QUAESTIONES GEOGRAPHICAE 29/1 = 2010

DAILY COURSE OF THE SOIL TEMPERATURE IN SUMMER
IN CHOSEN ECOSYSTEMS OF SEOWINSKI NATIONAL PARK,
NORTHERN POLAND

Ewa BepNORZ, LEszEk KOLENDOWICZ

Adam Mickiewicz University, Institute of Physical Geography and Environmental Planning, Poznar, Poland

Manuscript received January 21, 2010
Revised version February 11, 2010

BepNORzZ E. & KoLenpowicz L., 2010. Daily course of the soil temperature in summer in chosen ecosystems of
Stowinski National Park, northern Poland. Quaestiones Geographicae 29(1), Adam Mickiewicz University Press,
Poznar 2010, pp. 5-12, Figs 4. Tabs 4. ISBN 978-83-232-2136-4. ISSN 0137-477X. DOI: 10.2478 /v10117-010-0001-x.

ABSTRACT. Patterns of the daily changes of the soil temperature in summer at three different ecosystems within
the Stowiriski National Park were analyzed. Strong correlation between the solar radiation and the soil tempera-
ture was found, particularly for the bare sandy surfaces, while the plant and humus cover hampers the solar
energy flux to the soil. In the same way, correlations between the temperature of soil surface and the air tempera-
ture were computed. Finally, logarithmic models for the relationship between the global solar radiation and the
soil surface temperature and between the soil surface temperature and the air temperature were constructed.
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Introduction

The exchange of energy between the atmo-
sphere and the earth’s surface significantly con-
tributes to the development of the boundary
layer climate. The primary source of this energy
is solar radiation and the rate of the energy ex-
changes between the air and earth strongly de-
pends on the amount of heat absorbed by the
earth surface. The latter is affected by atmo-
spheric factors, mainly cloud cover and circula-
tion, on the one hand and by the soil structure
and moisture on the other hand. The heat ab-
sorbed by the earth surface is partly transferred
to the air and partly conducted into the deeper

ground layers. Conduction is an extensive pro-
cess, due to high specific heat capacity of the
most kinds of soils. Thus, the ground becomes a
kind of the heat storage for the lowest boundary
layer (Paszynski et al., 1999). Variations in the
temperature of different soil layers influence the
transfer of sensible and latent heat from the sur-
face to the air and, in this way, they affect atmo-
spheric boundary layer processes and regional
circulation (Pan & Mahrt, 1987; Peters-Lidard
et al., 1998). Furthermore, the soil temperature
influences the water content in the ground ac-
celerating or delaying evaporation. Amount of
heat in the ground regulates the soil respiration,
meaning efflux of carbon dioxide to the atmo-
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sphere (Kane & Vogel, 1992; Alvesag & Jansson,
1997; Gaumont-Guay et al., 2006; Li et al., 2008).

The temperature of soil layers, being the ef-
fect of the surface heat budget, varies on the an-
nual and daily time scale. Multi-annual temporal
positive changes in soil temperature were detect-
ed in Hilton Experimental Site, Shropshire, UK
(Subedi & Fullen, 2009) and in northern United
States (Hu & Feng, 2003). These findings contrib-
ute to evidences of global warming.

The soil temperature being of great signifi-
cance for the growth and productivity of crops, is
often analyzed in agricultural studies (Kaspar &
Bland, 1992; Wraith & Ferguson, 1994; Bollero et
al., 1996; Mungay et al., 1998). Growth of natural
plant communities is also conditioned by ther-
mal and hydrological characteristics of the soil
(Keryn et al., 2004; Bond-Lamberty et al., 2005).
Therefore, specific and unique ecosystems within
the Stowinski National Park (SPN) on the Leba
Sandbar (southern coast of the Baltic Sea) were
chosen for the study of thermal soil conditions
during the vegetation period. The Leba Sandbar
is exceptional in many respects. Geomorphologi-
cally, it is built of quartz sand, which forms mov-
ing dunes in the central part of the bar, which are
unique on the European scale. The barren sandy
soil and deep level of ground water in the most
of the Leba Sandbar provide suitable growth con-
ditions for specific natural plant communities,
which are rare in European Lowlands. Owing to
all these characteristics, the SPN has been includ-
ed in the World Heritage List and the list of the
nature reserves protected by the Ramsar Conven-
tion. The distinctive features of the earth surface
occurring in the SPN result in the specific local
topoclimatic conditions (Bednorz et al., 2001; Ko-
lendowicz, 2002). The aim of this study is to ap-
proximate the role played by the active surface in
the energy exchange and in shaping the climate
of the lowest boundary layer called the surface
layer (or the inner layer) of the atmosphere.

