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Abstract

Permafrost thawing is essentially determined by the surface energy balance, which
potentially triggers the activation of a massive carbon source, if previously frozen or-
ganic soils are exposed to microbial decomposition. In this article, we present the first
part of a comprehensive annual surface energy balance study performed at a polyg-
onal tundra landscape in northeast Siberia, realized between spring 2007 and winter
2009. This part of the study focuses on the half year period from April to September
2007-2008, during which the surface energy balance is obtained from independent
measurements of the radiation budget, the turbulent heat fluxes and the ground heat
flux at several sites. The short-wave radiation is the dominant factor in the surface
energy balance during the entire observation period. About 50% of the available net
radiation is consumed by latent heat flux, while the sensible and the ground heat flux
are both on the order of 20 to 30%. The ground heat flux is mainly consumed by active
layer thawing, where 60% of soil energy storage are attributed to. The remainder is
used for soil warming down to a depth of 15m. The controlling factors for the surface
energy partitioning are in particular the snow cover, the cloud cover and the soil tem-
perature gradient. Significant surface temperature differences of the heterogeneous
landscape indicate spatial variabilities of sensible and latent heat fluxes, which are
verified by measurements at different locations. However, differences in the partition
between sensible and latent heat flux for the different sites only exist during conditions
of high radiative forcing, which only occur occasionally.

1 Introduction

The thermal state of permafrost and its susceptibility towards degradation is fundamen-
tally determined by the surface energy balance. Recent studies revealed that essential
climate changes take place in the Arctic and are expected to proceed in the future
(Overpeck et al., 1997; Hansen et al., 2001; Comiso, 2006; Overland et al., 2008).
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There is observational evidence that energy and water exchange processes in the arc-
tic landscapes are already substantially affected, which also involves the thermal state
of permafrost (Serreze et al., 2000; Hinzman et al., 2005). Permafrost, which occupies
about 25% of the land area of the Northern Hemisphere (Brown et al., 1997), is consid-
ered an important factor in the complex feedback mechanisms of the climate system
due to its massive carbon storage capabilities (Christensen and Cox, 1995; Callaghan
et al., 2004; McGuire et al., 2006). Zimov et al. (2006) estimated that about 970 Gt of
carbon are stored in permafrost soils worldwide, which is about twice the amount of the
actual atmospheric carbon concentration. Until now it is unclear whether permafrost re-
gions will turn into massive sources of greenhouse gases, such as methane and carbon
dioxide, as the frozen soils begin to thaw (Hobbie et al., 2000; Davidson and Janssens,
2006). This raises the question about the amount of stored organic material that will
be exposed to microbial decomposition according to permafrost degradation and pro-
gressing thaw depths under a warming climate. Recent measurements at wet tundra
landscapes demonstrate the importance of the freeze and thaw dynamics for methane
emission, which are related in a non-linear manner (Christensen et al., 2003; Sachs
et al., 2008; Mastepanov et al., 2008). For this purpose, efforts have been initiated
to incorporate permafrost and the annual freeze and thaw dynamics in global climate
models (e.g. Stendel and Christensen, 2002; Lawrence and Slater, 2005; Nicolsky
et al., 2007; Lawrence et al., 2008). However, the energy exchange processes at the
soil-atmosphere interface strongly depend on the landscape characteristics, such as
surface moisture, vegetation cover, snow cover and soil properties. These characteris-
tics are incorporated in climate models as parameterizations of e.g. surface roughness,
resistance to evaporation and thermal properties of soil or snow. The representation
of permafrost in climate models therefore essentially depends on the parameterization
that is used to describe the surface energy balance. To support and validate model-
ing, it is desirable to obtain process studies, which deliver important information about
the landscape specific energy balance characteristics and their determining factors.
Long-term energy balance studies are especially important in arctic regions, where the

903

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

TCD
4,901-947, 2010

Permafrost and
surface energy
balance in northern
Siberia

M. Langer et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/4/901/2010/tcd-4-901-2010-print.pdf
http://www.the-cryosphere-discuss.net/4/901/2010/tcd-4-901-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

surface energy budget is characterized by an extreme seasonality and meteorological
measurements are sparse (Westermann et al., 2009).

This study presents the annual energy balance of a wet tundra landscape in north-
ern Siberia from spring 2007 until winter 2009. The study has been performed at a site
dominated by polygonal tundra, which is a typical arctic landscape. Based on stan-
dard meteorological measurements Boike et al. (2008) contrasts the energy and water
balances of a wet and a dry summer at the study site. In this study, we extend this
previous work over the entire annual cycle by using independent measurements of all
components of the surface energy balance. Furthermore, we investigate the impact of
the considerable surface heterogeneity of the wet tundra landscape on the regional en-
ergy balance. The results of this study are presented in two parts: Part | comprises the
period from April to September, which is characterized by increasing soil temperatures
at the study site. Part Il focuses on the winter period from October to March, which
represents the period of soil cooling (Langer et al., 2010b).

The aim of the study is (i) to evaluate the annual surface energy balance at the study
site, (ii) to determine the controlling and limiting factors in the energy partitioning and
the transport processes, (iii) to evaluate the seasonal and inter-annual variability and
(iv) to elucidate the impact of surface heterogeneities on the energy balance at the
landscape scale.

2 Study site

The study site is located on Samoylov Island (72°22" N; 126°30' E) at the upper part of
the Lena River Delta (Fig. 1). It is characterized by a wet tundra landscape typical of
northern Siberia. Samoylov Island covers an area of about 4.5 km? with an elevated
eastern terrace and a lower western flood plain. The region features a typical arctic-
continental climate with a mean annual air temperature (MAAT) of about —13°C and a
total annual precipitation around 250 mm (Boike et al., 2008). The ice break-up of the
Lena River and the snow melt usually start at beginning of June. The snow-free period
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lasts until the end of September, during which maximum air temperatures of about
20°C are reached. The regional climate and the synoptic conditions are influenced
by both the Siberian High and the Polar Low pressure system. During the summer
period, intermediate cyclone activity with low intensity are typically observed, while cy-
clones with high intensity, but short lifetime are more frequently found in winter (Zhang
et al., 2004). However, the strong Siberian High strongly affects the Lena Delta region
during the winter months and causes air temperatures to fall frequently below —45°C.
The study site is in the zone of continuous permafrost, with permafrost depths reaching
500 to 600 m in the wider area around the study site (Grigoriev, 1960). The soil temper-
atures are very low: in the depth of the zero annual amplitude (approximately 15m),
the soil temperatures are about —10°C. The maximum thaw depths during summer
range from 0.40 to 0.50 m. The permafrost landscape features characteristic polygonal
surface structures, which are typical for the wet tundra landscapes. These patterns are
50 to 100 m? large and usually consist of dry elevated rims and depressed centers,
which are filled with water-saturated peat soils or shallow ponds. The vegetation at
the wet centers is dominated by hydrophilic sedges and mosses, while the elevated
dry rims are dominated by mesophytic dwarf shrubs, forbs and mosses. For a more
detailed description of the vegetation and landscape characteristics, refer to Are and
Reimnitz (2000), Kutzbach et al. (2004), Kutzbach et al. (2007), Boike et al. (2008) and
Sachs et al. (2008).

