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Abstract. This work addresses the thermal behavior of the rock surface in two mountain sites with different, rather 
extreme climatic conditions. As thermal weathering is one of the highly potential driving factors in mountain 
morphodynamics, the evaluation of the processes involved is utterly important. 
Freeze-thaw cycles (F-TC) typology and development and the thermal stress experienced during the maximum 
insolation interval (INSIT) were considered. The study results show a more than double effective action of freezing 
processes in alpine relief modeling than in low-altitude massifs taking into account the large number of the freeze-thaw 
cycles (86), the high proportion of effective F-TC and the intensity of the annual cycle (6-7 m frost depth) comparing to 
low altitude Măcin Mountains, where the freeze-thaw interval is significantly shorter (43 cycles) and frost depth only 
reaches 0.7-1 m during winter freezing.  
In attempting to determine the degree of frost effectiveness, a theoretical threshold of the diurnal freezing index of 12 
°Ch was set, indicating that autumn (pre-siberian F-TC) is the least effective season for both locations, while post-
siberian F-TC (mid-late spring in alpine area; late winter – early spring in low-altitude massifs) records the highest 
frequency and intensity of diurnal freeze-thaw cycles (the spring summarizes 60% in the Bucegi and 80% in the Măcin 
from the over-year effective F-TC). The seasonal differences of freeze-thaw distribution, derived from temperature 
regime,  are strengthen by a close correspondence to the precipitation regime especially in the alpine area, where the 
mean daily precipitation are double during spring F-TC season than during autumn. 
Rock thermal stress induced by summer solar radiation is 22% smaller at 2500 m level than at 330 m level, while the 
maximum thermal amplitudes are relatively similar, indicating a high sensitivity to thermal stress of the high-altitude 
outcrops during clear days. If the high-altitude Bucegi Mts. show lower values of the mean daily amplitudes (16.7 °C) 
than recorded in Măcin (21.2 °C), and half diurnal maxima values, this occurs due to high nebulosity and low mean air 
temperature values. Sudden cooling triggered by cold winds, rainfalls or temporary cloud cover, typical in high 
mountain areas, could become favourable elements in rock thermal stress generation. Consequently, insolation induced 
thermal stress is the secondary process in thermal weathering of alpine relief, but it shows a greater potential than frost 
processes in low altitude environments. 
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1. Introduction 

 
Rock disintegration by physical weathering has a 
significant modeling action in mountain 
environments where rock surface is directly exposed 
to the external factors (Matsuoka, 2008). Although 
chemical and biological weathering forms also 
occur, in a widely accepted view the conducive 
processes are thermally induced, as their action is 
related to frost and insolation cumulated effects 
(Matsuoka and Sakai, 1999; Hall and André, 2001; 
Goudie, 2004; Matsuoka and Murton, 2008). Most 
of the recent studies are attempting not only to 
establish connections between the thermal behavior 
of rocks and their breakdown occurrence 
(Lewkowicz, 2001; Matsuoka, 2008), but also to 

determine the actual effectiveness thresholds of 
these thermal processes (Sass, 2005; Matsuoka, 
2001; Hall, 2007).  

Even though a freeze-thaw cycle is defined as the 
temperature oscillation crossing the 0 °C threshold, 
it is known that freezing may not actually occur at 
this point in rock, but at lower temperatures (ranging 
from about -1°C to -4°C, cf. Goudie, 2004; Hall, 
2004, 2007; Matsuoka, 2001) due to rock properties 
and water migration potential within the rock body. 
In assessing frost significance, it is important to 
differentiate between diurnal – low amplitude 
(icelandic type), and annual – high intensity 
(siberian type) freeze-thaw cycles and their 
operating manner, as the icelandic affects only the 
uppermost few centimeters of rock and the siberian 
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determines macrogelivation, reaching the high-depth 
joints and cracks within bedrock (Matsuoka, 2001). 

Thermal stress induced by insolation determines 
rock thermal fatigue in arid regions, by fast 
heating/cooling of rock in the upper surface. 
Repeated volumetric changes lead to granular 
disintegration and rock spalling or, when 
propagating deeper by specific thermal gradients 
within stress fields and combined with favorable 
factors (e.g. microfractures, propagating planes), 
may lead to larger rock failure (Hall, 1999; Gómez-
Heras et al, 2006). Important rock damage occurs, as 
well, along with thermal shocks (i.e. temperature 
variations of at least 2 °C/minute); this process, in a 
man-induced manner (arson), stands at the basis of 
some early mining techniques (Goudie, 2004; Hall, 
1999). The cracks and fractures resulting from 
thermal shock are frequently independent of the 
existing jointing planes (Hall, 1999). 