Observation data and methods

Research referred to in this work was carried
out on behalf of the Field Station of the Climatol-
ogy Department of Adam Mickiewicz University
(AMU) located in the SPN. The station is based in

the mid-length of the Leba Sandbar, 10 km west
of Leba, at the distance of several dozen metres
from the sea. The measurements elaborated in
this study were conducted during three summer
seasons (2003-2004, months of July and August).

The physiographic properties (topographic
and geomorphological characteristics and the
vegetation cover) affecting the character of the
ground on the teba Sandbar are arranged in
stripes parallel to the sea-line. Soil temperature
was measured at three sites located in different
zones. The first one (1) was situated on the bare
sandy surface of the frontal dune. Due to its poor
vegetation, this belt is referred to as a white -
sandy dune, occasionally reinforced with high
grass. Behind the frontal dune embankment is a
zone of topographic lows with a different cover
and of a different colour. It is called a grey dune
having the surface covered with grey lichens, low
grass and sedge, which composes Helichryso-Jasio-
netum community. The second measurement site
(2) was located there, covered mainly by lichens
of the subspecies Cladonia and the grass Coryn-
phorus canescens. The soil in the second site can be
classified as initial soil, of loose structure with a
very thin layer (less than 1 cm) of dark humus. A
pine forest (Empetro nigri-Pinetum typicum) makes
the next zone, where the third measurement site
(3) was located. Leached soil was identified at this
site, which is covered with a moss layer (common
forest mosses) and surrounded by dwarf shrubs
of Empetrum nigrum, Calluna vulgaris, Vaccinum
vitis-idaea and Carex arenaria (Mocek, 1997; Pio-
trowska, 1997a, 1997b). The measurement point
was shaded during the day by the surrounding
pine trees.

The soil temperature measurements were ta-
ken every hour at the depth of 0 cm, 5 cm, 10 cm,
20 cm and 50 cm during three summer seasons
(July, August, 2003 - 2005). Additionally, hourly
measurements of the air temperature in the stan-
dard meteorological conditions (2 m above gro-
und level in the instrument shelter) and hourly
values of the global solar radiation intensity were
used in this study. Measurements as well as the
further analysis were carried out according to the
legal summer time, meaning the East European
time, which is approximately one hour later than
the local time. Some other meteorological measu-
rements and observations, taken at the Field Sta-
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tion of the Climatology Department AMU, were
also considered in the study, with the purpose to
identify the days with radiation weather and with
cloudy, wet weather. The days with radiation we-
ather are characterized by small cloudiness and
low wind velocity. The energy and heat flux is
the most intense on radiation days, therefore the
topoclimatic characteristics of the particular eco-
systems are the most distinctive in radiation con-
ditions (Paszynski et al., 1999). Days with cloudy
weather and with precipitation exceeding 1 mm
were analyzed separately and they are referred
to as the wet weather days in the further part of
the study. The soil temperature descriptions were
provided separately for each category of days as
well as for an average day. Furthermore, in order
to recognize the heat flux at the boundary layer,
correlations between the solar radiation and the
soil temperature were calculated, separately for
different weather conditions. In the same way,
correlations between the temperature of the soil
surface and the air temperature were computed.
An attempt was made to find a general model for
the relationship between the global solar radiation
and the soil surface temperature and between the
soil surface temperature and the air temperature.

Results

The daily course of the soil temperature and
the energy flux in deeper soil layers were diffe-
rent for the selected measurement sites and they
strongly depended on the weather conditions,
which determined the amount of the solar radia-
tion energy supplied. The highest values of the
soil temperature were observed during the radia-
tion weather (compare thermoizopleths in Figs 1
and 2). Shortly after the sunrise (from 7:00), ra-
pid heating of the surface was observed in such
weather conditions. At measurement sites 1 and
2, the mean surface temperature exceeded 28°C,
with the instantaneous values amounting to more
than 35°C. On the white dune (1) the thermal ma-
ximum was observed averagely at 13:00 of legal
time (meaning the local noon) and on the grey
dune, it was delayed to 14:00. In the pine forest
(3), which was deprived of the direct solar radia-
tion by the shading trees, the maximum values of
surface temperature reached 20°C at 15:00. At the

same timeframe, the highest values of the verti-
cal gradient, counted as the difference between
the temperature at the depth of 50 cm and 0 cm,
were observed (amounting to -10°C at site 1 and 2
and -7°C at site 3). The delay in reaching the tem-
perature maximum at site 2 and 3 indicates the
influence of the plant and humus cover, which
disturbs the solar energy flux to the soil.