3 Methods

The energy balance equation is written as
Qnet = Qu + Qg + Qg + [Qpen] +C. (1)

where Q¢ denotes the net radiation, Q the atmospheric sensible heat flux, Qg the
atmospheric latent heat flux, Qg the ground heat flux, Q,,o; is the energy flux consumed
by the snow melt, which can be inferred from to the energy required to thaw the snow
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pack, £, and the duration of the melt period. As independent field measurements
of the components are subject to errors, a residual of the energy balance or closure
term C can remain. The measurement setup and the expected margins of error are
described in detail in the following paragraphs.

3.1 The Radiation balance

The net radiation budget is the most essential term in the surface energy balance and
can be written as

Qnet = Qg — Qgp + Q — Qg (2)

where Qg and Qg; are the incoming and outgoing short-wave components and Q| | and
Qy; the incoming and outgoing long-wave components, respectively. Using the surface
albedo a and Stefan-Boltzmann law, the radiation balance can also be rewritten as

where e is the surface emissivity, Ty, the surface temperature and o is the Stefan-
Boltzmann constant. In the present study, a variety of sensors is used to determine
the radiation components. The net radiation Q¢ is measured with the NR-Lite (Kipp
& Zonen, The Netherlands) net radiation sensors mounted in 1.5 m height. Additional
net radiation measurements (CNR1, Kipp & Zonen, The Netherlands) with higher ac-
curacy are available during mid summer 2007 and for the entire observation period
of 2008. The CNR1 four component sensor separately measures all radiation bal-
ance components. The sensor is located in the vicinity of the eddy-covariance station
and is mounted on a 2m mast (Fig. 1). Further net radiation measurements with an
NR-Lite sensor are conducted at a thermokarst pond, which is approximately 0.8 m
deep. These additional measurements are performed to investigate differences in the
radiation balance between the tundra surface and shallow water bodies, which are a
frequent landscape element (Fig. 1). The evaluation of the accuracy of the employed
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net radiation sensors is difficult, since World Meteorological Organization (WMO) qual-
ity standards are not available for net radiation sensors. Studies comparing the em-
ployed sensors with high-accuracy single component sensors (Brotzge and Duchon,
2000; Kohsiek et al., 2007) suggest a relative measurement accuracy of about 20%
for the NR-Lite and about 10% for the CNR1 sensor. A sensor comparison under field
conditions shows that daily averages of the NR-Lite sensor are about 5 to 10 Wm™2
lower compared to the values obtained by the four component sensor. This bias is in
most cases within the assumed error margins, but becomes significant under condi-
tions of low net radiation. In addition to the net radiation sensors, measurements of
the upwelling thermal radiation (CG1, Kipp & Zonen, The Netherlands) are available
at the standard climate tower (Fig. 1), while spatial differences are measured with dis-
tributed infrared surface temperature sensors (IRTS-P, Apogee Instruments, USA). The
infrared sensors are mounted on small tripods about 0.8 m above the surface and are
directed on different tundra soils. According to instrument specifications, the IRTS-P
sensors deliver surface temperatures with an accuracy of about 0.5 °C, from which we
infer the upwelling thermal radiation following Stefan-Boltzmann law (compare Eq. 3).
We assume emissivities ¢ of 0.98 for wet and 0.96 for dry tundra surfaces (Langer
et al., 2010a). In order to obtain a more differentiated picture of the short-wave radia-
tion balance, spatially distributed albedo measurements are conducted with a mobile
short-wave radiation sensor (SP1110, Skye Instruments, USA). The albedo measure-
ments are conduced during solar noon under clear-sky conditions to obtain a maximum
accuracy.

3.2 Turbulent heat fluxes

The turbulent fluxes of momentum, uf, sensible heat, Qy and latent heat, Qg, are
determined with the eddy covariance method. The applied eddy covariance system
consists of a Campbell C-SAT 3D sonic anemometer and open path LICOR LI-7500
CO, and H,0 gas analyzer mounted on a 2.4 m mast. The data are sampled at a rate
of 20Hz using a Campbell CR3000 data logger. Sonic anemometer measurements
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are conducted during the entire observation period, while the gas analyzer is operated
only during the field campaigns, when a reliable power supply and regular mainte-
nance can be accomplished. The eddy-covariance method is based on high-frequency
measurements of the sonic temperature T, the specific humidity g, the horizontal and
vertical wind speed components v and w. Using Reynolds decomposition, the turbu-
lent flux components can be evaluated from the covariances u'w’, Ty/w’ and q'w’ of
the fluctuations ¢', w', T," and g’ around the average values of the above quantities as

u? =uw', (4)
Qug = Pair Cp Tow', (5)
QH = Pair Cp T'w' = pgy Cp (Tew' - 0.51Tg'w'), (6)
Qg = Pair Lig g'W', (7)

where Qug denotes the buoyancy flux, ¢, the specific heat capacity of air at constant
pressure and L4 the specific latent heat of vaporization of water. Note that in the case
of measurements over a frozen (snow) surface, L,y must be replaced by the latent
heat of sublimation L¢y. The buoyancy flux Qg differs from the true sensible heat flux
Qy due to the difference between the measured sonic and the real air temperature

Ts=T (1+0.51q). Hence, the covariance T'w’ must be corrected according to Eq. 6, if
measurements of the specific humidity g are available (Schotanus et al., 1983). As the
LICOR gas analyzer is not operated continuously (see above), this correction cannot
be applied during parts of the spring and summer period in 2007. The error induced by
interpreting the buoyancy flux as sensible heat flux can be estimated using the Bowen
ratio, Q/Qg. For Bowen ratios of approximately 0.5 and average air temperatures of
T~300K, the offset is on the order of 15%, which constitutes an additional error during
the respective periods. The turbulent fluxes are calculated for 30 min intervals with
the internationally standardized “QA/QC” software package “TK2” (Mauder and Foken,
908
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2004; Mauder et al., 2007), which includes all “state-of-the-art” corrections and tests.
The quality assessment follows the scheme of Foken et al. (2004), which is based on
tests for stationarity of the turbulence and the integral turbulence characteristic (ITC).
In this study, the latter is not applied, since the quality criterion of the integral turbulence
characteristic is not well defined in arctic region, where stable atmospheric stratification
and intermittent turbulence are common (Lliers and Bareiss, 2009). The stationarity
criterion is considered to be sufficiently fulfilled (quality flags 1 and 2), if the average
covariance inferred from 5 minute subintervals do not deviate more than 30% from the
covariance value over the entire 30 min interval (Foken et al., 2004). A graduation of
the deviation is used as a quality measure, expressed with quality flags between 1
and 9. In this study, we accept sensible heat fluxes, if both the quality flags of u'w’
and T¢'w’ feature quality values of 6 or better. For the latent heat fluxes Qg, we use
the quality flags of u'w’ and g'w’, respectively. This quality standard is recommended
for long-term observations (Foken and Wichura, 1996). In other field experiments,
this quality level is found to be associated with a relative measurement accuracy of
about 15% (Mauder et al., 2006), which we assume as the general accuracy of the
obtained turbulent heat fluxes. The quality assessment causes a data reduction of
about 3% for the sensible and about 4% for the latent heat fluxes. A further data
reduction of about 14% originates from the exclusion of the wind sector between 263°
to 277°, which is considered to be the lee area of the measurement setup. In order
to obtain the magnitude of the latent heat fluxes, when measurements of the LICOR
gas analyzer are not available, we use a model approach based on the parametrization
of turbulent fluxes introduced by Hggstram (1988). The required parameters, such as
roughness lengths and surface resistance to evaporation, are determined by model
optimization to available measurements. A detailed description of the used model is
given in Appendix D. An overview of the available dataset is given in Table 2, where
the modeled latent heat fluxes are marked.

