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SNOW ACCUMULATION AND ABLATION IN DIFFERENT CANOPY STRUCTURES
AT A PLOT SCALE: USING DEGREE-DAY APPROACH
AND MEASURED SHORTWAVE RADIATION

MICHAL JENICEK, ONDRE] HOTOVY, ONDRE] MATEJKA

Charles University, Faculty of Science, Department of Physical Geography and Geoecology, Czech Republic

ABSTRACT

The knowledge of water volume stored in the snowpack and its spatial distribution is important to predict the snowmelt runoff. The
objective of this study was to quantify the role of different forest types on the snowpack distribution at a plot scale during snow accumula-
tion and snow ablation periods. Special interest was put in the role of the forest affected by the bark beetle (Ips typographus). We performed
repeated detailed manual field survey at selected mountain plots with different canopy structure located at the same elevation and without
influence of topography and wind on the snow distribution. A snow accumulation and ablation model was set up to simulate the snow water
equivalent (SWE) in plots with different vegetation cover. The model was based on degree-day approach and accounts for snow interception
in different forest types.

The measured SWE in the plot with healthy forest was on average by 41% lower than in open area during snow accumulation period.
The disturbed forest caused the SWE reduction by 22% compared to open area indicating increasing snow storage after forest defoliation.
The snow ablation in healthy forest was by 32% slower compared to open area. On the contrary, the snow ablation in disturbed forest (due
to the bark beetle) was on average only by 7% slower than in open area. The relative decrease in incoming solar radiation in the forest com-
pared to open area was much bigger compared to the relative decrease in snowmelt rates. This indicated that the decrease in snowmelt
rates cannot be explained only by the decrease in incoming solar radiation. The model simulated best in open area and slightly worse in
healthy forest. The model showed faster snowmelt after forest defoliation which also resulted in earlier snow melt-out in the disturbed forest.
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1. Introduction

The effects of forest cover on snow accumulation and
ablation have been widely studied in last decades. How-
ever, at a catchment scale, there is still no comprehensive
explanation how sensitive is snowmelt runoft to chang-
es in mountain forest cover (Pomeroy et al. 2012). At a
small spatial scale, the snow accumulation and ablation
is controlled dominantly by local topography and veg-
etation (Jost et al. 2007). The differences between snow
water equivalent (SWE) in a forest compared to open area
have been described in many studies. These differences
may be explained by 1) the increase in snow interception
on forest canopy which reduces snow accumulation on
the earth surface due to snow sublimation and evapora-
tion (Essery et al. 2003; Varhola et al. 2010), and 2) the
decrease in incoming solar radiation with increasing can-
opy density (Ellis and Pomeroy 2007; Hribik et al. 2012).
Generally, forest significantly affects energy exchange
between the snowpack and atmosphere. The forest reduc-
es the ablation rates by attenuating solar radiation and
near-surface wind speed (Lopez-Moreno and Stéhli 2008;
Molotch et al. 2009).

Many studies showed that snow accumulated in for-
ests is by 40-50% lower than that in nearby open areas
(see e.g. Bartik et al. 2014; Jenicek et al. 2016, 2015; Jost

et al. 2007; Stdhli and Gustafsson 2006). The study per-
formed in experimental forested mountain plots in cen-
tral Europe showed that up to 60% of cumulative snowfall
was intercepted and sublimated (Holko et al. 2009).

The shortwave radiation is reflected on tree needles
causing its reduction under forest canopy. Up to 90% of
the incoming shortwave radiation is reflected back to the
atmosphere in case of dense coniferous forest (e.g. Aub-
in et al. 2011; Sicart et al. 2004). This reducing effect is
important during snow ablation period causing faster
snowmelt in open area compared to forest.

Previously mentioned effects are widely influenced
by changes in canopy structure caused by harvesting or
various forest disturbances such as windstorms and the
bark beetle attacks. The changes in forest structure signif-
icantly affect the snow interception and amount of short-
wave and longwave radiation. It strongly affects both the
snow accumulation (with expected increase in maximum
SWE due to reduced snow interception) and snow abla-
tion (with expected faster snowmelt after forest decay due
to increasing shortwave radiation), although the impacts
are not fully described and may be influenced by several
other parameters (Biederman et al. 2014; Pomeroy et al.
2012).