The evolution of freeze-thaw cycles and the 
propagation of the thermal stress exerted by 
insolation are controlled by three major variables: 
rock properties (porosity, permeability and tensile 
strength, albedo), the disposable moisture content 
and the thermal variations (in terms of frequency 
and intensity) induced by atmospheric temperature 
fluctuations (Hall, 1999; Matsuoka, 2001; Gómez-
Heras et al, 2006). Thus, a thorough understanding 
of thermal weathering and of its consequences in 
landscape evolution is difficult to obtain without 
intimately analyzing the generating processes. 

The Romanian mountain geomorphology lacks a 
well-documented report on thermal weathering. 
Most topic-related information are included in 
monographic studies (e.g. Oprea, 2005; Nedelea, 
2006; Andra, 2008) and often follow up general 
statements from reference geomorphology or 
climatology works of Stoenescu (1951), Posea et al. 

(1970, 1974), while the discussions are limited to 
thermal weathering connected forms and landscape, 
missing a specific process analysis. The existing 
data mostly concern the number of frost days or 
freeze-thaw potential in high altitude settings, based 
on air temperature values (Urdea, 1992, 2000). Until 
now just two works approach the process more 
precisely, describing freeze-thaw occurrence in 
relation with the altitudinal and morphoclimatic 
floors in the Romanian Carpathians (Posea et al, 
1974; Vespremeanu-Stroe et al, 2004). Less 
attention was paid to the study of solar heating 
induced thermal stress influence in weathering in 
Romanian mountain areas, the only paper which 

theoretically approaches this issues dating back to 
half-century ago (Stoenescu, 1951). 

In the common geographical conception, the 
freeze-thaw processes are thought to be important in 
high mountain environments while insolation 
weathering is mainly related to massifs within warm 
arid climates. In fact, in mid-latitude mountains, the 
two thermal processes are synergic, but with great 
evolution differences imposed by altitude, 
seasonality, climate and topographic characteristics. 
In this context, the present paper shows a 
comparative analysis of rock surface freeze-thaw 
processes and insolation induced thermal stress 
manifestation at two sites in Bucegi – cold climate - 
and Măcin – arid – Mountains. Our aims are: i) to 
identify the prevailing time-intervals for each 
process, ii) to distinguish between the two types of 
freeze-thaw cycles and determine their 
characteristics, and iii) to evaluate the thermal stress 
magnitude in the two areas during the insolation and 
freeze-thaw intervals. Also, the seasonal signature of 
the thermally-induced processes is inferred, in order 
to obtain the inter-site differences.  
 

2. Work Procedure 
 

At the two study sites rock temperature was 
recorded at every 2h during one year (June 2008 – 
June 2009), with high accuracy (0.0625°C) DS 1922 
thermistors placed at 15 mm depth inside the rock 
body. The sensitive bottom of the sensors reached 
the rock, while the lateral and upper parts were 
isolated with silicon rubber in order to avoid water 
infiltration and to decouple from air temperature 
influence (Fig. 1). Both locations had a similar 
geometry of horizontal surfaces on massive rock 
blocks without adjacent obstacles; therefore, snow 
accumulation at sensor-sites was improbable (due to 
the wind action) and solar radiation was fully 
received during the warm season, without shadow-
influences. 

A detailed analysis of the obtained data was 
performed, to check eventual sensor dysfunctions 
and to determine the required parameters. Each 
freeze-thaw cycle was individually considered, 
while for the maximum insolation interval each day's 
temperature values were statistically reported. In 
addition, the meteorological data (daily values of 
temperature and precipitations) from Vârfu Omu, 
Galaţi, Corugea and Tulcea stations registered 
during study time as well as multiannual values were 
considered, with the purpose to correlate the air 
temperatures and the precipitation regime with the 
rock thermal processes in progress. 
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Fig. 1: Rock surface annual thermal regime and specific intervals: I"SIT – maximum insolation  

interval; I"SIT sec. – secondary (autumn/spring) I"SIT; F-TC – freeze-thaw cycle 

 
 