Large-scale differences in the distribution of wet and dry tundra patches as well
as shallow ponds potentially create differences in the turbulent heat fluxes on the
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landscape scale. It is therefore unclear whether the turbulent heat fluxes obtained
at a single location are representative on the landscape scale. The impact of such sur-
face heterogeneities on the turbulent heat flux characteristics is evaluated by a second
eddy covariance system during the summer of 2008. The second system is identical
to the first one and is used as a mobile station, which is moved in a weekly interval
along a 1 km east-west transect across the study site (Fig. 1) while the first system pro-
vides simultaneous measurements at the reference location. The flux source area of
each half-hour value is determined with the footprint model of Schmid (1994). For the
footprint calculations, we assume a constant roughness length 20=10’3 m, which we
directly infer from the turbulence measurements under neutral atmospheric stratifica-
tion (Foken, 2008). This value is consistent with typical roughness lengths reported for
short grassland (Oke, 1987; Foken, 2008). The fractions of wet and dry tundra areas
as well as polygonal ponds for eddy footprint areas are derived from aerial photographs
using supervised classification based on field mapping. The locations of the station-
ary and the mobile eddy system feature differences in average surface soil moisture
according to differences in the polygonal structures. The blending height /, can be
approximated by /,~L, /200 (Garratt, 1994), where L, is the horizontal scale of het-
erogeneity. With an approximate size of 20 m of the polygonal surface elements, the
measurement height of 2.4 m is well above the blending height, so that the obtained
flux values can be considered a spatial average of the footprint areas.

3.3 Ground heat flux

The ground heat flux is essential for permafrost, since it determines the annual active
layer dynamics as well as the long-term thermal stability of the permanently frozen
ground. In this study we apply two different methods to determine the ground heat flux
on different time scales.
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3.3.1 Calorimetric method

The calorimetric method is used to evaluate the average ground heat flux over longer
periods (Appendix B). The method is based on soil temperature and moisture measure-
ments and calculates the average ground heat flux from changes in the sensible and
latent heat content of a soil column. The method has been successfully applied in sev-
eral permafrost regions and is described e.g. by Boike et al. (1998) and Westermann
et al. (2009). We use a measurement setup consisting of an active layer temperature
and moisture profile to a depth of 0.5m, which features 5 thermistors (107-L, Camp-
bell Scientific, USA) and 5 Time-Domain-Reflectometry (TDR) soil moisture probes
(CS610-L, Campbell Scientific, USA). The calorimetric methods requires temperature
measurements to a depth, where no temperature changes occur in the considered time
interval (Appendix B). The temperature profile to the depth of zero annual amplitude
(15m) are measured in a 26 m bore-hole with a temperature chain featuring 24 ther-
mistors (XR-420, RBR Ltd., Canada).

3.3.2 Conductive method

The conductive method is primarily used to evaluated the diurnal course of the ground
heat flux through the upper most ground surface Westermann et al. (2009). Depending
on the surface conditions, the ground surface is either defined as the soil or the snow
surface. This method directly calculates the heat flux through the soil surface by solv-
ing the differential equation of conductive heat transport (Appendix C), which involves
the determination of the thermal conductivity of the soil using shallow temperature pro-
file measurements. As the conductive method is not feasible during periods, when a
phase change of water occurs, we exclude the transition periods in spring and fall from
such calculations. The employed temperature profiles are installed between the sur-
face and about 30 cm depth in different soil substrates, and consist of at least three
thermocouples or thermistors with accuracies better than 0.2 K. The instrumented soil
substrates are classified as dry, wet and saturated peat soils (Table 1). The sensors
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of each profile are placed in soil layers considered to be homogeneous in composition
according to visual examination. Furthermore, we assume constant thermal properties
over the considered time intervals (Appendix C), which is a good assumption for wet
and saturated soils.

During early spring, the heat flux through the snow cover can be calculated using
a similar approach. The determination of the snow thermal properties is based on
measurements of the snow density and of temperature profiles in the snow conducted
in spring 2008. The boundary conditions for the heat flux calculations are obtained
from a infrared surface temperature sensor and a thermistor located at the soil-snow
interface. Snow heat fluxes are calculated for periods of constant snow depth, which is
measured with a ultrasonic ranging sensor (SR50, Campbell Scientific, USA) located
next to the measurement setup. The obtained snow heat fluxes must be considered a
rough approximation, since the assumption of constant thermal snow properties may
be violated in reality (e.g. Sturm et al., 1997; Zhang, 2005).

3.3.3 Soil and snow parameters

Both methods of ground heat flux calculations require knowledge about the thermal
properties of soil or snow (compare Appendix B, C). The heat capacity is an essen-
tial parameter, which we infer from soil component analyses of soil samples taken
during the field campaigns and in situ water content measurements. We assume an
error of 10% on each soil fraction, such as water content, ice content and solid soil
matrix. A bulk heat capacity of 2.3+0.3 MJ m~2 K" is used for the solid soil fraction.
The obtained soil properties and the associated heat capacities are depicted in Ta-
ble 1. It is evident, that large uncertainties in heat capacity occur at the dry peat soils,
since already small variations in the soil composition induce errors of about 60%. As
a consequence, we do not evaluate soil heat fluxes at dry locations. The conductive
method allows to determine further soil properties, such as the thermal diffusivity and
the heat conductivity (Appendix C), which are displayed in Table 1. For wet tundra
soils, the obtained diffusivity values show variations in the range of 20%, which results
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in a combined error of about 30% for the heat conductivity. A similar error range is
calculated for the snow heat conductivity, which we infer from snow density and snow
temperature profile measurements using the conductive method (see Appendix C). For
simplicity, we assume an error of 30% as appropriate for all ground heat flux calcula-
tions, which is about 10% larger than the errors assumed for the other energy balance
components.

3.4 Ancillary measurements

Measurements of air temperature and relative humidity (MP-100, Rotronic, Switzer-
land) are performed at the standard climate tower in the vicinity of the eddy covariance
system (Fig. 1). The snow melt during spring is evaluated based on ultrasonic ranging
sensors (SR50, Campbell Scientific, USA) located at the standard climate station and
the polygonal pond. In addition, we approximate the evolution of snow free areas dur-
ing the ablation period by automatic daily photographs of the measurement site. The
latent heat content of the snow cover E . is inferred from spatially distributed mea-
surements of the snow-water equivalent immediately before the onset of snow melt in
2008. With an almost identical snow depth, a similar snow-water equivalent is assumed
for 2007.

4 Results
4.1 Seasonal energy balance characteristics

The time span considered in this study ranges from April until September of the years

2007 and 2008. For the description of the seasonal energy balance characteristics, we

separate the observation period into three subsections according to the specific sea-

sonal climate conditions. The segmentation of the observation period follows broad

synoptic changes, such as the presence of snow, the general air temperature evolu-

tion and the occurrence of frost events. While the resulting segmentation is unequally
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spaced, we provide an equally spaced overview over the seasonal energy balance in
Fig. 5. In the following paragraphs, we also examine inter-annual differences in the
surface energy balance.