Shortly after the maximal temperature is re-
ached, rapid cooling of the soil surface occurs
until the late evening, when the outgoing long-
wave radiation diminishes and the surface tem-
perature changes slowly. The cooling proceeds
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Fig. 1. Daily changes of the soil temperature. Thermo-
izopleths in °C constructed for all measurement days.
1,2, 3 - sites of measurements
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Fig. 2. Daily changes of the soil temperature. Thermoizopleths in °C constructed separately for different kinds of weather.
1, 2, 3 - sites of measurements

most rapidly at the bare surface of the sand at
site 1 (Fig. 2). The minimum of the soil surface
temperature occurs at about 5:00, its value drop-
ping below 15°C on the white dune (1) and amo-
unting to 16.1°C on the grey dune (2). The ground
surface in the pine forest (3) is the coolest both
during the day and during the night, reaching
the minimal temperature value of 14.1°C.
Temperature extremes at lower layers of the
soil occur later than the extremes at the surface,
according to the third Fourier’s law of thermal
conduction. It was determined empirically that
at the depth of 5 cm the delay amounts to 1 hour

and respectively 2 hours at 10 cm, 4 hours at 20
cm and to about 8 hours at the depth of 50 cm. Va-
lues of the maximal temperatures diminish with
the depth, while the minimal values are higher at
deeper layers. This influences the daily amplitu-
des, which diminish along with the depth of the
layers (second Fourier’s law) (Table 1).

Both the temperature values and the dyna-
mics of their changes were much lower during
the wet weather days (Fig. 2), when the global
solar radiation was reduced. The surface of the
grey dune was the warmest, with the tempera-
ture reaching 22.9°C, while the temperature of
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TABLE 1. MEAN DAILY AMPLITUDES OF TEMPERATURE (°C)

Site 1 (white dune) Site 2 (grey dune) Site 3 (pine forest)
Depth
(cm) All Radiation Wet All Radiation Wet All Radiation Wet
days weather | weather days weather | weather days weather | weather

00 94 144 6.4 8.9 12.6 6.2 3.7 6.0 25
05 7.1 9.9 4.6 6.7 9.3 4.6 15 2.3 1.1
10 4.8 6.3 3.1 5.4 7.4 3.7 1.2 1.9 0.8
20 2.7 3.6 1.8 29 3.9 21 0.4 0.5 0.6
50 0.4 0.5 0.6 0.4 0.6 1.0 0.2 0.5 0.5

the bare sand surface at site 1 amounted to abo-
ut 21°C. The soil surface in the pine forest was
definitely the coolest, with the maximal tempe-
rature hardly reaching 16.5°C. The temperature
of the leached soil at site 3 did not change much
during wet weather days, with the amplitude
amounting to 2.5°C at the surface and below 1°C
at deeper layers. At other sites (1 and 2), the daily
amplitudes in the wet weather days were lower
than the ones computed for the radiation days,
and they reached about 6°C at the surface. Simi-
larly to the radiation days, the thermal maximum
on the white dune (1) was observed at about local
noon and at the two others sites (2 and 3) it was
delayed to 15.00. The vertical gradient of the tem-
perature in the afternoon hours was about half of
its value during the radiation days (-4.3°C, -5.4°C
and -3.8°C respectively at the 1, 2 and 3 site). Al-
though during the wet weather days the soil sur-
face was relatively cold, it was slightly warmer
in the night hours than during the radiation we-
ather (by about 1°C at site 1).

The soil temperature is a measure of the
amount of heat absorbed by the ground, mainly
from the solar radiation. In order to determine
the influence of the solar radiation intensity on
the heat flux to the earth’s surface, the correla-
tion coefficients (r) between the global solar ra-
diation and the soil surface temperature at diffe-
rent weather conditions were computed. It was
found out empirically that the maximum of the
soil surface temperature usually occurs one hour
later than the maximum of the global solar radia-
tion intensity. Consequently, soil surface tempe-
ratures delayed by one hour were used for the
purpose of the aforementioned computing. The
highest values of correlation coefficients were
obtained for the days with the radiation weather,