3. Study Sites 

 

In Bucegi Mountains, the study site was situated in 
the alpine sector at 2501 m a.s.l., about 500 m East 
of Vârfu Omu, on a conglomerate outcrop 
(45°26'47'' N; 25°27'45'' E). It thus corresponds to 
the seasonally active periglacial or crio-nival level 
where cryogenic processes are intense (cf. 
Stoenescu, 1951; Micalevich-Velcea, 1961). 
Comparatively, the other rock surface was monitored 
at 330 m altitude in Măcin Mountains, on the top 
surface of a granitic tor, placed on the northern crest 
of the Pricopan Ridge (45°15'20'' N; 28°11'03'' E). 

The differences in lithology have major 
importance on the thermal behavior of rocks. 
Conglomerates are medium-porosity rocks (7-10 %) 
favoring ice-segregation within rock pores, which is, 
according to Matsuoka (2001), the main condition 
for effective microgelivation. Granites are 
heterogeneous poly-mineral rocks with low porosity 
values (1-3%) in which joints and fractures are 
frequent, enabling macrogelivation rather than 
microgelivation. Nevertheless, due to the albedo 
differences at grain-size level, granites are often 
subject to granular disintegration due to thermal 
stress weathering. 

Photo 1. The regional setting and sensor placement in Măcin (Pricopan Ridge) 
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Climatic conditions at the two sites indicate their 
“extreme” characteristics. Mean annual temperatures 
range around -2.6°C at Vârfu Omu and 10.8°C in 
Măcin Mountains (computed data from Corugea 
meteorological station, 220 m a.s.l.). The average 
annual precipitation of 1536 mm assures moisture 
availability for frost effectiveness in Bucegi, while 
Măcin Mountains should be deficient, registering 
only 455 mm annually (averages computed for 
1961-1990 interval). 

Mean annual total solar radiation rises at 100 
kcal/cm2 in Bucegi and at 120 kcal/cm2 in Măcin (cf. 
Stoenescu et al., 1962). Cloud cover functions as a 
restraining element on insolation action, reducing 
direct solar radiation and favoring diffuse radiation. 
In Bucegi it prevails for 211 days/year at Vârfu 
Omu, while in Măcin Mountains total cloud cover 
affects about 120 days in a year (Stoenescu et al, 
1962).  

Wind has a strong influence on mid-day air 
temperature oscillations, causing sudden cooling 
when presenting high intensity. Mean annual speed 
values reach 9.2 m/s at Vârfu Omu and 3.5 m/s at 
Corugea. Taking into account the orographic 
accelerating effect the actual wind speed on 
Pricopan Ridge is estimated at 5-6 m/s 
(Vespremeanu-Stroe et al., 2010).  
 
4. Results 
 

4.1 Annual rock thermal regime 
 

The measured rock temperature allowed the 
evaluation of the daily and seasonal rock thermal 
behavior during the one-year measurement period. 
In Fig. 1, the main specific intervals of the two 
investigated processes are depicted. 

At both study sites a well distinguished 
maximum insolation interval (INSIT) is present, 
corresponding to the summer months, when 
insolation action is intense and diurnal temperatures 
reach the highest values: 17.06 – 14.09 in Bucegi 
and 7.06 – 13.09 in Macin. In Bucegi INSIT (90 
days) is characterized by an average of the 
maximum diurnal rock temperatures of 22.2°C and 
mean daily rock temperature amplitudes of 16.7°C. 
For Măcin, the duration of summer intense 
insolation was similar (99 days, with 9 days longer), 
but presented significantly different values: the 
mean daily highest rock temperatures were averaged 
at 40.5°C and the rock thermal amplitudes at 21.5 
°C. The site situated in Bucegi showed a rather 
inconstant evolution of summer diurnal amplitudes, 
from 1.6°C – the lowest, to 28.3°C – the highest, 
reflecting the effect of intense summer solar 
radiation and high frequency of cloud cover, while 