4.1.1 Spring (1 April-31 Mai)

During the spring period, the daily average air temperatures increase strongly from
-16°C to 6°C in 2007 and from —-25°C to 2°C in 2008, with notable differences be-
tween both years. The increasing temperatures are accompanied by steadily increas-
ing short-wave radiation after the end of the polar night and the shrinking snow cover
towards the end of the period. According to the ultrasonic snow depth sensor, the early
spring snow depths are in the range from 0.30 and 0.35m in both years. These point
values are confirmed by spatially distributed snow water equivalent measurements in
2008, which yield an average snow depth of about 0.30 m with an average snow den-
sity of 190kg m~. The onset and course of the snow melt are almost identical for both
years. While the snow melt starts in the mid of May shortly after the beginning of the
polar day, it typically does not occur in a single event, but is interrupted by declining air
temperatures and subsequent snowfall. The first snow melt event last only a few days
(10-19 May 2007/10—14 May 2008), during which the elevated polygonal rims become
partly snow-free (Fig. 2). The subsequent snow fall delivers only a few centimeters of
additional snow cover, which disappear quickly in the second and final melt event (22—
30 May 2007/21—-29 May 2008). In the following, we refer to the period before the onset
of melting as the pre-melt period, while the subsequent time is denoted the snow melt
period. The average radiation budget is positive during the entire spring period and
of similar magnitude in both years (Fig. 5). Before the onset of snow melt, the diurnal
cycle of the net radiation ranges from —40 to 50 Wm™2, but increases significantly after
the snow cover has disappeared. This rapid change in the radiation budget is related
to the drastic change of the surface albedo, which is about 0.8 before and 0.2 after
snow melt. This change in the surface characteristics is reflected in all energy bal-
ance components, which we depict in Fig. 2. The turbulent sensible heat flux ranges
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from —30 to 20Wm™2 during the pre-melt period and basically follows the course of
the surface radiation budget. About two days before the onset of snow melt, persis-
tent negative sensible heat fluxes are observed, which appear to be partly decoupled
from the net radiation (Fig. 2). The snow surface temperature approaches 0°C around
noon. This relation indicates that both the turbulent sensible heat fluxes as well as the
incoming short-wave radiation contribute to the snow melt. As soon as snow free areas
are present, the sensible heat flux rapidly exceeds values of 40 W m~2. After the snow
cover has disappeared entirely at the end of May, the sensible heat flux reaches peak
values of 90 W m™2. A similar evolution is observed for the latent heat flux, which is be-
tween 0 and 10 W m™2 before the onset of snow melt and quickly increases to values
of 50Wm™2 during the first snow melt event. After the final melt period, the latent heat
flux exceeds values of 100W m™2 and features an average value of 35Wm™2 during
the last ten spring days of 2008. This average heat flux corresponds to 30 MJm™
or to 12mm of evaporated water, respectively. As the snow water equivalent of 2008
amounts to approximately 57 mm, about 20% of the snow cover sublimate or evapo-
rate during the last spring days. Hence, the snow cover effectively supplies 45mm to
the summer time water budget, which constitutes about 20% of the precipitable water
of the entire observation period. Considering similar snow heights and the identical
course of the ablation process, a similar magnitude of snow cover contribution to the
water balance can be assumed in 2007.

The atmospheric stratification is reflected in the stability parameter ¢, which is essen-
tially zero during neutral conditions, larger than zero for stable and smaller than zero for
unstable atmospheric stratifications. During the pre-melt period, the atmospheric strat-
ification changes frequently between stable and unstable conditions (Fig. 2). At this
time, neutral stratifications occur occasionally in conjunction with wind speeds larger
than 2ms~". With the onset of snow melt, the wind speed is generally high and the
atmospheric stratification becomes essentially neutral (Fig. 2). The average ground
heat flux during the spring period is remarkably positive and dominated by storage of
sensible heat in both years (Table 2), which is associated with a steady warming of the
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deeply frozen soil. A closer look at the evolution of the ground heat storage (Fig. 3)
reveals a faster soil warming in early spring 2007. This difference in the evolution of
the ground heat budget compared to 2008 is related to significantly warmer air and
snow surface temperatures, but relatively cold soil temperatures in early spring 2007
(Table 2). In both years, the amplitude of the ground heat flux through the snow cover
typically ranges from -20 and 20Wm™2 during the pre-melt period and is thus in the
range of the turbulent sensible heat fluxes.

4.1.2 Summer (1 June-31 August)

The summer period is characterized by a strong short-wave radiative forcing, a snow-
free surface, day time temperatures well above the freezing point and the thawing of
the active layer (Fig. 5, Table 2). Polar day conditions last until 7 August, featuring
high values of incoming short-wave radiation. Daily averages of incoming short-wave
radiation frequently exceed values of 300Wm™2 under clear-sky conditions and can
be as low as 20 W m™~2 under overcast situations, which occur frequently. The reduced
solar radiation during cloudy conditions is partly compensated by the thermal sky radi-
ation, which is then significantly increased. The daily average of incoming long-wave
radiation typically ranges from 280 Wm™2 for clear-sky and 380 Wm™ for cloudy sit-
uations. The daily average of emitted long-wave radiation varies between 330Wm™
and 420 W m~2, which corresponds to average surface temperatures of 3 and 20 °C.
Consequently, the net long-wave losses frequently exceed 100 W m~2 during clear-sky
conditions, while they are almost zero during overcast situations. The average summer
net radiation of 2007 is slightly higher compared to 2008 (Fig. 5), which is most likely
caused by differences in cloudiness. This is also confirmed by the precipitation rates,
which are doubled during the early summer period of 2008.

In both years, unstable stratifications (¢ <0) occur frequently during the day, but usu-
ally do not last longer than 12h. The nights are dominated by neutral stratifications
(¢=~0), while stable atmospheric conditions ({>0) are only observed occasionally un-
der calm conditions and highly negative values of the net radiation. The turbulent heat
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fluxes constitute dominant components in the summer time energy balance. About
20 to 30% of the available radiative energy is consumed by turbulent sensible heat
flux, while evapotranspiration amounts to about 40 to 50% (Fig. 5, Table 2). The turbu-
lent heat fluxes show a strong diurnal cycle and frequently exceed values of 130 W m=2
for the sensible and 150 W m™ for the latent heat flux during the day. During the night,
significant negative sensible heat fluxes on the order of —-20 W m~2 are observed, while
negative latent heat fluxes (dew fall) occur only occasionally. Such events are then as-
sociated with a highly negative net radiation and low surfaces temperatures, as they
occur at the end of the summer section. We depict an exemplary period during late
summer 2008 in Fig. 4, which illustrates the typical diurnal cycle of the heat flux com-
ponents forced by the incoming solar radiation. The wind speed appears to be associ-
ated with a diurnal pattern (Fig. 4), which indicates enhanced turbulent heat exchange
during the day and lowered turbulence during the night. A dependence of the wind di-
rection on the day time is not detected. For both years, the average Bowen ratio Q/Qg
is essentially below zero and indicates high rates of evapotranspiration. The amount of
evaporated water is about 70 mm in 2007 and about 100 mm in 2008, which is about
the same as the precipitation measured in the concerned sub-periods (Table 2).
When comparing the turbulent heat fluxes for the two years, it must be emphasized
that the average flux values depicted in Table 2 are based on different sub-periods
and are not directly comparable. For the inter-annual comparison, we make use of
modeled latent heat flux values. The gap-filled energy balance with equally spaced
averaging intervals is illustrated in Fig. 5. Inter-annual differences in the turbulent heat
fluxes occur during the early and mid summer period, when the net radiation budget
of 2008 is also affected by clouds. The reduced radiation budget results in generally
decreased sensible heat fluxes, while the latent heat fluxes appear to be slightly in-
creased during early summer 2008. In both years, the ground heat flux is a remarkable
term in the summertime energy balance, which consumes about 20 to 25% of the avail-
able radiation budget. The ground heat flux is characterized by active layer thawing,
which makes up 60% of the entire ground heat flux (Fig. 3). The remaining fraction
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is stored as sensible heat in the deeper soil. With a high soil water content of about
70%, a maximum thaw depth of only 0.40 m is reached during the summer period. The
shallow thaw depth causes strong soil temperature gradients in the active layer, which
enhance the ground heat flux. The ground heat flux shows a strong diurnal cycle and
frequently exceeds values of 50 Wm™2 during the day (Fig. 4), while negative ground
heat fluxes are observed only occasionally during clear-sky nights.

