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Abstract. The paper presents results of the research on the impact of solar radiation on the forma-
tion of the thermal conditions of the exposed rock surfaces of the Krakéw-Czestochowa Upland. The
research comprised the structure of the radiation balance of the active surface of the bottom of the
canyon, the temperature of the surface and the layer at the depth of -5 cm in limestone rock on
the southern wall of the canyon. The tests were performed in various types of weather. The strong-
est mesoclimate contrasts were observed in the radiation type of weather: differences in insolation
and in the balance of radiation, thermal differences and variations within the heat flux in the rock.
The longwave stream of radiation which was emitted by the heated rocks exerted an impact on the
microclimate conditions and on the radiation balance at the bottom of the canyon during the night.
A diverse relief of the terrain constituted a local factor differentiating the radiation balance and the
distribution of the rock temperature. The quantitatively determined structure of the radiation balance
and the thermal contrasts of the canyon, particularly of the rock surfaces, point to the importance
of the relief in shaping the mesoclimate of even small karst areas. These characteristics determine
the heat flux in the rock, weathering processes and others. The mesoclimate and microclimate of
the rocks affect the biodiversity of the rock surfaces of the Krakéw-Czestochowa Upland. In addition,
they shape the ecotopy of the karst canyon, among others — the vegetation on the limestone rocks.
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Introduction

In karst areas, the relief of the terrain strongly in-
fluences the amount of solar radiation and the tem-
perature distribution (Whiteman et al. 2004a). In
addition, these elements are modified by the vege-
tation cover of the terrain (Klasa and Partyka 2008;
Barany-Kevei 2011; Batori et al. 2012). In valleys
and canyons, exposed and insolated bare rocks
heat up during the day, and thus become a “specif-
ic heat emitter” during the night (Gunzburger and
Merrien-Soukatchoft 2011). The radiation is strong-
ly absorbed by the rocks of the southern exposure,

which are partly covered with vegetation. Therefore,
the modelling of these elements is difficult and re-
quires experimental studies. Bare limestone rocks in
the Krakéw-Czestochowa Upland are an ideal ma-
terial for investigating the relationships between the
intensity of solar radiation and the temperature of
the active surface in the upland karst areas.

The processes of the exchange of radiation and
heat between the atmosphere and the substratum
(e.g. bedrock) occur in the atmospheric active sur-
face (Paszynski et al. 1999). Therefore, the analysis
of the structure of radiation balance and measure-
ments of the temperature on the surface of the rock
and inside the rock enable determining the thermal
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field, the direction of the heat flux dependent on the
intensity and pace of heating up of rocks (Goémez-
Heras et al. 2006), stone degradation (Weiss et al.
2004), weathering processes (Smith et al. 2008) in
the context of the ongoing global warming.

Impacts of climate change on the hydrologic cy-
cle, water resources, carbon cycle, and eco-envi-
ronment in the karst region have been observed
(Bokwa et al. 2008; Lian et al. 2015). The authors
examine how the terrain texture and topography in-
fluence the heat flux (Smith and Skyllingstad 2011),
temperature distribution (Medeiros and Fitzjarrald
2015), wind fields (Sheridan et al. 2010), longwave
radiation (Hoch et al. 2011), surface-air tempera-
ture (Bry$ 2008), effects of elevation (McCutchan
and Fox 1986), the temperature regime of the soil
and air in deeper karst depressions (Barany-Kevei
1999, 2011) on a regional scale. On a global scale,
extensive karst limestone bedrock plays an impor-
tant role in the preservation of rare, endangered,
or specialized species (e.g. Wolowski et al. 2004).
Karst landforms, such as canyons, wells and sink-
holes, determine the geomorphologic, microclimatic
(Whiteman et al. 2004a; Bokwa et al. 2008; Sheridan
et al. 2014), pollution (Caputa and Lesniok 2002a,b;
Caputa and Doroz 2015) and vegetation features of
karst surfaces, and influence the karst aquifer sys-
tem (Caputa and Partyka 2009).

Previous studies in the Krakdéw-Czestochowa
Upland point to high radiative (Klein 1992; Caputa
2001; Caputa 2016a,b), thermal and moisture (Wo-
jkowski 2004; Brzezniak and Partyka 2008; Caputa
2009) contrasts or frequent inversion phenome-
na (NiedzwiedZ 2009a,b). These contrasts indicate
a diverse structure of the radiation balance of the
active surface in varied karst relief, which is well
recognized both in the profile of the plateau-bot-
tom of the canyon (Caputa and Wojkowski 2013)
and spatially distribution of insolation (Wojkowski
and Caputa 2009, 2016).

Less numerous studies are focused on micro-
climatic measurements carried out directly on
limestone rocks. Such studies allow determina-
tion of the role of the terrain relief in the forma-
tion of the microclimate of the boundary surface
of rocks (Brzezniak 1994a), humidity (Brzezniak
1994b; Litschmann et al. 2012), air movement in
karst craters (Whiteman et al. 2004b; Ziangl 2005),
and comparison of temperature inversions in sink-

holes of different sizes and shapes (Whiteman et al.
2004b, c). Sparse studies take into account solar ra-
diation or the radiation balance of the active surface
(Whiteman et al. 1989; Whiteman et al. 1996; Iiji-
ma and Shinoda 2000; Sun et al. 2003; Clements et
al. 2003). These studies indicate that solar radiation
exerts a fundamental impact on the boundary sur-
face of karst depression (valley, canyon, sinkhole),
including the bedrock. Morphological formations
of karst determine the distribution of the near-sur-
face temperature, local air movements, the inflow of
the total solar radiation, and thus affect the final ra-
diation balance. Steinacker et al. (2007) emphasise
that the temporal change of the vertical tempera-
ture profile is strongly dependent on the shading
and sky view factor (SVF) in accordance with the
geometry of the basin. Moreover, that even a few
clouds passing over the sinkhole during an other-
wise clear night result nearly instantaneously in a
significant temperature signal at the bottom; it re-
acts like an infrared thermometer (Steinacker et al.
2007). Therefore, the formation of the microclimate
of the canyon may be significantly influenced by ex-
posed rock surfaces. These surfaces heat up faster
and then alter the microclimate, for example, night
time cooling is reduced by back radiation from the
sidewalls in the canyon. Despite the fact that the ex-
posed rocks cover a smaller area, their contribution
to heating may be substantial.