The objective of our study was to quantify the role of
different forest types on the snowpack distribution at a

https://doi.org/10.14712/23361980.2017.5
Jenicek, M. — Hotovy, 0. — Matéjka, 0. (2017):

Snow accumulation and ablation in different canopy structures at a plot scale: using degree-day approach and measured shortwave radiation

AUC Geographica, 52, No. 1, pp. 61-72



62  AUC Geographica

plot scale during snow accumulation and snow ablation
periods. More specifically, we performed detailed manual
filed survey at selected plots located at the same elevation
and without influence of topography and wind on the
snow distribution. Thanks to this sampling configuration
it was possible to explore the effect of canopy structure
on the snowpack distribution separately. This is not a new
topic, but our study focused more on the effect of differ-
ent forest types including disturbed forest due to the bark
beetle during both snow accumulation and snow ablation
periods. We benefit from detailed repeated manual snow
depth and SWE measurement supported by continuous
monitoring of meteorological variables including snow
depth, SWE and shortwave radiation (both incoming and
reflected).

2. Material and methods
2.1 Study area and data monitoring

We performed detailed field survey of snow depth,
snow density and SWE in four plots located in the Ptaci
Brook catchment, which is an experimental catchment of
the Charles University (Fig. 1). The Ptaci Brook catchment
covers an area of 4 km? and it is located in the Sumava
Mountains (Bavarian forest) in the southwest part of the
Czech Republic. The catchment is located from 1130 to

1330 m a.s.] with prevailing west, north and east orient-
ed slopes with mean slope gradient 6° (with maximum
up to 30°). The Ptaci Brook has snow-dominating runoft
regime with highest runoff volume approximately from
late March to beginning of May caused by melting snow.
The dominant tree species is Norway spruce (Picea abies),
although large parts of forests were damaged by the bark
beetle (Ips typographus). Both windstorms and the bark
beetle are the main factors causing land cover changes in
the Sumava Mountains, which has an effect on intercep-
tion, evaporation and consequently runoff (Kliment et al.
2011; Kocum et al. 2016; Langhammer et al. 2015a, 2015b).

Studied catchment is equipped with measurement of
precipitation (only warm period), air, snow and soil tem-
perature, air moisture, shortwave and longwave radiation,
SWE and ultrasonic measurement of snow depth. The
winter precipitation using heated rain gauge is measured
at the meteorological station Modrava which is located
4 km from the Ptaci Brook catchment. The SWE is meas-
ured directly in the study catchment in open area using
Snow Pack Analyzer SPA (Sommer Messtechnik). This
device uses three strips measuring the impedance of the
snowpack and calculates the ratio of ice, air and liquid
water in the snowpack which is further used to calculate
the snow density. Two strips are placed horizontally in
5 cm and 25 cm above the earth surface and the third
strip is placed diagonally providing the aggregate infor-
mation from the entire snow column.

Fig. 1 Geographical location of the Ptaci Brook catchment. Airborne images of individual sampling sites show their vegetation structure;
open area (A), healthy coniferous forest (B), disturbed forest due to the bark beetle (C) and mixed vegetation (D) (Data: Czech Office for

Surveying, Mapping and Cadastre CUZK).
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The incoming and reflected shortwave and longwave
radiation is measured using CNR4 Net Radiometer (Kipp
and Zonen). This device consists of two pyranometers
(first is oriented upward, second is oriented downward)
and two pyrgeometers (same configuration as for pyra-
nometers). Thanks to this configuration, the global and
reflected radiation is measured enabling albedo calcula-
tion. The device was supplemented with air temperature
measurement. We used three net radiometers placed in
open area (neighboring area to plot A, Fig. 1), healthy
coniferous forest (plot B) and disturbed coniferous forest
due to the bark beetle (plot C).

2.2 Sampling strategy and spatial data interpolation

We applied a simple sampling design at a plot scale
at four locations representing major vegetation catego-
ries typical for the study area; open area (plot A), healthy
(green) coniferous forest (plot B) and disturbed forest
due to the bark beetle (plot C). First three plots represent
these three categories; the fourth plot has a mixed vege-
tation consisting with all previously specified vegetation
categories (plot D, Fig. 1).

Each plot has an area 50 x 50 meters. The snow depth
was manually measured each tenth meter which results in
raster containing 36 values of the snow depth. The bulk
snow density was measured five times using a snow tube
and a digital scale (measurement resolution 10 g). The
five points with snow density measurement were located
uniformly within the plot; one in the middle and the four
were located near every corner always 10 meters from the
plot edges (inside the plot). The mean bulk snow density
was used to calculate the SWE in each raster cell resulting
in 36 SWE values for each plot.