4.1.3 Fall (1 September-30 September)

We denote a short transition period as fall segment, which in both years is character-
ized by steadily decreasing air and surface temperatures, the onset of freezing and
occasional snow fall, while a continuous snow cover does not form yet. In both years,
the fall period starts with air and surface temperatures well above the freezing point
and ends with temperatures around 0 °C. Only occasional freezing events are observed
during the fall period 2007, while sustained freezing already occurs in 2008. The inter-
annual difference in the temperature evolution is reflected in the average air and sur-
face temperatures, as well as in the ground heat fluxes (Table 2). In 2008, the entire
active layer already approaches temperatures of 0°C at 17 September, but warms
again for one week, before the soil temperatures finally reach the zero-curtain around
25 September. In contrast, the soil temperature in 2007 never enters the zero-curtain
during the fall period. Hence, the average ground heat flux in 2007 only indicates pos-
itive sensible heat storage (Table 2), which is caused by the delayed warming of soil in
a depth of 1 to 10 m, which in 2008 is almost equal to the released latent heat from the
initial freezing (Table 2). The average radiation budget is significantly reduced, but still
positive in both years and features a distinct diurnal cycle with daytime values on the
order of 100Wm™2. A negative net radiation on the order of ~50Wm~2 is frequently
observed during the nights in 2008, which occurs only sporadically in 2007. Contrary
to the summer segment, the reduced radiative losses during the nights and the sig-
nificantly higher amount of precipitation indicate an increased cloudiness in fall 2007
(Table 2). The average atmospheric sensible heat flux is directed towards the surface in
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both years, but is more negative in 2008. This corresponds to the pronounced negative
night time temperature gradients (74,;—75;,) in 2008. Despite the reduced net radiation,
the latent heat fluxes still play a dominant role in the surface energy balance (Fig. 5).
Almost 50% of the net short-wave radiation is consumed by evapotranspiration, which
corresponds to the amount of precipitation during the fall section. The atmospheric
stratification in both years is dominated by neutral conditions, corresponding to high
wind speeds. However, occasional events of stable stratification occur during calm
nights, when the radiation budget becomes highly negative and strong temperature
gradients in the atmospheric boundary layer arise. In accordance with the described
inter-annual differences in the energy balance evolution, such events are observed
more frequently in 2008. In both years, the energy balance closure term C is relatively
high (Table 2). This high closure term can be partly explained by an underestimation of
the net radiation: a comparison of the NR-Lite and the four component sensor during
fall 2008 reveals an offset of 6 Wm™2, which is substantial considering the generally
low radiation budget.

4.2 Spatial energy balance variability

The polygonal tundra features pronounced micro-scale heterogeneity, regarding the
surface moisture and vegetation cover. The elevated polygonal rims are typically cov-
ered with dry mosses, while the lowered centers are filled with wet peat soils or shallow
ponds. Considering these surface heterogeneities, spatial differences in the energy
balance are likely to occur. Spatially distributed albedo measurements yield typical
values in the range of 0.2 for dry and 0.15 for wet tundra surfaces. The latter value
is consistent with the average albedo of 0.14 obtained from measurements of the four
component radiation sensor, which is directed towards a wet tundra spot. During lo-
cal noon and clear-sky conditions, the typical surface temperature differences between
dry and wet locations are on the order of 5 to 10 °C, which indicates increased radiative
losses at the dry and warm surfaces. During the nights and during overcast periods,
the spatial differences in the surface temperature and thus the radiation budget largely
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vanish. However, sustained differences in the net radiation budget exist between the
tundra soil and the polygonal pond (Fig. 6). During the pre-melt period, the net radi-
ation at the polygonal pond is constantly 5 to 10 W m™2 lower compared to the tundra
surface. After the melt period, the measurements show a significantly higher net radi-
ation at the water body on the order of 20 to 30 W m~2, which gradually diminish in the
course of the summer season (Fig. 6).

Spatial differences in the turbulent heat fluxes are examined for an exemplary sit-
uation at the second location of the mobile eddy system. According to the footprint
analysis, the second mobile eddy station features a 20% higher fraction of dry sur-
face area than the reference location (Fig. 1). The simultaneous measurements at
both location indicates that moderate spatial differences on the order of 20 W m~2 (10-
20%) can be expected for the sensible and latent heat fluxes under conditions of high
radiative forcing (Qet> 200Wm'2) (Fig. 7), which occur only sporadically during the
summer period (Fig. 7). During the fall period, when the radiation balance is further
reduced, almost no spatial differences in sensible and latent heat fluxes are measured
along the transect.

5 Discussion
5.1 Data quality
The quality of the energy balance measurements can be evaluated according to the
energy balance ratio (Wilson et al., 2002)
OH + OE

Qnet — Qg ]

which in the case of a closed energy balance (C=0) is unity. The EBR distribution con-
tains information about the characteristics of the errors of the energy balance measure-
ments, such as the presence of systematic and random errors. Since the EBR is highly
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sensitive to measurement errors during situations of low heat fluxes, we only consider
measurements conducted during conditions of Qi< ~30Wm™2 and Onet23OWm'2.
The normalized EBR distribution of the entire data set roughly resembles a normal dis-
tribution featuring a mean value of 0.86, a standard deviation of 0.34, and a slightly
positive skewness of 0.47 (Fig. 8). If only random measurement errors would be in-
volved, the expected EBR distribution should be more similar to the normal distribution
displayed in Fig. 8. This distribution is calculated assuming a relative error of 15%
for Qu+QE (see Sect. 3.2) and 20% for Q,—Qg (see Sect. 3.1), which results in a
standard deviation of 0.25. The measured EBR distribution suggests that the energy
balance is systematically not closed by about 15%, which is potentially caused by a
negative bias of the turbulent heat fluxes or a positive bias of the term Q,,;;—Qg. The
latter is not likely since the employed net radiation sensor (NR-Lite) slightly underesti-
mates the radiation budget (compare Sect. 3.1), while the ground heat flux would have
to be unrealistically small to cause a positive bias of Q,;—(Qg. The shape and width
of the measured EBR distribution is similar to the normal distribution, which suggests
that the assumed error margins of the energy balance components are realistic.

5.2 Controlling factors in the energy balance

Three factors can be identified that essentially determine the energy balance charac-
teristics at the investigated wet tundra landscape. The determining factors are (i) the
snow cover, (ii) the presence or absence of a cloud cover and (iii) the thermal state of
the permafrost.