The aim of the study was to determine what por-
tion of the radiation is absorbed by the sidewalls of
the canyon and transformed into the heat flux, and
then accumulated or emitted by the limestone rock.
This allowed determination of the influence of the
exposed rock surfaces on the formation of the mi-
croclimate of the canyon.

Methods and study area

The research utilises the results of recording solar
radiation and air temperature at two meteorological
stations. The first was installed at the bottom of the
canyon in the Pradnik Valley at Ojcéw (geograph-
ical coordinates 50°12’°35” N, 19°49°44” E, altitude
322 m as.l.) (Fig. 1). The surroundings of the sta-
tion are characterized by steep slopes of eastern and
western exposure and a deep (over 100 m), narrow
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Fig. 1. Location of the measurement points in the Krakdw-Czestochowa Upland: (A) the Ojcéw National Park 1 — meteorological station; 2 —
temporary station; 3 — hill-tops; (B) profiles W—E, LCz — plateau meteorological station, PZ — bottom of the canyon — meteorological
station; (C) the places of temporary measurements taken by HoboProTerm

(50-150 m), flat bottom of the canyon of the S-N
course. N slopes are covered by the forest whereas
S slopes and sidewalls — by the xerothermic grassy
surface (Klasa and Partyka 2008). Such a location
of the station accurately reflects the specificity of
the deep valleys of the Krakéw-Czstochowa Upland,
which have the character of canyons (Gradzinski et
al. 2008). The obstruction of the horizon at the sta-
tion is substantial and varies within the range of
10° to 35°.

The other temporary measuring site was located
on the eastern slope of the Pradnik valley, on the
hillside of the Gora Koronna, on the rock complex
of the Rekawica in the period of 2012-2014. The
site was equipped in four Hobo ProTerm recorders.
The operational and laboratory tests for these data
loggers were described by Whiteman et al. (2000)
and Gruber et al. (2003). They were installed on the
characteristic surfaces of bare limestone rock of a
great inclination of 70-90° and the exposure to the
south (rock S), north (Rock N) and west (rock W).
The HoboProTerm sensors recorded the tempera-
ture on the rock surface as well as at the depth of
-5 cm inside the rock (-5 cm rock S, -5 cm rock
N, -5 cm rock W). Additionally, in the immediate
vicinity of the rock complex of the Rekawica, the
temperature of the air at the height of 150 cm was

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0002

recorded in the radiation shield. The whole area is
characterized by a great diversity of the rock relief
(Fig. 1C, photo).

The radiation balance comprises elements of
shortwave radiation, whose source is the sun, and
longwave radiation, which represents the radiation
of the Earth’s surface and the atmosphere (Oke
1999; Paszynski et al. 1999):

Q=K +L*=Kl-KD+ @l -LN

where:

Q* — net radiation — net short- and longwave radiation flux density,

K* — absorbed solar radiation — net shortwave radiation,

L* — net longwave radiation,

K{ — global solar radiation — the incoming shortwave radiation,

KT — reflected solar radiation,

L — atmospheric counter radiation — the incoming longwave radi-
ation,

LT — outgoing longwave radiation.

Results

The incoming of shortwave solar radiation
to the bottom of the canyon

Tropical air inflowing over Poland was the reason
for the radiation weather and a sweltering day of

21
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29.08.2013. The great irradiation and high temper-
ature in the Krakow-Czgstochowa Upland during
this cloudless day perfectly illustrates the phenom-
enon of heating-up of the active layer in the bottom
of the canyon and the limestone rocks during a sun-
ny day with high insolation.

The flux Kl reached the bottom of the can-
yon strongly reduced owing to the obstruction of
the horizon by the slopes and the sidewalls both
in the morning from sunrise to 6:00 UTC (solar
time = UTC-78 min.) and before sunset (desig-
nation SS and SR, Fig. 2A). The difference of
AKiPlateau_Canyon=Kiplatm—KJ/Canyon was calculated.
The bottom of the canyon of the Krakéw-Czgsto-
chowa Upland received less insolation than the
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Fig. 2. Variation of: (A) the radiation balance elements; (B) the temper-
ature of the air and rock; (C) temperature differences T T
(ATair_mckS)’ Tair_T5cm rockS (ATair_Scm ro(kS)’ TrockS_T5cm rockS (ATrock_Scm rock$

at the bottom of the canyon in Ojcéw on 29-30.07.2013

plateau by 2.4 MJ-m™ in the daily total. The
lowest values of AK\LPlateau_Canyon were calculat-
ed for winter fine days - from 0.3 to 1.8 MJ-m™
The highest differences in the supply of solar ra-
diation between the grassy surface of the plateau
and the bottom of the canyon were observed on
fine days in the spring and summer, which reached
the values high as AK‘Lplareau_canym:3-1 MJ-m™. Bas-
ing on the analysis of 2007-2012, it was shown that
K{ reaching the bottom of the canyon during the
year was on average 15% lower than the solar ener-
gy received by the plateau (Caputa and Wojkowski
2013).

Figure 2A illustrating the intraday variation of
net K* clearly shows a slow increase of the values
for 3 hours after sunrise due to the shading by the
canyon sidewalls. It reached a maximum during the
ascendancy of the sun (10:42 UTC) and then de-
creased to the value of 70 W-m™, and very slowly
went down towards zero (2 hrs and 50 min) once
more obstructed by the sidewalls of the canyon. The
daily total K* at the bottom of the canyon was about
3.0 MJ-m™? smaller than the total calculated for the
plateau on the sunny day of 29.07.2013. Smaller ra-
diative terms were observed during the following
cloudy day of 30.07.2013 (Fig. 3). The inflow of K{
was 15.1 MJ-m~ lower and the total K* 12.0 MJ-m™
smaller than the corresponding values on the sun-
ny day.