when the largest amounts of solar energy are
supplied (Table 2). For the grey dune r = 0.725,
which means that the intensity of the global so-
lar radiation explains the variance of soil surface
temperature in more than 50 % (regression r* =
0.525). Distinctly lower correlation coefficients
were computed for days with the wet weather:
consequently, the influence of the solar radiation
is reduced to 23-32% (r? = 0.312 for site 1 and r? =
0.234 for site 2). Among the three measurement
sites, the lowest correlation between the global
solar radiation and the soil surface temperature
was found at site 3. The intensity of the global
solar radiation explains the variance of soil sur-
face temperature in the pine forest only in about
11% (r* = 0.116 for all days) and it seems to have
no direct impact during the days with the wet
weather. Linear equations were constructed to
explain the relationship between the intensity of
the global solar radiation and soil surface tempe-
rature. The model applied to site 1 is shown in
Fig. 3. The R? coefficient amounts to 0.46 which
means that the model explains the aforementio-
ned relationship in 46%.
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R? = 04645
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Fig. 3. The relationship between the intensity of global solar
radiation and soil surface temperature at the measurement
site 1 (white dune). Equation of the linear model is given.
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The energy absorbed by the earth surface is
partly transferred to the air and partly conducted
into the deeper ground layers. Therefore, the next
step was computing of the correlation coefficients
between the soil surface temperature and the air
temperature at 2 m above ground level. High va-
lues, similar for both kinds of weather and for all
measurement sites, were obtained (r > 0.82, stati-
stically significant at 99.9 %, Table 3). This means
that the soil temperature explains the variance of
the air temperature in more than 67 %. This time,
the strongest correlation was observed at site 3,
particularly during the wet weather (r = 0.913).
Again, equations were constructed to account for
the relationship between the soil surface tempe-
rature and the air temperature. For all sites, the
logarithmic model is best suitable for the deter-
mination of the relation between the soil and air
temperature. However, regressions of the linear
models computed for the same relationship are
not much lower (Fig. 4).

TABLE 2. CORRELATION COEFFICIENTS (R) BETWEEN THE GLOBAL
SOLAR RADIATION AND THE SURFACE SOIL TEMPERATURE

Site All Radiation Wet

days weather weather
1 (white dune) 0.682 0.725 0.559
2 (grey dune) 0.653 0.673 0.484
3 (pine forest) 0.341 0.344 0.157

Values statistically significant at 99.9 % in bold.

TaBLE 3. CORRELATION COEFFICIENTS (R) BETWEEN THE SOIL
SURFACE TEMPERATURE AND THE AIR TEMPERATURE AT 2 M
ABOVE GROUND LEVEL

Site All Radiation Wet

days weather weather
1 (white dune) 0.856 0.859 0.862
2 (grey dune) 0.826 0.852 0.820
3 (pine forest) 0.890 0.878 0.913

All values statistically significant at 99.9 %.

Finally, the conduction of heat to the deeper
layers of soil was estimated by computing corre-
lation coefficients between the surface soil tempe-
rature and the soil temperature at lower depths.
Heat conduction in sandy soil is an extensive
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Fig. 4. The relationship between the soil surface temperature
and the air temperature at the measurement site 1 (white dune)
and 3 (pine forest). Equations for logarithmic models are given.

process, due to the high specific heat capacity of
quartz sand. Therefore, the delay of the tempera-
ture extremes increases along with the increasing
depth and it amounts to 1 hour at the depth of 5
cm, to 2 hours at the depth of 10 cm, to 4 hours
at the depth of 20 cm and to approximately 8 ho-
urs at the depth of 50 cm. Delayed temperatures
of consecutive soil layers were correlated with the
soil surface temperatures (Table 4). The correlation
coefficient computed for the wet weather days is
statistically significant (p = 99%) along the whole



DAILY COURSE OF THE SOIL TEMPERATURE IN SUMMER IN CHOSEN ECOSYSTEM OF SLOWINSKI NATIONAL PARK...