(i) Although the snow cover is only shallow at the study site, it has strong implications
for the surface energy balance. Firstly, the albedo of the snow cover is about a
factor of four higher than the albedo of the snow-free tundra surface. Secondly,
the thermal conductivity of snow is about a factor of two lower than the thermal
conductivity of frozen peat. The second point is of particular importance during
winter, when the low thermal conductivity of the snow cover impedes the release of
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energy from the ground and leads to a reduced ground heat flux (see Langer et al.,
2010b). During spring, however, the soil has already cooled out, so that the lower
thermal conductivity of the snow is of minor importance for the ground heat budget
and the surface energy balance (Goodrich, 1982). In contrast, the high albedo of
the snow has a strong impact on the surface energy budget during the spring
period, when the incoming short-wave radiation already features high values. At
the study site, the snow cover effectively reduces the net short-wave radiation
until the beginning of the polar day period. The melting of the snow cover with the
associated change in surface albedo triggers a sudden change from a winter to a
summer surface energy balance, so that the timing of snow melt is a critical point
in the annual course of the surface energy balance. In both investigated years, the
timing of the snow melt is almost identical. lijima et al. (2007) point out that snow
cover disappearance in eastern Siberia is strongly related to the attenuation of
the Siberian-High with subsequent advection of warm and moist air masses from
the west. According to the distinct contribution of sensible atmospheric heat flux
to the snow melt, our measurements indicate the presence of warm air masses.
However, we identify the short-wave radiation as the dominant factor in the snow
melt process. We emphasize that the correct representation of the snow melt
must be considered crucial in permafrost modeling. It is therefore highly desirable
to gather a better understanding of the triggering processes of the snow melt and
their representation in models.

The large-scale advection of warm air is usually related to increased cloudiness,
which essentially alters the surface radiation budget and the prevailing surface
and air temperature conditions. During the spring period, our results indicate that
the observed inter-annual differences in the ground temperatures are caused by
different air temperatures, which are presumably related to the general synoptic
conditions. During the summer months, the net radiation is essentially reduced
for cloud-covered skies, which leads to an effective surface cooling. During the
summer months, the cloud cover has an impact on the turbulent heat fluxes, while
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(i)

the ground heat budget is only marginally affected. Since the average surface
temperature is not drastically reduced by the increased cloud cover the active
layer thawing is only slightly affected. During the fall period, the contrary effect
of a cloud cover is observed, as clouds reduce the long-wave radiative losses,
which in turn leads to increased surface temperatures. The impact of clouds on
the ground heat budget is observed to be largest during the fall season, when
increased cloudiness significantly delays the refreezing process in 2007, while the
average air temperatures are similar. This ambiguous influence of the cloud cover
on the surface radiation budget in the Arctic is confirmed in several studies (Curry
et al., 1996; Intrieri et al., 2002; Shupe and Intrieri, 2004).

During the entire observation period, the ground heat flux is an essential compo-
nent in the surface energy balance. About 20% of the net radiation is stored as
latent and sensible heat in the ground, which is in the upper range of typical val-
ues reported for other arctic permafrost regions (Boike et al., 1998; Lynch et al.,
1999; Eugster et al., 2000; Westermann et al., 2009). The high contribution of the
ground heat flux to the surface energy balance is clearly caused by the cold per-
mafrost temperatures, the shallow active layer depth and the large annual surface
temperature amplitude, which is related to the continental climate conditions. Due
to the low permafrost temperatures, the sensible heat storage makes up about
50% of the entire ground heat flux. This clearly limits the value of the widely
used Stefan equation, that evaluates the active layer dynamics by assuming the
ground heat flux to be entirely used for thawing. As the contribution of the ground
heat flux to the surface energy balance is significant even in the summer months,
an adequate representation of the soil domain in global climate models seems
mandatory, if the land-atmosphere exchange processes in permafrost regions are
to be modeled correctly. This issue is of particular importance, as permafrost ar-
eas with continental climate, where a significant contribution of the ground heat
flux can be expected, occupy vast areas in the Arctic. The improvement of mod-
eling results by employing more realistic parameterizations of the soil processes
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has been outlined in a number of studies (e.g Peters-Lidard et al., 1998; Cox et al.,
1999; Viterbo et al., 1999; Pitman, 2003). In the second part of this study (Langer
et al., 2010b), the representation of the soil and particularly of soil freezing pro-
cesses in models is discussed in more detail.

s 5.3 Spatial differences of the surface energy balance
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In this study, spatial differences in the surface energy balance are observed for (i) the
radiation budget and (ii) the turbulent fluxes.

(i) With albedo differences between wet and dry areas on the order of 0.05, the net

short-wave radiation can be on average by up to 7W m~2 higher at wet compared
to dry areas, while the differences can exceed 25W m~2 for high radiative forcing
during midday. This difference is further contrasted by the higher surface temper-
atures of dry surfaces, which can be about 5K warmer than wet surfaces during
conditions of high radiative forcing. It is therefore conceivable, that the net radia-
tion balance at wet and dry locations can deviate up to 50 W m~2 from each other.
This difference is partly attenuated during the night, when the wet surfaces are
warmer and the short-wave forcing is nonexistent or negligible. Moreover, due to
the rare occurrence of high values of net radiation we assume that the average dif-
ferences in net radiation between wet and dry areas does not exceed 10 W m=2.

More pronounced spatial differences in the radiation balance are measured be-
tween the tundra and water bodies. The net radiation of the investigated pond is
slightly lower in frozen conditions during spring, but significantly higher during the
summer months. Albedo differences during spring are not likely, since all surfaces
are covered by snow, so that the measured differences in the radiation budget are
most likely explained by increased surface temperatures at the frozen pond during
spring. During the summer period, almost similar average surface temperatures
are observed for the water body and the tundra surface (see Langer et al., 2010b).
Hence, the differences in net radiation are most likely explained by a lower albedo
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of the water body. The pond investigated in this study indicates that small shallow
water bodies can have a significant influence on the radiation budget in polygonal
tundra landscapes, as they are frequent landscape elements. While the impact of
larger water bodies on the arctic climate conditions has been investigated (Krinner,
2003; Rouse et al., 2005; Krinner and Boike, 2010), such small water bodies have
not received similar attention. It is thus highly desirable to evaluate the impact of
small water bodies on the larger-scale surface energy balance, particularly since
such micro-scale landscape structures usually remain undetected in remote sens-
ing applications and are neglected in model approaches. In the second part of
this study (Langer et al., 2010b), the winter aspect of the surface energy balance
of small ponds is addressed in more detail.

Micro-scale differences of the turbulent fluxes are verified by the mobile eddy co-
variance system. The measurements reveal differences in sensible and latent heat
fluxes according to variations in the fractions of dry and wet surfaces in the foot-
print areas (Fig. 4). The observed spatial variations are caused by the small scale
surface temperature differences between wet and dry areas. As the temperature
difference between wet and dry surfaces depends on the net radiation budget, sig-
nificant differences in the turbulent fluxes are limited to clear-sky situations, which
only occur occasionally during the summer period. Since the long-term averages
of the turbulent heat fluxes are almost equal for the stationary and the mobile eddy
covariance system, we conclude that the presented sensible and latent heat fluxes
are representative on the landscape scale.
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6 Conclusions

In this study we present a comprehensive surface energy balance study of at wet polyg-
onal tundra landscape from April to September (2007—2008) considering seasonal and
spatial variations. This comprehensive study improves the understanding of the energy
exchange processes at soil-atmosphere interface of a typical permafrost landscape.
The obtained results can be of great value for the improvement and development of
permafrost model schemes, as they are intended to be incorporated in climate models.
In particular the following conclusions can be drawn from the obtained results:

— The spring, summer and fall energy balance is dominated by the net radiation.
Critical factors for the surface radiation budget are in particular the snow cover
and clouds. The timing of snow melt in spring essentially controls the amount of
short-wave radiation that is available for energy partitioning. The relevance of the
show cover for the surface radiation budget is further intensified by the presence
of almost polar day conditions. The cloud cover has its greatest impact on the
ground heat budget during fall, when radiative losses are largely reduced and the
refreezing of the tundra is significantly delayed.