Longwave radiation balance at the bottom
of the canyon

The large value of the longwave radiation flux re-
sulted from strong heating of the active surface and
the air in the lower layers of the atmosphere (Figs.
2A, 3). The sunny daily net L* equal to -3.9 MJ-m™?
resulted from the high emissivity of the bottom of
the canyon. In contrast, at night, when only long-
wave radiation occurred in net Qn*, a negative val-
ue of -0.4 MJ-m™ was calculated, which means that
the bottom of the canyon was cooling oft during
the night. Strong variations in the daily course of
L* were noted. Large amplitudes in the net L* (126
W-m™) were observed in the canyon, with the min-
imum of -131 W-m™ at noon. The net L* was in-
fluenced by the relief of the terrain (large SVF), but

22 Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0002
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also by the vegetation, which greatly hampered the
heating of the soil.

The daily structure of the radiation balance
at the bottom of the canyon

The course of the net Q* during 29-30.07.2013 at
the bottom of the canyon illustrates radiation con-
trasts on a sunny day and on an overcast day (Fig.
2A). The net Q* reached positive values during the
day, whereas almost 3 hours before sunset and dur-
ing the night it decreased to negative values. On
the sunny day, the arms of the parabola Q* limit-
ed by the sidewalls of the canyon are clearly seen.
The net Q* fell rapidly at local sunset, reaching
its minimum of -36 W-m™ by astronomical sun-
set, and then increasing slowly to about -10 W-m™
by sunrise. The values of the net K* the net L*
(Qd*=K*+L*) was designated the name of the dai-
ly net radiation of the active surface. The net Qd*
reached high values of 13.9 MJ-m™ on the sunny
day, whereas by 9.4 MJ-m™ lower on the overcast
day at the bottom of the canyon (Fig. 3). Slightly
lower values of the daily total of the net Q* (13.5
MJ-m™2) were observed, because the net L* in the
canyon during the night is low.

On the day of 30.07.2013, polar maritime air,
much cooler and of high humidity, flowed in from
the west. The change of the weather resulted in re-
duction of solar radiation, temperature decrease and
an increase in humidity and wind speed. This over-

[MJ-m?]
50
40
30
20 -

Q*= Qg+Qp= 13.5MIm?

KL KTLIL1 K" LrQ,*

224

221

-26.0

day=15.5h

night =8.5h

cast day of 30.07 was characterised by little diversi-
ty of the values of the net Q*. What was interesting
was the negative value of the net Q* after 18:00
UTC owing to a strong cooling of the active sur-
face of the bottom of the canyon. There was a slow
decrease of the temperature of the air and soil. The
daily total of the net Q* reached merely 3.9 MJ-m™
at the bottom of the canyon.

Daily changes in the temperature of lime-
stone rock

The solar radiation flux reaching lower parts of the
slopes and the bottom of the canyon was reduced
by the sidewalls. This was reflected in the course of
the temperature of the air and the limestone rock
on the canyon sidewall S (Fig. 2B). The temperature
of the rock surface clearly increased not earlier than
a few hours after sunrise. The irradiation reached
the rock surface (there was recorded a rise in the
temperature until the afternoon hours). In contrast,
an increase in the air temperature up to 38°C re-
sulted from warming of the air by the grassy sur-
face (low albedo 21%) and limestone rock of high
albedo a=33%. The inflow of the flux K{ after 6:00
UTC was also the cause of the changes in the di-
rection course of the heat flux in the rock (Fig. 2C).
The negative values of AT . pointed to cooling
of the limestone rock, while the positive values - to
its heating (heat flux turning back to the rock). The
course of AT was distinctive — the pos-

rockS-5cm rocks

[MJ-m] Q*= Qg +Qr'= 3.9 MIm?
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Fig. 3. The structure of the radiation balance during the day (white) and night (dark), net Q * at the bottom of the canyon on the fine day of
29.07.2013 (left) and on the cloudy day of 30.07.2013 (right). Index: d — day, n — night
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itive value of this difference preceded the positive
values of AT, after sunrise, due to the fact that
the surface of the rock heated up first, the air above
the rock heated up after that, and the course of the
direction of the heat flux changed and maintained
until sunset. Then, after the solar zenith, there was a
decrease in the flux K{, which was further restrict-
ed by the slopes of the canyon in the afternoon. Be-
cause of the strong emissivity, the net Q* decreased
and its course of direction changed to the negative
several hours before sunset. The negative values of
the net Q* pointed to cooling of the surface of the
canyon, which was reflected by the drop in the tem-
perature of the air and rock.

What was interesting was a significant inertia of
the fall of the temperature at the depth of -5 cm
inside the rock. Daily course of the temperature
appears in the chart as T, .. After sunset, the
temperature of the air decreased faster than of the
rock surface due to the lower heat capacity of the
air. A large heat flux inside the rock was indicated
by the negative AT .. .. The negative values
of AT in the Figure 2C point to cooling of the rock
until the arrival of the atmospheric front at night.

Inertia of the temperature and heat flux in
limestone rock

The walls of limestone rocks act as a climate ac-
tive layer between the atmosphere and the bedrock,
within which the processes of the exchange of ra-
diation and heat take place. They constitute anoth-
er vertically arranged active surface, along with the
horizontal grassy one. This surface heated up with
a delay in relation to sunrise, and with a substan-
tial inertia of the temperature despite the supply of
the flux K{ to the sidewalls of the canyon (due to
the bright surface of the limestone rock). About two
hours before the temperature of the rock surface
had reached its highest value, there was also not-
ed an increase in the air temperature and its maxi-
mum value (Fig. 2B). The high albedo of limestone
rocks (33%) decreased the value of the net K* ow-
ing to the reflection of shortwave radiation.

High negative values of the heat flux in the rock
(AT ), which show strong radiation from

rockS-5cm rock$S

the rock into the atmosphere, were observed at

night and morning hours even on the cloudy day
(Fig. 2C). However, during the sunny day, the sur-
face heated up to a maximum, the highest value
of AT, . .=7.8K occurred two hours after the so-
lar zenith. Although the differences were examined
at a similar level from 9:00 to approx. 14:00 UTC.
The maximum AT , . =58K associated with
a flow of the heat flux between the rock surface and
the depth of -5 cm inside the rock occurred even
later. Then, the described differences decreased un-
til sunset, at which point the vector of the heat flux
changed its course of direction, and thus the rock
began to cool off. At this time, the minimum values
of the net Q* were observed to be increasing until
sunrise, also during other days (Fig. 5).

