a data set comprising all components
of the surface energy balance at hourly resolution over about
two years (see alsoLanger et al., 2011), which is one of the
few data sets that could be employed to validate and improve
land-surface schemes in atmospheric circulation models for
the vast tundra regions in Siberia. The main findings are:

– The largest fraction (60 %) of the radiative losses during
the winter season is balanced by the ground heat flux.
This is facilitated by a shallow snow cover, a strong soil
temperature gradient in conjunction with the relatively
large thermal conductivity of the frozen peat soil, and
the large amount of latent heat which is stored in the
thawed active layer. At a freezing pond, the ground heat
flux delivers an even larger fraction (80 %) of the net
radiation.

– The sensible heat flux balances only about 40 % of the
net radiation and thus is of secondary importance during
most of the winter period, despite of strong turbulent
atmospheric exchange due to frequent high wind speeds
and relatively rare stable atmospheric stratifications.

– The latent heat flux is almost negligible for the surface
energy balance during the winter season. However, the
sublimation of snow corresponds to an water equivalent
of about 60 % of the snow cover at the end of the win-
ter period. This makes the winter time sublimation an
important factor in the annual water budget.

– The timing of the refreezing of the investigated pond
is highly sensitive to the snow depth on top of the ice
surface and the incoming long-wave radiation which
is mainly determined by cloudiness. Measurements in
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 the
annual cycle across a variety of high-latitude ecosystems are
highly desirable in order to improve models and thus climate
projections for the Arctic.

Appendix A

Definitions and constants

Qnet net radiation
1QS net short-wave radiation
1QL net long-wave radiation
QL↓ incoming long-wave radiation
QH sensible heat flux
QHB buoyancy flux
QE latent heat flux
QG ground or snow heat flux
QG,sensible sensible ground heat flux
QG,latent latent ground heat flux
Qnet,p net radiation at the pond
QG,p heat flux released from pond
Qmelt heat flux consumed by melting snow
C residual of the energy balance
u∗ friction velocity
ζ = z/L∗ stability parameter
z measurement height
L∗ Obukhov length
Tair air temperature
Tsurf surface temperature
RH relative humidity
θw volumetric liquid water content
θw,min minimum liquid water content (frozen)
θw,max maximum liquid water content (thawed)
θi volumetric ice content
Pdry porosity
ρice =0.91 g cm−3 density of ice
ρsnow=0.19 g cm−3 density of snow
Dh thermal diffusivity
Kh thermal conductivity
Ch volumetric heat capacity
Ch,i =1.9 MJ m−3 K−1 volumetric heat capacity of ice
Ch,s ≈2.3 MJ m−3 K−1 volumetric heat capacity of the solid

soil matrix
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