— The surface energy balance is essentially affected by the ground heat flux, which
is of similar magnitude as the sensible heat flux. The significant ground heat flux
is induced by strong temperature gradients in the shallow active layer and in the
permafrost body, which are the result of both continental climate and high soil
water and ice content.

— The larger scale surface energy balance is significantly affected by the occurrence
of small water bodies, which essentially increase the surface radiation budget and
the ground heat storage of the tundra landscape during the summer time.
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Appendix A

Definitions and constants

Q. — Net radiation

Qs — incoming short-wave radiation
Qg; — outgoing short-wave radiation
AQg — net short-wave radiation

@y, — incoming long-wave radiation
Qy; — outgoing long-wave radiation
AQ, — net long-wave radiation

Qg — buoyancy flux

Qy; — sensible heat flux

Q¢ — latent heat flux

Q¢ — ground or snow heat flux

E e — latent heat content of the snow pack
Q et — €nergy flux through melting of the snow pack

C - residual of the energy balance
u — horizontal wind speed

w — vertical wind speed

Tir — air temperature

T — sonic air temperature

T, — virtual temperature

g — specific humidity

u, — friction velocity

z, — aerodynamic roughness length

¢{=z/L, — stability parameter (z: measurement height, L,: Obukhov length)

x=0.4 — von Karman constant
R\, — relative humidity

T<urt — Surface temperature

a — surface albedo

€ — surface emissivity

o — Stefan-Boltzmann constant
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¢, — specific heat capacity of air at constant pressure

Pqir — density of air

0,=1.0g cm™ - density of water

Pice=0.91gcm™ — density of ice

L4=0.33MJ kg™ — specific latent heat of fusion of water

Lg=2.5MJ kg~' — specific latent heat of vaporization of water
Lyy=2.8MJ kg~ — specific latent heat of sublimation of ice

D,, — thermal diffusivity

K}, — thermal conductivity

C,, — volumetric heat capacity

Chw=4.2MJ m~3 K" — volumetric heat capacity of water

Chni=1.9MJ m~3K™! — volumetric heat capacity of ice

Cp, 4~0.001 MJm™>K™" - volumetric heat capacity of air

Chs~2.3MJ m~> K™ — volumetric heat capacity of the solid soil matrix
A bulk heat capacity C,, ¢ is used for the solid matrix, since typical values of organic and mineral
soils do not differ more than 20% from each other (compare Sect. 3.3.3)

Appendix B

The calorimetric method

The change of the sensible heat content of a soil volume with area A and depth z with uniform
temperature and a constant heat capacity is given by

E(ty) - E(ty) = Az Cy, (T(t) - T(t4)), (B1)

where T (t;) and T (¢,) are the temperatures at times ¢, and #,. In the case of a temperature
dependence of the heat capacity and non-uniform temperature distribution in depth C, (T (¢,z2)),
Eq. B1 must be rewritten to

T(ty, Z)
E(t,) - E(ty) = / / C,(T")YdT' dZ'. (B2)
T(ty.2")
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The temperature dependence of C,, is caused by the phase change of water and is calculated
as

Ch(T) = Q(T) Ch,w + (emax - Q(T))Ch,i + (1 - Pdry)ch,s’ (BS)

where Fy, is the porosity of the soil, 6, is the maximum unfrozen water content, and 6(T') is
the temperature-dependent liquid water content, which is referred to as “freeze characteristic”.
The volumetric fraction of the solid matrix and thus the porosity is determined from soil samples
and the volumetric water and ice content is obtained from in situ TDR-measurements (see Boike
et al., 2003, for details). To account for the release or consumption of energy through freezing
and thawing, Eq. B2 is extended to

4 T(tp.2'
E(ty) - E(ty) = / PuLal0(T(t2,2') - 6(T(t1.2)]dZ" + A / /m Co(T")dT" dZz'. (B4)
1.2')

This method of ground heat flux determination requires knowledge about the soil-specific
freeze characteristics or direct measurements of the soil water content. The employed soil
temperature measurements must extend to a depth of constant temperatures during the con-
sidered measurement period. If such a deep temperature profile is not available, the heat flux
below the measurement depth can be obtained by solving the heat transfer equation at the
lower boundary (Eqg. C3, see below).

Appendix C

The conductive method

The conductive method makes use of the heat transfer equation to determine the ground heat
flux. Firstly, the thermal conductivity of the soil or snow must be evaluated. This procedure
requires a time series of soil temperatures measured in a profile at three depths, T,,(z4,1),
Tm(2,,t) and T, (23, 1) with z,<z,<z5. The one-dimensional heat transfer equation is written as

oT(tz) o oT(t.2)
%4 _ 9k
ot~ oz A5

Cy(t,2) (C1)
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where T (t,z) denotes the soil or snow temperature at time ¢ and depth z. Assuming constant
heat capacities and thermal conductivities K,(¢,z) in space and time, the one-dimensional heat
transfer equation is simplified to

oT (z,t) 8%T(z.t)
=D,
ot 0272

where D, =K, /C,, denotes the thermal diffusivity. The solution of Eq. C2) is obtained by the
partial differential equation solver incorporated in MATLAB. The required boundary conditions
are given by the outer sensors of the temperature profile, 7,,(z,,t) and T,(z3,t). The initial con-
ditions are inferred from linear interpolation between all the three sensors at =0, which is not
critical to the solution, since it becomes independent of the initial temperature state after a few
time steps in the shallow soil layer. The numerical solver delivers the temperature distribution
of the considered spatial domain, including T (¢,z,), so that the thermal diffusivity D, can be
evaluated by minimizing the least mean square error to the measured temperatures at depth
Z,5, T(t,z,). We use time series of several days for the determination of the thermal diffusivity
of different surface substrates (see Table 1). Note that this procedure assumes homogeneous
substrate composition in the considered soil or snow layer, which may not be the case in nature.
The heat flux through the upper boundary can be evaluated by

oT (z,1)
0z

(C2)

Qg(t) = DGy, (C3)

z=2Z4

The conductive methods has been applied by Westermann et al. (2009), while similar con-
cepts are explored by Nicolsky et al. (2009).