Extremely significant was an extended period of
the cooling of the rock even during the following
day, by the afternoon hours, when the intensity of
K{ was higher in the second half of the day. Even
the value of 200-300 W-m2 K{ was not sufficient
for the heat flux to penetrate the rock. The daily
course of the difference between the temperature of
the surface and the inside of the rock AT ..
illustrates the change in the temperature of the rock
on the south wall of the canyon also during other
days (Fig. 4). The high value 12.8K of the difference
between the air temperature and at the depth of -5
cm inside the rock point to the heating of the rock
(high heat flux) during the day.

The negative net Q*, particularly after sunset,
was the reason for the cooling of the active surface
of the canyon bottom. Due to the aforementioned
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Fig. 4. Daily course of the global radiation (K{), temperature of
the rock S: on the surface (T ) and at the depth of —5cm
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in the rock (T at Rekawica complex in the period of
5-11.09.2013

-5cm rockS)
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inertia of the temperature in the rock, the minimum
value AT .. =-18K occurred 2.5 hours later
on the sunny day of 6.09.2013. The days with high
or variable cloudiness were characterized by much
lower values of the net Q¥, and still lower diversity

of the temperature in the limestone rock.

Discussion

Overcast sky was an essential factor in weather and
climate processes during the studied period. It af-
fected directly the inflow of solar energy during the
day and the loss of the radiation during the clear
night Qn*=-0 .4 MJ-m™ and more in cloudy night
Qn*=-0.6 MJ-m™= This might have been the ef-
fect of the heating up of the canyon walls. The type
and size of the clouds decreased the net Q* by 9.6
M]J-m? during the analysed overcast day in compar-
ison to the sunny day. Similar correlation was ob-
served over a longer research period, when overcast
skies reduced the net radiation Q* by 30% in com-
parison to the days with a clear sky (Caputa 2001).
There was observed the impact of karst relief on
the diversity of insolation conditions and mesocli-
mate variation (Wojkowski and Caputa 2016). Large
temperature amplitudes were characteristic only the
exposed surfaces of monadnocks, rocks and side-
walls of the canyon. The temperature of the side-
walls and rocks covered with trees were not much
different, despite the exposure (S-N) and height
(30-60 m) above the bottom of the canyon because
of the insulating nature of the vegetation (Caputa
2009). The net Q* determined the heat balance and

the heat flux inside the rock, as well as the micro-
climate of the near-surface layer of the air in the
Krakow-Czestochowa Upland (Bokwa et al. 2008).
On the other hand, since the rocks were low heat
conductive, there are important temperature gradi-
ents from the surface into the rock (Fig. 5), which
give rise to important expansions and contractions
leading to exfoliation or weathering (Eppes et al.
2010). The importance of this was mentioned by,
for example, Gomez-Heras et al. (2006), who ar-
gued that this was the zone wherein many stone
decay processes (particularly weathering) operate.
These processes invariably respond to temperature
and moisture fluctuations, and short-term interrup-
tions to insolation could, for example, trigger these
fluctuations on numerous occasions over a day. Be-
cause of the fact that the diurnal patterns of heating
and cooling were overlapped by more rapid, short-
term changes in insolation (clouds), it was possible
for surface and subsurface temperature regimes to
develop as well (Smith et al. 2008).

The second important factor differentiating the
structure of the radiation balance and the thermics
of limestone rocks was the terrain relief owing to
its modifying influence on the size of irradiation
(Caputa 2009). The inflow of the flux K{ was de-
pendent on the degree to which the physical hori-
zon was obscured, the exposure and the angle of
the inclination of the surface. The flux K{ amount-
ed to 3955 MJ-m~ on open flat areas, while at the
bottom of the canyon it was lower by 19% (Caputa
2015b). The net Q* was 2120 MJ-m™ on the plateau,
whereas at the bottom of the canyon it was small-
er by 20% for the multiyear of 2007-2012 (Capu-
ta and Wojkowski 2013). The annual totals K{
modelled for the slopes S of an inclination of 20%
amounted to 4198 MJ-m™, and even higher values
(more than 4300 MJ-m™) were calculated for non
tree-covered slopes and rocks S (Wojkowski and
Caputa 2009). The absolute values of the ingredi-
ents of the radiation balance of the active surface
(K*, L*) were greater on the plateau surface than on
the grassy surface of the bottom of the canyon by
19% and 20% respectively (Caputa and Wojkowski
2013), which pointed to a great diversity of the ac-
tive surface of the karst areas. Bare rocks, rock walls
and monadnocks heat up during the day and con-
stitute a specific emitter of heat at night (Molaro et
al. 2005). The topographic parameter seems to af-
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fect the correlation between the air temperature de-
velopment and the amount of the sky visible from
the bottom of the canyon (Steinacker et al. 2007). In
the bottom zone of the canyon and the lower parts
of the sidewalls, the period of the diurnal heating
shortened, however K* increased because of a lower
albedo, reflections of the beams from the sidewalls
of the canyon, especially from white rocks, etc. At
the bottom of the canyon, high temperatures of the
surface and air (Caputa and Wojkowski 2013) were
recorded during the day, while during the night —
a longwave emission. A stable stratigraphy of the
air dominated in the canyon owing to the stillness
and low wind speed. This was due to the temper-
ature inversion phenomena, during the high pres-
sure weather characterised by cloudlessness or a
small cloud cover mostly in the spring and autumn
(Niedzwiedz 2009a).