Manual field surveys of snow depth, snow density and
SWE were carried out five times during one winter season
2015/2016; 4 February 2016, 19 February 2016, 19 March
2016, 1 April 2016 and 6 April 2016. The first three sam-
pling dates represent snow accumulation period (inter-
rupted with partial snowmelt due to rain-on-snow event)
with maximum snow storage close to 19 March 2016. A
period between last two sampling dates (01 Apr — 06 Apr)
represents snowmelt caused by high air temperature and
high solar radiation without precipitation. This peri-
od represents the major snowmelt period in the study
area.

Data were interpolated using Natural neighbor meth-
od. Interpolated rasters containing SWE data from all
plotsin 1 Apr 2016 and 6 Apr 2016 were used to calculate
ablation rates by subtracting the rasters from each other.
The size of raster pixel was set to 0.5 m.

2.3 The snow accumulation and ablation model based
on the degree-day approach

A snow accumulation and ablation model was set up
to simulate the snow evolution in plots with different

vegetation cover. Although, we are aware that the snow
ablation is driven by the complex energy balance, our aim
was to apply simple procedures to enable easier applica-
tion in areas without detail meteorological monitoring.
The simplified equation of the model calculating the snow
water equivalent S for time interval ¢ is (Eq. 1):
S=81+P— A —mp (T, = T (1)
All parameters with detailed explanation are listed in
Table 1. The model was written in R programming lan-
guage (R Core Team 2016). The model accounts for snow
and rain interception using multiplication factors apply-
ing for precipitation P (ICFS, Interception Correction
Factor for Snow; ICFR, Interception Correction Factor
for Rain). Different factors for different vegetation cover
were applied. In case of our model, the initial value of the
ICFS was based on measured differences between SWE
in the open area (plot A) and in other sampling locations.
Solid precipitation was adjusted for undercatch using
Snowfall Correction Factor (SFCF) due to wind affecting
the capture of the snow flake into a rain gauge. Because
the data of precipitation phase were not available, the dif-
ferentiation between snow and rain has been done by a
threshold temperature (T,,;,) which was set up to 1 °C
representing widely used value. Constant ablation rate A,

Tab. 1 Parameters of the snow accumulation and snow ablation
model.

o Air temperature (usually daily mean). The data from

T°d . S »
meteorological station in Ptaci Brook were used.
Precipitation (usually daily sum). The data from heated

P [mm] rain gauge placed in meteorological station Modrava
(4 km from Ptaci Brook) were used
Snowfall Correction Factor enables to account for snow

SFCF [-]
undercatch

T . ra Critical temperature for snowmelt initiation

cmelt (degree-day approach)
o Critical temperature differentiating between snow

Terain 1°C) and rain

LR Lapse rate accounting for temperature decrease

[°C/100 m] | with elevation (typically 0.6 °C per 100 m)

Interception Correction Factor for Snow accounting

ICFS [-] for snow interception in vegetation with different
canopy structure
Interception Correction Factor for Rain accounting

ICFR[-] for rain interception in vegetation with different
canopy structure
Constant ablation rate used to account for snow
ablation caused by sublimation and ground melt.

A, [mm] Constant ablation rate is applied only for snow
accumulation (for snowmelt, all processes causing
ablation are considered within the melt factor my)

m Melt factor or degree-day factor representing the

[n"flm SWE decrease in a day caused by the air temperature

oC-1 1] T change by 1 °C compared to the critical air
temperature T .; in which the melting process begins
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Fig. 2 The SWE in study plots in relation to vegetation. Boxes represent 25% and 75% percentile (with median as a thick line), whiskers
represent 1.5 multiplier of interquartile range (IQR), black points represent mean value and transparent points represent outliers (higher

than 1.5 of IQR, if existing).

was applied for snow accumulation periods to account
for ground melt and sublimation. Constant ablation was
not applied for snowmelt period since it is included in
melt factor m;.

The degree-day approach (see e.g. Hock 2003; Jenicek
et al. 2012) was used in this study to simulate the snow-
melt in plots with different vegetation cover. The degree-
day approach represents the simplified energy balance of
the snowpack, which is described using the air tempera-
ture T and melt factor m;.

The melt factors for different types of vegetation were
calculated based on measured SWE decreases between
last two sampling dates where there was no influence of
precipitation. Air temperature measured at meteorologi-
cal station located in the immediate vicinity of sampling
locations was used in the model. Critical temperature
T et Was set up to 0 °C in this case.