in Măcin daily temperature amplitudes higher than 
18 °C are typical. However, the daily maximum 
amplitude reached at 2500 m is superior to the one 
that occurred in the low-altitude massif (27.7°C). 
The lowest temperatures of the summer months 
occurred simultaneously at the two sites (-1.1 °C in 
Bucegi, 10.8°C in Măcin, on 31.08), being induced 
by the same cold air front. Moreover, INSIT ends 
almost simultaneously due to the passage of the first 
autumnal cold air front, whilst the beginning of the 
interval occurs independently at the two sites, 
respectively with 10 days earlier in Macin Mts. 
Once INSIT finishes, the thermal regime of the 
high-mountain areas immediately starts to 
experience the diurnal freeze-thaw cycles, whereas 
in low-altitude massifs (Măcin), after INSIT a 
transient insolation interval (autumn/secondary 
INSIT with moderate amplitudes) follows. During 
autumn INSIT, 24h temperature amplitudes 
decrease at 11°C in average and the mean maximum 
temperature is 19.6°C, representing just half of the 
amplitude and maxima values reached in the high 
insolation interval. Autumn INSIT lasts 64 days, 
until 18.11 when first frost occurs in Măcin. 

The first freeze-thaw interval begins immediately 
after INSIT in Bucegi, lasting for 2 months (mid-
September to mid-November), and with a two 
months delay in Măcin, covering 38 days (17.11 – 
25.12). The active frost cycles in this interval are 
only diurnal, defined as a successive potential freeze 
and thaw occurrence in rock in less than 24h. An 
intermediate type was considered when frost 
continued for a few days (see Fig. 3). The 
distribution and frequency of freeze-thaw cycles (F-
TC) in the two locations differ significantly, with 
the remark that in Măcin warm intervals with high 
temperatures recorded for several consecutive days 
(“winter windows”) interrupt the oscillations below 
0°C. In Bucegi the diurnal freeze-thaw oscillations 
are relatively homogenous, only sporadically this 
type of warm days being present. 

Siberian freeze-thaw cycles were taken into 
account when having a duration of more than 5 days 
and high frost amplitudes (7-10°). Annual (or 
seasonal) freezing is extended from 17.11 to 30.03 
in Bucegi (122 days), showing several thawing 
events that last at most a day. In Măcin it covers 
only 17 days in December and January, with one 
thawing event. This time interval comprises the 
lowest year-round temperatures: -19.4°C in Bucegi 
and -12.3°C in Măcin.  

In spring, rock surface is affected by diurnal F-
TC in April and May in Bucegi (1.04 to 15.05) 
showing a very high frequency. In Măcin this F-TC 
interval ends at the beginning of April and it is 
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followed by another transition interval to INSIT 
with higher thermal amplitudes than in autumn.  

 
4.2 Freeze-thaw cycles characteristics 
 

Both icelandic and siberian F-TC affect the rock 
surface at the investigated locations, with important 
differences in frequency and duration. In all, 87 
cycles were counted in rock during 1 year period at 
2500m level, in the alpine monitored area, and only 
44 in the Pricopan Ridge. Siberian F-TC are also 
called seasonal F-TC (represents the thermal winter) 
and annual F-TC as this freeze type occurs once a 
year. In comparison, the air frost cycles 
approximated over the year (based on air 
temperature), are slightly surrpassed by the frost 
cycles recorded in rock at the first study site and 
overestimate them at the second (Table 1). Air F-TC 
numbers stand for the days with freeze-thaw 
occurrence potential, retrieved from daily extreme 
temperature values from the meteorological stations 
following the relation:  

      !g = ! (T min) - ! (T max)                (1) 
 

with !g = number of days with F-TC occurrence 
potential, ! (T min) = number of days with T min 
≤0°C, ! (T max) = number of days with T max 
≥0°C (cf. Vespremeanu-Stroe et al, 2004). 

The monthly distribution of F-TC is 
presented in Fig. 2. The autumn F-TC regime shows 
an intense activity of diurnal oscillations in Bucegi 
(40 events, 70% achievement coefficient1) 
comparing to the Măcin site where only 10 events 
were registered (27% achievement coefficient), 
while both reached the highest number of icelandic 
F-TC in spring. The winter months are characterized 
by siberian frost cycles, which set the limits of the 
transition seasons (autumn/spring) at the two sites. 