Appendix D

Modeling of latent heat fluxes

This model approach is used when eddy covariance measurements of the latent heat flux are
not available. The model is based on eddy-covariance measurements of wind speed and sonic
temperature and uses ancillary measurements of relative humidity and surface temperature.
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The model is based on commonly used parameterizations of the atmospheric transport mech-
anisms (Foken, 2008), which we shortly describe in the following. According to Monin-Obukhov
similarity theory, the latent heat flux can be related to the difference between specific humidity
at measurement height q(z,,) and roughness length g(z,) by

—_— J— fa— Zm Zm Zo -
gw' =(q(z,) - qzg) ku, [In — -Y¥y ;o (D1)
Z, L, L,
with
zm Zo _ Zm 1- (PW(ZI/L*) ’
WW(A’Z)_LO ~ dz, (D2)

where « denotes the von Karman constant (0.4), u, the friction velocity and ¢(z/L,) is a uni-
versal function (see below). The quotient z/L, denotes the stability parameter ¢, where L, is
the Obukhov length L, defined in Eq. D6. Using Eq. D1 and rewriting the turbulent transport
terms as atmospheric resistance r,, the latent heat flux Q¢ can be evaluated by

pairLIg — —
Qe = - m (Q(Zm) - q(Zo)): (D3)
with
= (ku ) |in 2 Zm Zo
ry: = (ku,) [m 2 HWV<L*,L*)], (D4)

where p,; is the density of air, L, the latent heat of vaporization of water and r the surface
resistance to evapotranspiration (Garratt, 1994). For calculation over the snow surface L, must
be replaced by the latent heat of sublimation L,. The specific humidity at the surface q(z,) is
inferred from to the surface temperature T using the Magnus formula that delivers the water
vapor pressure over a water surface or an ice surface, respectively. During the summer month,
the surface is not entirely saturated, and a surface resistance is required to account for the
reduced availability of water. We use measured time series of the latent heat flux to fit the sur-
face resistance of summer and fall. We assume the surface resistance to be constant in time.
The roughness length z, can be inferred from measurements of uf under neutral atmospheric
conditions (Foken, 2008). Note that we assume the aerodynamic roughness length to be the
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roughness length of water vapor. The fitting procedure yields a surface resistance of about
50sm™" with a roughness length determined to be 107%m during the summer period. When
the ground is snow-covered, the surface resistance is set to zero, while the roughness is de-
termined to 5x10™* m. The universal universal function Y, is chosen according to Hagstrom

(1988) as

_J095(1-11.6¢) *for¢ <0
Pw(¢) = {0.95 +7.8¢ for¢ >0 (D3)

The Obukhov length L, which is required for the stability parameter ¢ is directly obtained from
eddy-covariance measurements using
-

u,T

Lo=-———, (D6)
kg (T, w’)

where g is the gravitational acceleration and 7, the virtual temperature. Note that the virtual
temperature T, is substituted by the sonic temperature T, (Foken, 2008).
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Table 1. Used soil and snow parameters for ground heat flux calculations. Values of porosity g
Pyry @and water content 6,, are inferred from soil sample analysis and in situ soil water content 2 M. Langer et al.
measurements. The heat capacities are calculated by weighting C, ,, and C,, ¢ according to =)
water content and porosity. The thermal diffusivities D,, are determined with the conductive ./
method (see Sect. 3.3.2), from which we obtain the thermal conductivities K, in conjunction & _
with the assumed heat capacity. Errors are calculated using Gaussian error propagation. .
Substrate Pary 6, C,, [MJ m=3 K_1] D, [m2 3_1] Ky, [W m™ K_1] g ! !
dry peat 0.8+0.1 0.1+0.1 0.9+0.5 0.16+0.01 0.14+0.08 g
wet peat 0.8+0.1 0.7 £0.1 3.4 £0.5 0.19+0.04 0.6+0.17 2. ! !
saturated peat 0.8+0.1 0.8+0.1 3.8+0.2 0.19+0.02 0.72+0.08 =
_ -3 T
snow Psnow=190+10kgm 0.40+0.04  0.54+0.04  0.22+0.03 % e m
- 1 N
(7]
Q
:
&
2
P
U
QO
©
:
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Table 2. Average heat fluxes and essential climate parameters. Values are in Wm'2, if not

indicated differently. Turbulent heat flux values marked in bold are affected by minor data gaps,
due to quality or lee sector data exclusion. Radiation values measured with the NR-Lite sensor
are marked with ', and values obtained with the four component sensor (CNR1) are indicated
with 2. Modeled values of latent heat flux are indicated with . The springtime precipitation is
replaced by the snow water equivalent (SWE).

Spring Summer Fall
2007 2008 2007 2008 2007 2008
28 Apr-31 May 22 Apr-31 May 12 Jul-23 Aug 7 Jun-8 Jul 1 Sep-30 Sep 1 Sep-30 Sep
29 Jul-30 Aug
Qret 44! 27* 812 1042 7' 1125’
AQg - 61 119 145 - -
AQ, - -34 -38 —41 - -
Q4 8.7 1.3 14 22 -15 -4.4
Qe 128 9.7 40 44 15° 19
QG net 18 14 15 20 6 0.5
QG, sensible 17 13 5 9 6 4
Qg tatent 1 1 10 11 0 -35
Ernert MIM™] 19 19 - - - -
c -1.7 -3 12 18 -125 -10.1
Tour [ Cl -3.8 -6.9 10.5 9.2 3 1.2
Tar [ Cl -4.7 -6.9 9.2 8.2 26 1.6
Ry [%] 84 84 84 84 88 87
P [mm] SWE: 60 SWE: 57 58 100 49 21
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(b) Lena river-delta

{1 Continuous permatrost
»

Discontinuous permafrost %4
Isolated patches

y'sité on Samoylov- -

Mobile Eddy il
wet 137 %
v B dry: 52 %
Mobile Eddy il water: 11 %
wet : 19 %
Eldry: 79%
water : 2 %

Eddy covariance stations
Climate Station
Lake station

L S |
[) 100 200 m A

(a) Permafrost distribution in Siberia (Brown et al., 1997); the location of the Lena River delta is marked
in red. (b) Satellite image of the Lena River delta obtained from the Landsat Thematic Mapper (USGS, 2000); the
location of Samoylov Island is marked in red. (c) High-resolution aerial image of the study site on Samoylov Island,
where the considerable small-scale heterogeneity of the surface cover is visible. The locations of all installations are
marked, the approximate footprint areas of the eddy covariance systems are indicated in red. The fractions of wet, dry
and water surfaces in the concerning foot print areas are calculated using the foot print model of Schmid (1994).
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Fig. 2. Net radiation, sensible heat flux, latent heat flux, wind speed, atmospheric stability
parameter {=z/L, and approximate fraction of the snow-covered area (in gray) during spring
2008. The energy balance is strongly related to the evolution of the snow melt. The wind speed
is significantly increased during the melt period and the atmospheric stratification is essentially
neutral. Varying atmospheric conditions are observed in the pre-melt period.
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Fig. 3. Internal energy of the soil over the entire observation period in (a) 2007 and (b) 2008. e _I
The soil temperatures of 2007 are colder in spring and the air temperatures are warmer, which 3
explains the increased heat storage at the beginning of the period. Towards the end, the soil = _
temperatures are almost equal. -
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Fig. 4. Exemplary heat fluxes, wind speed and stability parameter during late summer 2008,

overcast periods are marked in gray.
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Fig. 5. The energy balance of 2007 and 2008. Heat fluxes are averaged over 20 days and
data gaps in the latent heat fluxes are filled by modeled values. Averages are discarded if the

data density is less than 60%.
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Fig. 7. The differences of the turbulent heat fluxes between the reference station Qy g(1) and
the mobile station Q, g(Il) at the second location of the mobile eddy system. The flux source
area of the second Eddy-Covariance system features a 20% higher fraction of dry surface area.
The spatial heat flux differences are directly related to the net radiative forcing. The histogram
depicts the distribution of net radiation values during the entire summer period.
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Fig. 8. The Energy balance ration EBR=(Q+Qg)/(Q,,.i—Qg) measured during the summer
period. The red line depicts the normal distribution, which would be expected for a closed

surface energy balance with random errors.
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