The parameters related to interception and critical
temperatures were calibrated based on measured SWE in
all sampling locations in order to get the best simulation
fitted to observed data. The data from snowpack ana-
lyzer SPA and snow depth sensor were used to estimate
the SFCE. The melt factors were not calibrated since they
were calculated based on measured data. The validation
of the model was not possible since data from one win-
ter season were available at the time of study processing.
The Nash-Sutcliffe efficiency NSE was used to assess the
goodness-of-fit of the model (Nash and Sutcliffe 1970).
A value 1 indicates perfect fit of simulations with obser-
vations, value 0 means that the model is as good as the
mean of observed data.

3. Results

3.1 The development of SWE and snow density at individual
plots in time

The development of SWE at individual plots in winter
season 2015/2016 is displayed in Fig. 2. Until 19 March
2016 there was an increase in snow storage in all plots
and this date was close to the date with maximum snow
accumulation (although the snow accumulation period
was influenced by several partial thawing periods). The
average SWE measured in the date with maximum snow
storage was 322 mm in open area, 242 mm in healthy for-
est, 256 mm in forest disturbed by the bark beetle and
294 mm in plot with mixed vegetation (healthy and dis-
turbed coniferous forest and open area).

The SWE in the healthy forest was on average by 41%
lower than in open area during accumulation period (first
three sampling dates). The disturbed forest caused the
SWE reduction by 22%, which clearly indicated reduc-
ing snow interception after forest defoliation and thus
increasing snow storage. It is expected that the snow
interception effect is likely to decrease in disturbed forest
due to the gradual fall of branches and trunks, and thus
snow accumulation increases.

The snow ablation in the healthy forest was slower than
in open area and in disturbed forest. The SWE in open
area decreased by 79 mm from 1 Apr 2016 to 6 Apr 2016
while the SWE decreased only by 47 mm in healthy forest
and by 60 mm in disturbed forest in the same period. The
dominant process which explains mentioned differences
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is reduced amount of incoming shortwave radiation in
forest sites. We can expect faster snowmelt in disturbed
forest next years due to further decay of the forest and
thus increasing amount of incoming solar radiation.

Similarly to SWE, the snow density also differs in dif-
ferent types of vegetation. As expected, there was lower
snow density in all vegetation categories during snow
accumulation compared to snow ablation (Fig. 3). The
median of snow density was lowest in the healthy for-
est, although the variability was highest when compare
all vegetation categories. In forest disturbed by the bark
beetle, the snow density slightly increased compared to
the healthy forest while the variability decreased. The
highest snow density was expectedly in open areas and in
the plot with mixed vegetation cover, probably due to the
combined effect of wind and higher incoming solar radi-
ation. Generally, the snow density variability is caused
by combined effects of 1) snow interception and canopy
drip, 2) snow redistribution by wind, 3) equi-temperature
metamorphism and 4) melt-freeze cycle metamorphisms.
Mentioned effects additionally cause the increasing snow
density at specific localities in time (with increasing day
of year).

3.2 The SWE variability at a plot scale

To describe the variability of SWE at a plot scale we
used the coefficient of variation C, (Fig. 4). The C, was cal-
culated using standard deviation of SWE values (36 val-
ues) at specific sampling plot divided by its mean. The
higher was the value, the higher was the SWE variability

Fig. 3 The snow density in individual plots. White box plots
represent sampling dates during snow accumulation; grey box
plots represent snowmelt dates. Boxes represent 25% and 75%
percentile (with median as a thick line), whiskers represent

1.5 multiplier of IQR.

at the specific sampling plot. The C, was calculated for
each plot and for each sampling date.

The results showed general higher variability during
snowmelt than during snow accumulation period. This
was expected since the snowpack is influenced by even
more factors during snow ablation than during snow
accumulation (such as increase in solar radiation). The
results also showed higher variability in the forest than in
other vegetation categories which indicated the influence
of canopy structure on the snowpack variability.

The histogram of SWE values for different canopy
covers and dates is shown in Fig. 5. The individual lines
represent the SWE distribution in individual sampling
dates and in different vegetation. Histograms of SWE at
the time of each sampling date showed that the distri-
bution and the variability changed in the course of the
accumulation and ablation season. It is clear that variabil-
ity markedly increased during snowmelt season (last two
sampling dates) which is indicated by histograms with
wider base. Both Fig. 4 and Fig. 5 show the fact, that the
SWE variability was generally higher in forest sites than
in open area.