The high albedo of limestone rocks (24-38%)
was the cause of the strengthening of the scattered
radiation in the canyon during the sunny day. It was
more then 15-80% at the plateau on grass surface.
The albedo has been recognised as a major factor
that influences surface temperatures (Gomez-Heras
et al. 2006; Brys 2008, 2009). The albedo determines
how much of the heat that reaches a surface in the
form of radiation will remain available (Geiger et al.
1995; Hall et al. 2005). An average albedo modelled
for the study area was 20%, the lowest in the autumn
- up to 12%, and the highest for long-lying snow —
more than 60%. The highest albedo recorded in the
satellite photo was characteristic of limestone rock
- 24% in spring, slightly lower in summer (23%)
and 18% in autumn (Wojkowski and Caputa 2009).
Maximum was for snow (86%) and much low for
grass (21%) and at bare soil even 12% (Brys 2013).
The presented elements sharpened the microclimate
contrasts in the canyon. The other surfaces on the
sidewall S in the canyon heated up to the maximum
temperature during the year as follows: xerother-
mic grassy surface — 54.1°C, rocks - 42.9°C, un-
dergrowth - 33.7°C, and the bottom of the canyon
- 52.6°C (Caputa 2009). The contrasts, karst relief
and microclimatic differences have brought about
the resulting ecological conditions (Wotowski et al.
2004) and very important changes of vegetation in
the karst ecosystem (Barany-Kevei 2011).

Previous investigators found somewhat weaker
nighttime net outgoing radiation in other lower el-

evation basins and valleys under similar synoptic
conditions (Whiteman et al. 1996; Iijima and Shino-
da 2000). The slow nighttime increase in net radia-
tion is caused by the changing balance between the
outgoing flux, which decreases as the ground sur-
face cools, and the downward radiative flux, which
comes from the warm sidewalls and the sky and
which decreases at a slower rate during the night
(Clements et al. 2003). Barany-Kevein (2011) in-
troduced the concept of influence of the slope ori-
entation and, in particular, the time of the day on
the formation of vertical stratification of tempera-
tures in the karst terrain depression.

The strongest thermal contrasts were recorded in
this terrain in the near ground-level parts of rocks
(0-10 cm above ground level) of a thermal gradi-
ent equal to 3.6K/10 cm. The same studies identified
differences in vertical gradients, whose maximum
values were 4.9K/10 cm in the upper parts of the
slope (Brzezniak 1994a). Other research concerning
thermal differences of deep karst craters points to
their origin, e.g. the inflow of cold air, a limited or
lack of provision of K{ to some parts of the bottom
and sidewalls (Whiteman et al. 2004¢). These caus-
es resulted in, for example, long lying of snow cov-
er in shady parts of a narrow canyon (Wojkowski
2009), temperature inversions up to 12K plateau—
bottom of the canyon (Niedzwiedz 2009a), thermal
contrasts between its south and north sides, and be-
tween day and night (Caputa 2009). Litschmann et
al. (2012) described the climatic conditions of karst
narrow canyons. As opposed to sinkholes, there was
limited occurrence of cold air at night and the sub-
sequent inversion in narrow canyons, which may be
illustrated by the temperature differences between
the bottom of the abyss and its upper edge (138.4
m) reaching up to about 10°C (Litschmann et al.
2012). In topographic depressions, night time cool-
ing was reduced by back radiation from the side-
walls (especially in narrow canyons). Early night
time (19:00 UTC) radiative cooling, for example,
was reduced to 44%-58% of the value seen over
a flat terrain (assuming no inversion layers on the
slopes) (Hoch et al. 2011). Other studies point out
that the contribution to the downward radiative flux
at the basin floor from the relatively warm sidewalls
and warm air mass at the top of the basin cold pool
was much greater than the contribution that would
be received from a less obstructed sky (Clemens
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et al. 2003). This might have been the effect of the
heating up of the canyon walls.

Changes of microclimate may be important in
several cases, especially in karst areas where the
strongest influence comes from topography (Capu-
ta and Wojkowski 2015). As a rule, the interiors
of karst depressions were colder than the higher
ground surrounding them. Besides, lower absolute
minimum temperatures, greater numbers of cold
days, and greater amounts of snow cover, fog and
frost were also characteristic of enclosed karst de-
pressions. And finally, areas with soil and vegeta-
tion cover usually promote solution processes, due
to the presence of carbon dioxide in the soil (Rit-
ter et al. 1995).

Summary and conclusions

In the diverse relief of the karst area of the
Krakow-Czestochowa Upland, meso- and micro-
climate diversity was observed. The conclusions
drawn from the earlier analyses dealing with this is-
sue (among others, Klein 1992; Niedzwiedz 2009a,b;
Caputa 2015a,b) have been enriched with the fol-
lowing statements: this diversification has been in-
fluenced by: a limited inflow of solar radiation
(15%), thermal and moisture contrasts, frequent
temperature inversions (above 12K), light winds
and stillness in the valleys, etc. A sunny day (high—
pressure weather: high insolation, light wind, etc.)
exerted a strong mesoscale impact on the evolution
of the canyon boundary layer (strong heating of the
surface during the day, chilling and temperature in-
version during the night).

Owing to the relief of the terrain, a limitation
in the inflow of the flux K{ to the bottom of the
canyon in the morning and in the evening was ob-
served. This limitation amounted to AKJ«Plateaquan’
yon=2-1 MJ:-md™" on a sunny summer day. This
difference constituted 15% of K{ and 19% of net
K* and 20% of net Q* for the whole year in the
period of 2007-2012 in the Krakéw-Czgstochowa
Upland. The analysis of the structure of the radi-
ation balance provided an explanation of the im-
pact of the radiation balance components on the
rock temperature and the heat flux inside the rock.
The daily total of K| at the bottom of the canyon

reached 22.4 MJ-m™2, while the maximum tempera-
ture of the rock was 31.3°C, and at the depth of -5
cm inside the rock -26.2°C on a sunny summer day.

What was also found out was a few hours’ iner-
tia of cooling of the limestone rock in comparison
to the change of the net Q* into negative in the af-
ternoon hours. The lowest value of the net Q* was
equal to 63 W-m™, which corresponded to the dif-
ference AT oo o= 15K, whereas the minimum
value occurred 2.5 hours later (-1.8K). This phe-
nomenon is of great importance for the formation
of temperature inversion, air movements, net Q* in
narrow karst formations (valleys, canyons, etc.).

The results will allow assessing the role of the ex-
posed rock surfaces in shaping the heat balance of
the canyon and forming its microclimate. In the fu-
ture, it will be compared with the results of the cur-
rently carried out studies on the influence of solar
radiation on the temperature of other selected mor-
phological elements of the canyon.