11

TABLE 4. CORRELATION COEFFICIENTS (R) BETWEEN THE SURFACE SOIL TEMPERATURE AND THE SOIL TEMPERATURE AT PARTICULAR

DEPTHS
Site 1 (white dune) Site 2 (grey dune) Site 3 (pine forest)
Depth
(cm) All Radiation Wet All Radiation Wet All Radiation Wet
days weather weather | days weather | weather days weather weather
00 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
05 0.954 0.944 0.948 0.970 0.974 0.949 0.798 0.741 0.846
10 0.892 0.847 0.901 0.948 0.949 0.915 0.704 0.551 0.781
20 0.793 0.737 0.795 0.840 0.830 0.813 0.617 0.446 0.629
50 0.492 0.292 0.545 0.510 0.412 0.495 0.432 0.227 0.374

Values statistically significant at 99.9 % in bold.

vertical profile at all measurement sites. During
the radiation weather, when the heat flux is very
intensive, sandy soils of the white dune (1) and the
grey dune (2) accumulate a lot of energy, which is
transported slowly in the dry sand to deeper lay-
ers. Temperature at the depth of 50 cm is weakly
correlated with the surface temperature at sites 1
and 2 during days with radiation weather. In the
pine forest (site 3) the heat transport to the lower
layers of soil seems to be least intensive. Correla-
tion coefficients between the surface temperature
and the temperature at lower depths are weaker
than at two other sites. The diurnal heat transfer
hardly reaches the lowest layer of 50 cm under
ground level, where the average daily amplitude
of temperature amounts to 0.2°C and where the
weakest relationships with the temperature of the
surface were found at both types of weather con-
dition on the daily timescale (Table 4).

Discussion and conclusions

Patterns of the daily changes of the soil tem-
perature, recognized at three different ecosystems
in the SNP during three summer seasons are in
conformity with the Fourier laws of conduction,
namely: 1) the daily cycle of the temperature
changes is constant in the whole soil profile, 2)
daily amplitudes diminish along with the depth
of the layers, 3) the temperature extremes at lo-
wer soil layers are delayed in comparison with
the temperature extremes at the surface, (the qu-
antity of the delay was determined empirically
in the study). Although the general rules are fol-
lowed at each selected measurement site, there

are differences in the daily course of the soil tem-
perature between various surfaces and between
various weather conditions, which determine the
amount of the supplied solar radiation energy.

The soil temperature is a measure of the amo-
unt of heat absorbed by the ground from the so-
lar radiation and it depends on the specific heat
capacity and conduction of the soil. The delays
in reaching the temperature maximum observed
at sites 2 and 3, which are covered with plants,
in comparison with the bare sands of the white
dune (site 1), point to the influence of the plant
and humus cover, which hampers the solar ener-
gy flux to the soil. Similar thermal conditions of
the eolian sands at the L.eba Sandbar were descri-
bed by Rabski (1984).

In the pine forest, deprived of the direct solar
radiation and with a considerable amount of the
solar energy absorbed by tree crowns, soil surface
temperatures take on the lowest values, which are
most often below the values of the air temperatu-
res. In addition, they are weakly correlated with
the global solar radiation. This implies a reverse
heat flux direction, i.e. from the air to the ground.
Similar conclusions were reached by Bednarek
(1966), who has investigated the relationships
between soil surface temperatures and air tempe-
ratures in the Bialowieza National Park. Keryn et
al. (2004) using a simple model for predicting soil
temperature at the basis of daily air temperature
and its amplitude, explained 88% of the variation
in average daily soil temperature under forests in
Australia. Bond-Lamberty (2005) applied segmen-
ted linear model of the relationship between the air
and soil temperature in boreal forests throughout
a year. The relationship changed at the breakpoint
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temperature of -1 - -2°C. For the negative air tem-
peratures the trend line was horizontal and for po-
sitive air temperatures a steeper trend line was ob-
tained, similarly to results obtained in this paper
(see Fig. 4). More advanced mathematical model
based on Haar wavelets was applied by Hariharan
et al. (2009) to estimate depth profile (0-45 cm) of
soil temperature in Trombay (India).

Different patterns of the daily soil temperature
fluctuations, analyzed in this paper, are observed
for two different weather types: the radiation we-
ather and wet weather, particularly for the sandy
soils of white and grey dune. During the radiation
weather days, the temperature changes are more
dynamic and the daily amplitudes at each depth
are much higher than on the wet weather days.
The higher wind speed during the non-radiation
days may be considered as an additional factor re-
ducing the heat transfer to the soil (Mungai et al.,
1998). In the pine forest, the differences between
the soil temperature during the radiation weather
and wet weather are not so significant, however,
on the wet weather days, hardly any temperature
changes under the surface are observed.

Models representing the relationships betwe-
en the soil surface temperature and the intensity
of global solar radiation and between the soil sur-
face temperature and the air temperature, used
in this study, show that the aforementioned re-
lationships are very strong thus allowing the po-
ssibility of predicting both the temperature of the
soil surface and the temperature of the surface
layer of the atmosphere.
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