3.3 Ablation rates in relation to forest type
and shortwave radiation

The snowmelt rates and melt factors m; were calculat-
ed using data measured in 1 April and 6 April. These sam-
pling dates define the period with high air temperature
and high amount of incoming solar radiation. The snow-
melt in the plot with disturbed forest markedly increased
and its snowmelt rates was almost same as in open area
(16.1 mm d~! for open area; 15 mm d-! for disturbed for-
est, table 2). The average snowmelt rate in healthy for-
est with dense treetops was much lower (10.9 mm d-1).
The spatial differences in snowmelt rates in forested plots
were probably caused by different amount of shortwave
radiation resulting from different canopy structure and
thus shading effects (Fig. 6). Additionally, the snowmelt
in the open area was influenced by surrounding trees,
especially on its edges. These surrounding trees affected
non-uniform snow ablation with higher snowmelt rates
especially in the north part of the plot due to the reducing
shading effect. Additionally, the presence of surrounding
trees probably caused wind speed reduction and thus the
snow redistribution due to wind was minimized.

The ablation rates and melt factor m; as a key param-
eter in degree-day approach showed different snowmelt
dynamics in different forest types (Table 2, Fig. 6, Fig. 7).
The melt factors increased due to the increase in incoming
solar radiation (caused by sparser canopy cover) and thus
decrease of shading effects. The snow ablation in healthy
forest was by 32% slower compared to sites in open area.
On the contrary, the snow ablation in disturbed forest
(due to the bark beetle) was on average only by 7% slower
than in open area which indicates considerable increase
in incoming solar radiation after forest defoliation. It is
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Fig. 4 The coefficients of variation C, describing the SWE variability at a site level in an open area, healthy forest, disturbed forest and
mixed vegetation in the Ptaci Brook catchment during snow accumulation and snow ablation period. The grey points indicate the
individual C,, horizontal lines indicate the median of C,.

Fig. 5 Histograms of SWE in the time of each data sampling at individual plots. Only points with existing snow cover were included.
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Tab. 2 Snowmelt rates, melt factors and relative amount of shortwave radiation compared to open area in individual sampling locations.

. Snowmelt rate Melt factor m; M relatively compared Relative amount of shortwave
Location e
[mmd-1] [mm °C-1d-"] to open area radiation compared to open area
Open area 16.1 3.09 100% 100.0%
Healthy forest 10.9 2.09 68% 6.3%
Disturbed forest 15.0 2.88 93% 23.9%
Mixed vegetation 129 2.46 80% NA

important to mention that the effect of faster snowmelt
after forest decline is rather temporary since one can
expect increasing shading effects and thus decreasing
melt factors during forest regeneration and growth.

As described in the methodology part, the shortwave
radiation was measured automatically in plots located in
open area, healthy forest and forest disturbed by the bark
beetle in order to measure the reduction of shortwave
radiation which represents one of the major heat input
accessible for snowmelt. The incoming solar radiation
in healthy forest decreased to 6.3% of amount typical for
open area (due to shading effect) and to 23.9% in dis-
turbed forest compared to open area (Fig. 8).

Calculated melt factors and melt rates confirmed gen-
erally know expectations of how the snowmelt is influ-
enced by vegetation and its canopy structure. The canopy

structure caused strong decrease in incoming solar radi-
ation and thus melt rates decreased as well. However, the
relative decrease in incoming solar radiation in the forest
compared to the open area was much bigger compared
to the relative decrease in snowmelt rates. This indicated
that the decrease in snowmelt rates cannot be explained
only by the decrease in incoming solar radiation, and that
there are still other processes which accelerated the snow-
melt in the forest, such the longwave radiation.

3.4 The modelling of snow accumulation and ablation
in plots with different forest type and in the open area

The set-up model was used to simulate the snow accu-
mulation and ablation in all samplings plots (Fig. 9). We
performed two separated model runs. First, the model

Fig. 6 Snowmelt rates showing the SWE decrease in sampling locations with different vegetation structure between 1 April 2016 and

6 April 2016.
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Fig. 7 Melt factors m, for different vegetation in the sampling
locations calculated from measured SWE. Boxes represent 25%
and 75% percentile (with median as a thick line), crosses represent
mean values and whiskers represent IQR.

started to simulate the SWE at the beginning of the win-
ter season (Fig. 9, left). Second, model simulation started
in 19 March 2016 which represents sampling date close
to the date with maximum snow storage (Fig. 9, right).
The initial values of SWE for the second model run were
adjusted in order to represent real measured data. Thus,
this model run represents only snowmelt period enabling
more detailed look on snowmelt dynamics in different
plots with different canopy structure.

The results of the model correspond to general expec-
tation of snow accumulation and snowmelt in different
vegetation categories. The results are not surprising since
the model was forced to achieved best possible fit with
observations (using both manual snow sampling data and
the SWE measurement using Snowpack analyzer SPA).
The SWE underestimation by the model compared to the
SPA data from 12 Jan to 17 Jan (Fig. 9, left) was probably
caused by heavy snowfall which was not fully captured by
the heated rain gauge in Modrava meteorological station
(the record from this rain gauge was used as an input into
the model).