References

BATORI Z., KORMOCZI L., ERDOS L., ZALATNAI M.,
CSIKY J., 2012, Importance of karst sinkholes in pre-
serving relict, mountain, and wetwoodland plant spe-
cies under sub-Mediterranean climate: A case study
from southern Hungary. Journal of Cave and Karst
Studies, 74(1): 127-134.

BARANY-KEVEI 1., 1999, Microclimate of karstic do-
lines. Acta Climatologica, 32/33: 19-27.

BARANY-KEVEI I, 2011, Changes in the vegetation of
doline in Aggtelek and Biikk mountains. Acta Clima-
tologica at Chorologica, 44/45: 25-30.

BOKWA A., CAPUTA Z., DURLO G., MACIEJOWSKI
W., WOJKOWSKI J., 2008, Meso- and microcli-
matic conditions in the southern part of the Cra-
cow-Czestochowa Upland. EJPAU 11(3), #03, http://
www.ejpau.media.pl/volumell/issue3/art-03.html.

BRYS K., 2008, Wieloletni wptyw pokrywy ro$linnej na
termike gleby. Acta Agrophysica, 161, 12(1): 39-55.

BRYS K, 2009, Zmiany bilansu promieniowania po-
wierzchni bez roslin i poro$nietej trawg we Wrocta-
wiu-Swojcu. Acta Agrophysica 171, 14(2): 287-303.

BRYS K., 2013, Dynamika bilansu radiacyjnego murawy
oraz powierzchni nieporosnietej. Monografie Uni-

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0002 27



The impact of solar radiation on the temperature of the exposed rocks of the karst canyon...

Z. A. Caputa

wersytetu Przyrodniczego we Wroctawiu, 162,
Wydawnictwo Uniwersytetu Przyrodniczego.

BRZEZNIAK E., 1992, Rozklad temperatury na po-
wierzchni skalek wapiennych. Zeszyty Naukowe U],
Prace Geograficzne, 90: 147-155.

BRZEZNIAK E., 1994a, Rola rzezby terenu w ksztattowaniu
klimatu powierzchni granicznych skalek wapiennych.
Pradnik. Prace Muzeum Szafera, 9: 49-57.

BRZEZNIAK E., 1994b, Wilgotno$¢ przypowierzch-
niowej warstwy powietrza skalek wapiennych. Prad-
nik. Prace Muzeum Szafera, 9: 59-66.

BRZEZNIAK E., PARTYKA ]J., 2008, Warunki klimatyczne
Ojcowskiego Parku Narodowego, [in:] Klasa A., Partyka
J. (eds.), Monografia OPN, Ojcow: 121-136.

CAPUTA Z., 2001, Pomiary bilansu promieniowania
réznych powierzchni czynnych przy wykorzystaniu
automatycznych stacji pomiarowych. Annales Universi-
tatis Mariae Curie-Sktodowska, LV/LVI 11: 95-103.

CAPUTA Z., 2009, Kontrasty mezo- i mikroklimatyczne
w Ojcowskim Parku Narodowym. Pradnik. Prace
Muzeum Szafera, 19: 195-218.

CAPUTA Z., 20153, Doplyw promieniowania stoneczne-
go do poludniowej cze$ci Wyzyny Krakowskiej w la-
tach 2008-2014. Pradnik. Prace Muzeum Szafera, 19:
129-138.

CAPUTA Z. 2016a, Net solar radiation in the southern
part of the Krakéw-Czestochowa Upland in the peri-
od of 2008-2014. Acta Agrophysica 23(2): 147-161.

CAPUTA Z. 2016b, Zréznicowanie doptywu promi-
eniowania stonecznego do potudniowej czesci Wyzyny
Krakowsko-Czestochowskiej w latach 2008-2014.
Prace i Studia Geograficzne 147(4).

CAPUTA Z., 2015b, Doptyw promieniowania sfoneczne-
go do wklestych form terenu potudniowej czesci
Wyzyny Krakowskiej w latach 2008-2014. Pradnik.
Prace Muzeum Szafera, 19: 139-148.

CAPUTA Z., DOROZ H., 2015, Zanieczyszczenie opaddéw
atmosferycznych na terenie Ojcowskiego Parku Nar-
odowego, Pradnik. Prace Muzeum Szafera, 25: 119-
128.

CAPUTA Z., LESNIOK M., 2002a, Zréznicowanie mik-
roklimatyczne w $wietle bilansu promieniowania
stonecznego na przykladzie Ojcowskiego Parku Nar-
odowego. Pradnik. Prace Muzeum Szafera, 13: 7-30.

CAPUTA Z., LESNIOK M., 2002b, Radiation balance in
the area of Ojcéw National Park, [in:] Andrejchuk
V.N., Korzhyk V.P. (eds.), Regional aspects of land use,
Kharskivski Politekhnichny Universytet, Uniwersytet
Slaski, Chernivtsy-Sosnowiec: 24-34.

CAPUTA Z., PARTYKA ], (eds.), 2009, Wspot-
czesne zmiany $rodowiska przyrodniczego w réznych
warunkach topoklimatycznych Wyzyny Krakows-
kiej na przykladzie Ojcowskiego Parku Narodowego.
Pradnik. Prace Muz. Szafera, 19: 332 pp.

CAPUTA Z., WOJKOWSKI J., 2013, Influence of solar
radiation on air and soil temperature in the Cracow
Upland. Pradnik. Prace Muzeum Szafera, 23: 65-74.

CAPUTA Z., WOJKOWSKI J., 2015, Structure of radia-
tion balance in diverse types of relief. Annals of War-
saw University of Life Sciences, 47(4): 343-354. DOL
http://ann_landreclam.sggw.pl/z474/art6.pdf.

CLEMENTS G., WHITEMAN C., HOREL J., 2003,
Cold-air-pool structure and evolution in a mountain
basin: Peter Sinks, Utah. Journal of Applied Meteor-
ology, 42: 752-768.

EPPES M.C., MCFADDEN L.D., WEGMANN K.W.,
SCUDERI L.A., 2010, Cracks in desert pavement rocks:
Further insights into mechanical weathering by direc-
tional insolation. Geomorphology, 123: 97-108. DOIL:
http://dx.doi.org/10.1016/j.geomorph.2010.07.003.

GEIGER R., ARON R.H., TODHUNDER P, 1995, The
climate near the ground. Friedr, Vieweg & Sohn Ver-
lagsgesellschaft, Brauschweig/Wiesbaden.

GOMEZ-HERAS M., SMITH B.J., FORT R., 2006, Sur-
face temperature differences between minerals in
crystalline rocks: Implications for granular disaggre-
gation of granites through thermal fatigue. Geomor-
phology, 78: 236-249.

GRADZINSKI M., GRADZINSKI R., JACH R. 2008, Ge-
ologia, rzezba i zjawiska krasowe okolic Ojcowa, [in:]
Klasa A., Partyka J. (eds.), Monografia Ojcowskiego
Parku Narodowego. Przyroda, Ojcéw: 31-95.

GRUBER S., PETER M., HOELZLE M., WOODHATCH
L, HAEBERLI W,, 2003, Surface temperatures in steep
alpine rock faces — A strategy for regional-scale meas-
urement and modelling. [in:] Phillips M., Springman
S.M., Arenson L.U., (eds.), Permafrost. Proceedings
8th International Conference on Permafrost, 21-25
July, Zurich, Switzerland: 325-330.

GUNZBURGER Y., MERRIEN-SOUKATCHOFF V.,
2011, Near-surface temperatures and heat balance of
bare outcrops exposed to solar radiation, Earth Sur-
face Processses and Landforms, 36: 1577-1589. DOI:
http://dx.doi.org/10.1002/esp.2167.

HALL K., LINDGREN B.J., JACKSON P, 2005, Rock al-
bedo and monitoring of thermal conditions in respect
of weathering: some expected an some unexpected

28 Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0002



Z. A. Caputa

The impact of solar radiation on the temperature of the exposed rocks of the karst canyon...

results, Earth Surface Processes and Landforms, 30,
801-811. DOI: http://dx.doi.org/10.1002/esp.1189.

HOCH S.W.,, WHITEMAN D., MAYER B, 2011, A sys-
tematic study of longwave radiative heating and
cooling within valleys and basins using a three-di-
mensional radiative transfer model. Journal of Ap-
plied Meteorology and Climatology, 50: 2473-2489.
DOIL: http://dx.doi.org/10.1175/JAMC-D-11-083.1

IJIMA'Y., SHINODA M., 2000, Seasonal changes in the
cold-air pool formation in a subalpine hollow, central
Japan. International Journal of Climatology, 20: 1471-
1483, http://onlinelibrary.wiley.com/doi/10.1002/1097-
0088(200010)20:12<1471:: AID-JOC554>3.0.CO;2-6/
full.

KLASA A., PARTYKA J., 2008, (eds.), Monografia
Ojcowskiego Parku Narodowego. Przyroda, Ojcowski
Park Narodowy, Ojcow.

KLEIN J., 1992, Radiacyjne czynniki klimatu i parowa-
nie w Ojcowskim Parku Narodowym (na przykladzie
Doliny Saspowskiej). Pradnik. Prace Muz. Szafera, 5:
29-34.

LIAN Y, YOU G.J.-Y, LIN K., JIANG Z., ZHANG CH,,
QIN X., 2015, Characteristics of climate change in
southwest China karst region and their potential en-
vironmental impacts. Environmental Earth Scienc-
es, 74(2): 937-944. DOL: http://dx.doi.org/10.1007/
s12665-014-3847-8.

LITSCHMANN T,, ROZNOVSKY J., STREDA T, STRE-
DOVA H., HEBELKA J., 2012, Temperature and hu-
midity conditions of Macocha Abyss. Contribution to
Geophysics and Geodesy, 42/3: 227-242. DOI: http://
dx.doi.org/10.2478/v10126-012-0009-4.

MCCUTCHAN M.H., FOX D.G., 1986, Effects of eleva-
tion and aspect on wind, temperature and humidi-
ty. Journal of Applied Meteorology and Climatology,
25:1996-2013.

MEDEIROS L.E., FITZJARRALD D.R., 2015, Stable
Boundary Layer in Complex Terrain. Part II: Ge-
ometrical and Sheltering Effects on Mixing. Journal
of Applied Meteorology and Climatology 54: 170-188.
DOIL: http://dx.doi.org/10.1175/JAMC-D-13-0346.1.

MOLARO J.L., MCKAY C.P, 2010, Processes controlling
rapid temperature variations on rock surfaces. Earth
Surface Processes and Landforms, 35: 501-507. DOI:
http://dx.doi.org/10.1002/esp.1957.

NIEDZWIEDZ T., 2009a, Wplyw cyrkulacji atmosfery
na klimat lokalny Ojcowskiego Parku Narodowego.
Pradnik. Prace Muzeum Szafera, 13: 7-30.

NIEDZWIEDZ T., 2009b, Temperature inversions in the
karst canyon of the Ojcéw National Park (Southern
Poland). [in:] Pribullova A., Bicarova S. (eds.), Sus-
tainable Development and Bioclimate - Reviewed
Conference Proceedings, issued by: Geophysical In-
stitute of the Slowak Academy of Sciences and Slo-
vak Bioclimatological Society of the Slovak Academy
of Sciences, Stara Lesna: 46-47.

OKE T.R., 1999, Surface climate processes. [in:] Bailey
W.G., Oke T.R., Rouse W.R. (eds.), The surface cli-
mates of Canada, McGill-Queen University Press: 21—
43.

PASZYNSKI J., MIARA K., SKOCZEK J., 1999, Wymia-
na energii miedzy atmosferg a podlozem jako pod-
stawa kartowania topoklimatycznego. Dokumentacja
Geograficzna, 14.

RITTER D.E, KOCHEL R.C., MILLER J.R,, 1995, Pro-
cess Geomorphology. Brown W.C. (ed.), Publishers,
Dubugque, IA.

WEISS T., SIEGESMUND S., KIRCHER D., SIPPEL J.,
2004, Insolation weathering and hygric dilatation:
two competitive factors in stone degradation. Envi-
ronmental Geology, 46: 402-413. DOI: http://dx.doi.
0rg/10.1007/500254-004-1041-0.