The results showed the joint effect of reducing snow
accumulation (due to snow interception) and slower
snowmelt (due to shortwave radiation) in forest plots and
enabled to derive melt-out days (the day of snow disap-
pearance at specific plot). Despite the initial SWE in open
area was almost by 60% higher than in the healthy forest
when snowmelt began, the melt-out day in the forest was
only 4 days earlier than in open area. On the contrary,
the melt-out day in disturbed forest was 4 days earlier
than in healthy forest despite the higher SWE in the day

Fig. 8 The daily incoming shortwave radiation measured in open
area compared to incoming shortwave radiation measured

in healthy forest (black points) and disturbed forest (transparent
points) during winter 2015/2016.

of snowmelt onset (Fig. 9, right). Faster ablation recorded
by the automatic SWE sensor (SPA) was probably caused
by the fact that this sensor is placed in open area (howev-
er inside the plot D with mixed vegetation) and thus most
exposed to solar radiation when comparing all plots.

Tab. 3 Nash-Sutcliffe efficiency used to compare measured
and simulated SWE in individual plots.

Location Nash-Sutcliffe efficiency [-]
Open area 0.92
Healthy forest 0.88
Disturbed forest 0.69
Mixed vegetation 0.73

The model simulated best in open area and slightly
worse in healthy forest (Table 3). The worst simulation
was achieved in disturbed forest and in plot formed by
mixed vegetation. The reason was probably the large SWE
variability within the plot caused by large differences in
canopy structure. Additionally, in plot with disturbed for-
est the worst fit may by influenced by inaccurate meas-
ured data. This could happen because of many death trees
lying in the ground. In such conditions there was very
difficult to find representative points for snow depth and
SWE measurement. It means, that data measured in dis-
turbed forest are burden with higher portion of uncer-
tainty than data measured in healthy forest and in open
area. However, when simulate the SWE in forests sites,
the model highlighted the importance to use some factor
accounting for snow interception.
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Fig. 9 Simulated SWE from 01 Jan 2016 to 30 Apr 2016 (left). Simulated SWE during snowmelt from 19 Mar 2016 to 30 Apr 2016 (right).
Grey line “station” shows the SWE measured by the automatic sensor (SPA).

4, Discussion
4.1 Snow sampling design

The snowpack variability in snow dominated regions is
bigger than the variability of precipitation. This is caused
by several subsequent processes influencing the snow-
pack variability after snow accumulation, such as snow
redistribution due to wind and earth gravity, snow met-
amorphosis and snowmelt. All mentioned processes are
influenced by meteorological and site conditions which
strongly influence individual elements of snowpack ener-
gy balance. Site characteristics cause the high snow varia-
bility even at a plot scale, where the precipitation may be
considered as spatially invariable.

Besides manual sampling design as used in this study
a lot of promising results have been also reported using
remote sensing approaches such as the use of unmanned
aerial systems (UAV) (Lendzioch et al. 2016; Nolan et
al. 2015), aerial or terrestrial laser scanning (Biihler et al.
2015; Griinewald et al. 2013; Revuelto et al. 2016) and
MODIS satellite data (Duchacek 2014; He et al. 2014;
Krajci et al. 2016). A camera placed on UAV platform
was tested to monitor the snow depth characteristics in
our study area, more specifically in the plot D with mixed
vegetation (Lendzioch et al. 2016).

Selected locations are homogeneous in term of eleva-
tion and topography. All localities are placed at the same
elevation and they are on a flat area. The only difference
between localities is their vegetation cover, influencing
interception and the amount of shortwave and longwave

radiation. However, both plots located in the healthy for-
est and disturbed forest are not perfectly homogeneous
in term of canopy structure, it means that canopy struc-
ture is partly changing within one locality. On the one
hand, it represents an advantage because the small scale
variability of snow depth and SWE caused by small scale
variations of the canopy structure may be assessed. On
the other hand, it represents a potential uncertainty when
comparing localities between each other; characteristics
of the mean were used to describe the snowpack in indi-
vidual locality. This approach smooths the possible with-
in-plot variations.

Additionally, the snowpack in open area was influ-
enced by surrounding trees, especially on its edges. How-
ever, in such forested study area there was not possible to
select different plot representing open area which would
be large enough to avoid the snowpack distribution influ-
ence by surrounding trees. On contrary, the influence of
wind on snow redistribution was therefore minimized
and thanks to this fact, we argue that spatial snow depth
and SWE differences were caused mainly by spatial differ-
ences in interception and solar radiation.