WHITEMAN C.D., ALLWINE K.J., ORGILL M. M.,
FRITSCHEN L.J., SIMPSON J.R., 1989, Deep valley
radiation and surface energy budget microclimates.
Part II: Energy budget. Journal of Applied Meteorol-
ogy and Climatology, 28: 427-437.

WHITEMAN C.D., MCKEE T.B., DORAN ].C., 1996,
Boundary layer evolution within a canyonland basin.
Part I: Mass, heat, and moisture budgets from obser-
vations. Journal of Applied Meteorology and Clima-
tology, 35: 2145-2161.

WHITEMAN, C.D., HUBBE ]. M., SHAW W. J., 2000,
Evaluation of an inexpensive temperature data log-
ger for meteorological applications. Journal of Atmos-
pheric and Oceanic Technology, 17: 77-81.

WHITEMAN C.D., POSPICHAL B., EISENBACH S.,
WEIHS P, CLEMENTS C.B., STEINACKER R,
MURSCH-RADLGRUBER E., DORNINGER M.,
2004a, Inversion breakup in small Rocky Mountain
and Alpine basins. Journal of Applied Meteorology
and Climatology, 43: 1069-1082.

WHITEMAN C.D., HAIDEN T., POSPICHAL B., EI-
SENBACH S., STEINACKER R., 2004b, Minimum
temperatures, diurnal temperature ranges and tem-
perature inversions in limestone sinkholes of different
size and shape. Journal of Applied Meteorology and

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0002 29



The impact of solar radiation on the temperature of the exposed rocks of the karst canyon...

Z. A. Caputa

Climatology, 43. 1224-1236. DOI: http://dx.doi.org/10
1175/1520-0450(2004)043%3C1224:MTDTRA %3E2.0.
COs2.

WHITEMAN C.D., EISENBACH S., POSPICHAL B.,
STEINACKER R., 2004c, Comparison of Vertical
Soundings and Sidewall Air Temperature Measure-
ments in a Small Alpine Basin. American Meteor-
ological Society 43: 1635-1647. DOI: http://dx.doi.
org/10.1175/JAM2168.1.

WOLOWSKI K., CABALA ]., ZEEB B.A., 2004, Chryso-
phycean stomatocysts from a karstic sink-hole in the
vicinity of Staszéw on the Matopolska Upland, Po-
land. Canadian Journal of Botany: 9, 1330-1337.

WOJKOWSKI J., 2004, Zrdznicowanie topoklimatyczne
w charakterystycznych typach $rodowiska OPN,
[in:] Partyka J. (ed.), Zrdéznicowanie i przemia-
ny $rodowiska przyrodniczo-kulturowego Wyzyny
Krakowsko-Czestochowskiej, 1 — Przyroda, Ojcéw;
139-142.

WOJKOWSKI J., 2009, Spatial differentiation of the snow
cover in the Ojcéw National Park. Pradnik. Prace
Muzeum Szafera, 19: 89-108.

WOJKOWSKI J., CAPUTA Z., 2009, Modelowanie
doptywu promieniowania slonecznego na obszarze
Ojcowskiego Parku Narodowego. Pradnik. Prace
Muzeum Szafera, 19: 141-152.

WOJKOWSKI J., CAPUTA Z. 2016, The impact of karst
relief on the diversity of insolation conditions and
mesoclimate variation: Case study of the Ojcéw Na-
tional Park, Poland. International Journal of Geoher-
itage, 4(1): 1-11.

SHERIDAN PE, SMITH S.A., BROWN A.R., VOSPER
S.B., 2010, A simple height-based correction for tem-
perature downscaling in complex terrain. Meteoro-
logical Applicatons, 17: 329-339. DOI: http://dx.doi.
0rg/10.1002/met.177.

SHERIDAN PE, VOSPER S.B., BROWN A.R., 2014,
Characteristics of cold pools observed in narrow val-
leys and dependence on external conditions. Quar-

terly Journal of the Royal Meteorological Society, 140:
715-728. DOI: http://dx.doi.org/10.1002/qj.2159.

SMITH B.J., SRINIVASAN S., GOMEZ-HERAS M.,
BASHEER P.A.M., VILES H.A., 2008, Experimen-
tal studies of near-surface temperature cycling and
surface wetting and its implications for salt weath-
ering. [in:] Ottosen L.M., Rorig-Dalgaard I., Larsen
PK.,, Brajer L, Bollingstoft P., Marciniak M., Svane M.,
(eds.), Salt weathering on buildings and stone sculp-
tures, Technical University of Denmark, Copenha-
gen: 65-78.

SMITH B.J., SRINIVASAN S., GOMEZ-HERAS M.,
BASHEER PA.M., VILES H.A., 2011, Near-surface
temperature cycling of stone and its implications
for scales of surface deterioration. Geomorpholo-
gy 130: 76-82. DOI: http://dx.doi.org/10.1016/j.geo-
morph.2010.10.005.

SMITH C.M., SKYLLINGSTAD E.D., 2011, Effects of in-
version height and surface heat flux on downslope
windstorms. Monthly Weather Review, 139: 3750-
3764. DOL: http://dx.doi.org/10.1175/201IMWR3619.1.

STEINACKER R., WHITEMAN C.D., DORNINGER
M., POSPICHAL B., EISENBACH S., HOLZER A.M,,
WEISS P, MURSCH-RADLGRUBER E., BAUMANN
K., 2007, A sinkhole field experiment in the Eastern
Alps. Bulletin of the American Meteorological Socie-
ty, 88: 701-716. DOLI: http://dx.doi.org/10.1175/BAMS-
88-5-701.

SUN J., BURNS S.P, DELANY A.C.,, ONCLEY S.P,
HORST T.W.,, LENSCHOW D.H., 2003, Heat balance
in the nocturnal boundary layer during CASES-99.
Journal of Applied Meteorology, 42: 1649-1666.

ZANGL G., 2005, Formation of extreme cold-air pools
in elevated sinkholes: An Idealized Numerical Process
Study. Monthly Weather Review, 133: 925-941.

Received 13 November 2015
Accepted 15 April 2016

30 Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0002