4.2 Uncertainties arising from measured
meteorological variables

The air temperature used to melt factors calculation
and to simulate the snowmelt dynamics was measured
at a meteorological station located in the vicinity of sam-
pling plots. Although, air temperature data were automat-
ically measured every 10 minutes, the snow model set-up
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in this study used daily temporal resolution which cannot
capture small scale variations of air temperature due to
the small scale variability of topography. This effect might
be important in spring especially in clear sky conditions
at night and early morning (frost pockets). Diurnal vari-
ations caused that the mean daily air temperature might
not be representative to describe snowmelt conditions (if
occurred during the day). Local temperature conditions
are also affected by the forest structure (Tesaf et al. 2006)
which is often connected to topography (Hais and Kudera
2009).

The incoming and reflected shortwave radiation was
measured in open area, healthy forest and disturbed for-
est. Since radiometer detectors were not heated, these
light detectors were covered with snow in some winter
days giving the unreliable data. The identification of such
situations was based on simple fact that shortwave radia-
tion from downward facing sensor was higher than from
upward facing sensor (which is unlikely in common sit-
uations during daylight). If this situation happened, we
assumed that the upward facing sensors were covered
with snow. Thus, all such measured values were removed
from all analysis.

4.3 Vegetation structure and its possible consequences
to runoff

For snow dominating regions with significant portion
of forested areas, there is a well-documented difference
between snow storages in forests and in open areas (see
e.g. Holko et al. 2009; Jenicek et al. 2015; Jost et al. 2012;
Pomeroy et al. 2012; Sipek and Tesai 2014). The results
presented by Jenicek et al. (2016) who performed similar
survey of snow storages at a catchment scale (same catch-
ment as in this study) demonstrated similar differences
in snow storages accumulated in open areas compared
to forest sites (on average by 45% lower snow storages
under healthy coniferous forest and 29% by lower snow
storage in disturbed forest). On the contrary, Bartik et al.
(2014) reported larger decrease of SWE deposited in a
disturbed forest compared to open area in the West Tatra
Mountains (decrease by 53%).

The melt factors presented in Jenicek et al. (2016) are
somewhat higher than in this study, especially for open are-
as. This might be influenced by previously mentioned fact
that open area in this study is rather small and the snow-
pack distribution might by affected by surrounding trees.

The effect of harvesting was documented by Schelker
et al. (2013) who showed the increase in SWE after forest
clear-cut by 27% which caused higher runoff from catch-
ment. Additionally, the clear-cutting caused the earlier
occurrence of the snowmelt. Pomeroy et al. (2012) per-
formed a wide range of hypothetical scenarios at Marmot
Creek in Canada and concluded that the total spring and
summer runoff volume increased by less than 10% in case
of forest burning and logging, however, the snowmelt vol-
ume increases by 45%.

4.4 Simplified snowpack energy balance based
on degree-day approach

The snow accumulation and ablation model based on
degree-day approach was originally created for daily time
resolution and the same temporal resolution was also
used in this study. The partial inaccuracies may arise in
cases of air temperature fluctuations near zero (Kutlakova
and Jenicek 2012). When the mean daily air temperature
is negative, the model calculates no snowmelt. However,
the positive air temperature which occurred during day
might cause partial snowmelt which was not captured by
the model (Hock 2003). Although the model allowed for
a correction of such situations using critical temperature
T el there is still some portion of uncertainty in simu-
lated snowmelt dynamics.

It is important to mention that only a simplified ener-
gy balance was taken into account in the model which
means that many processes were not included into calcu-
lation, such as latent heat transfers (e.g. water refreezing
after liquid precipitation) and longwave radiation. The
sublimation and heat flux from earth surface (ground
melt) was included in our model, however we used only
simplified approach to estimate these two parameters.
Further development of the model and testing it on dif-
ferent catchments and/or different years would bring
more reliable results.

5. Conclusion

We analyzed the snowpack variability in four select-
ed plots with different land cover in a forested moun-
tain catchment. We were interested in the effect of forest
structure on both snow accumulation and ablation. Our
study was based on repeated manual measurements of the
snow depth and SWE in winter season 2015/2016. Based
on results, we draw up following conclusions:

- The snow depth and SWE spatial variability at a plot
scale markedly increased during snowmelt season.
The variability was generally higher in forest sites than
in open area.

- The SWE in the plot with healthy forest was on average
by 41% lower than in open area during snow accu-
mulation period. The disturbed forest caused the SWE
reduction by 22% compared to open area indicating
reducing snow interception after forest defoliation and
thus increasing snow storage.

- The snow ablation in healthy forest was by 32% slow-
er compared to open area. On the contrary, the snow
ablation in disturbed forest (due to the bark beetle)
was on average only by 7% slower than in open area.
The dominant process which explains mentioned dif-
ferences is reduced amount of incoming shortwave
radiation in forested sites.

- The measured incoming solar radiation in healthy
forest decreased to 6.3% of amount measured in open
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area in the same period and to 23.9% in disturbed
forest compared to open area. However, the relative
decrease in incoming solar radiation in the forest com-
pared to open area was much bigger compared to the
relative decrease in snowmelt rates. This indicated that
the decrease in snowmelt rates cannot be explained
only by the decrease in incoming solar radiation.

— The results of the model showed the joint effect of
reducing snow accumulation (due to snow intercep-
tion) and slower snowmelt (due to shortwave radi-
ation) in forest plots and enabled to derive melt-out
days at individual plots. Despite the initial SWE in dis-
turbed forest was by 10% higher than in the healthy
forest when snowmelt began, the melt-out day in
the disturbed forest was by 4 days earlier then in the
healthy forest. The model simulated best in open area
and slightly worse in healthy forest. The worst simu-
lation was achieved in disturbed forest and in the plot
formed by mixed vegetation.
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RESUME

Akumulace a tibytek snéhu v riiznych vegetacich v lokalnim méfitku:
poutziti pfistupu degree-day a mérené kratkovinné radiace

Informace o objemu vody ve snéhové pokryvce a jejim prosto-
rovém rozlozeni jsou dtilezité pro predpovédi odtoku z tajiciho
snéhu. Cilem této studie bylo kvantifikovat vliv rtizné struktury les-
niho porostu na prostorové rozlozeni snéhové pokryvky vlokalnim
méfitku béhem akumulace a tani snéhu. Dil¢i zajem predstavoval
vliv lesa poskozeného lykozroutem smrkovym (Ips typographus).

Na vybranych malych horskych plochéch byla v zimni sez6-
né 2015/2016 provedena opakovand detailni méfeni vysky snéhu
avodni hodnoty snéhu (SWE). Jednotlivé plochy se nachdzely bliz-
ko sebe ve stejné nadmoftské vysce bez vlivu reliéfu a vétru na roz-
lozeni snéhu. Tim bylo mozné sledovat pouze efekt vegetace (ovliv-
nujici intercepci snéhu a radia¢ni podminky) na distribuci snéhu.
Byl sestaven model akumulace a tbytku snéhu, ktery simuloval
pribéh SWE na vybranych plochdch. Model by zaloZen na pfistupu
degree-day a zohlednoval intercepci snéhu v riznych strukturach
vegetace. Model byl kalibrovan jak na manualné méfenych hodno-
tdch SWE, tak na datech z automatické stanice umisténé v blizkosti
ploch a mérici kromé srazek a teploty vzduchu také vysku snéhu,
SWE a globalni a odrazenou kratkovlnnou radiaci.

Meéfeni ukézala, Ze SWE ve zdravém lese byla dobé akumulace
snéhu v praméru o 41 % niz$i, nez na oteviené plose. Naproti tomu,
poskozeny les zptsobil pouze o 22 % nizsi akumulaci snéhu nez
na otevrené plose. Ve zdravém lese bylo naméreno o 32 % poma-
lejsi tani snéhu ve srovnani s otevienou plochou. Naproti tomu,
v poskozeném lese bylo tani pouze o 7 % pomalejsi nez na ote-
viené plose, coz Ize vysvétlit vy$$im thrnem kratkovinného zéfeni
dopadajici na plochu po rozpadu lesa. Avsak pokles kratkovlnné
radiace jak ve zdravém, tak poskozeném lese je mnohem vyssi nez
by vysvétloval pokles rychlosti tini snéhu. To ukazuje na fakt, Ze
kratkovlnna radiace nemtiZe sama vysvétlit zménu v tani snéhu po
rozpadu lesa. Sestaveny a kalibrovany model ocekavané modeloval
nejpresnéji pribéh SWE na otevrené plose, o néco hiife ve zdravém
a poskozeném lese. Model prokazal obecné zrychleni tani snéhu po
rozpadu lesa, coz mélo také za nasledek rychlejsi roztati snéhu na
plode s poskozenym lesem (navzdory vy$sim snéhovym zdsobdm
na pocatku tani snéhu).
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