 
 Rock F-TC Air F-TC 

Bucegi 86 83 (Vf. Omu station) 
Măcin 43 58  (Tulcea station) 

 

Table 1  Measured rock and air freeze-thaw cycles in the 

one-year measurement period

 

 
 

Fig. 2: The monthly distribution of freeze-thaw cycles at the two study sites 

 
Diurnal F-TC 

Along with the number and the frequency of diurnal 
F-TC, their duration and the thermal amplitudes 
achieved during freezing establish the freeze depth 
and intensity, which give the effectiveness degree of 
the gelivation process and makes it valid for rock 
breakdown. The persistence of frost enables its 
propagation in rock, whereas low temperatures 
assure intense ice segregation, which generates 
pressure on rock internal surface (Matsuoka, 2001). 
Thus, in assessing frost impact in rock weathering, 
the distinction between ineffective and effective 
gelivation must be considered. A range of thresholds 
that set the conditions of F-TC to be effective was 
advanced in various laboratory and field studies 
(listed by Hall, in Hall, 2007), although none of 
 
 

these are considered to be immovable. More 
frequently, effective gelivation is associated with 
thermal values of –3°C (Collins, 1944), –4°C 
(Fukada, 1971), –5°C (Fukada 1972, Lautridou 
1971) or from –1°C to below –4°C (Matsuoka, 
2001) (all cited in Hall, 2007).  

The duration of each cycle and the amplitude of 
frost were determined (Fig. 3). At both sites the 
cycles with the highest amplitudes (i.e. the lowest 
temperatures) lasted around 16-18h, and the mean 
amplitudes of the diurnal cycles were similar (2.8 
°C in Bucegi and 2.5°C in Măcin), suggesting a 
consequent development pattern. Regarding the 
effectiveness of diurnal freezing, a theoretical 
approach would be the use of a time-temperature 
relative limit to identify the two types 
(ineffective/effective) on the basis of a diurnal 
freezing index. Considering that temperature was 

1Achievement coefficient = Number of days with F-TC / Total 
number of days. 
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registered at 1.5 cm within rock, we assumed that 
when temperatures did not reach at least -2°C and 
lasted under 0°C less than 12h, frost wasn't active 
deeper within the bedrock and had only a slight 
effect at the surface. This is sustained by field 
monitoring results in the alpine area of the Swiss 
Alps where rock temperature and crack 
displacements were simultaneously measured 
showing active expansion at crack opening during 
cycles with maximum negative amplitudes of 2 to 5 
°C, while superficial freezing did not resulted in any 

significant displacement (Matsuoka 2008, Fig. 10). 
Calculating the mean temperature maintained under 
0°C and multiplying it with the time (the number of 
frost hours) results the diurnal superficial freezing 
index (Fi, expressed in °Ch units – hours degrees) 
which combines frost duration and frost magnitude: 

 
                                Fi = ∆T * t                            (2) 

 
with ∆T = mean frost amplitude (°C) and t = total 
frost duration (hours). 

 
 

 
 

Fig. 3:  Frost amplitude and duration during the diurnal freeze-thaw cycles 

 
 

 
 

Fig. 4: Effective (A) and ineffective (B) freeze-thaw cycles registered at the Măcin study site;  

Fi – diurnal freezing index (critical Fi = 12 °Ch) 

 
 
The Fi values higher than 12°Ch which generally 

correspond with the previously mentioned limits 
(∆T > 2°C, t > 12h) are indicators for effective 
freeze-thaw cycles, hence Fi=12°Ch would be 
considered as the limit between the two F-TC types 
(Fig. 3, Fig. 4). Nevertheless, a total effectiveness of 
freeze-thaw cycles implies the presence of water in 
rock, which is difficult to estimate. Once a frost 
cycle accomplishes the time-temperature conditions, 
Fi > 12°Ch, it can only be called effective if water is 
present in rock for to freeze. Consequently, this 
paper refers only to potentially effective/ineffective 
frost processes. 

Based on these estimations, 33% of the Bucegi 
diurnal F-TC were probably inefficient and 67% 
effective, whilst in Măcin the proportion was 40% 
to 60% (Table 2). The average duration for 
ineffective cycles was 7h with Fi = 4.5°Ch in both 
study sites, whereas the most of effective cycles 
lasted about 16-18h and covered a few more °Ch in 
Măcin (Fi = 44 °Ch) than in Bucegi (Fi = 38°Ch). 
The intermediate type F-TC were considered 
effective, due to their duration extending from 50 to 
70h, although maximum frost amplitude didn't 
always exceeded 2°C. 
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 Bucegi Măcin 
 Ineffective Effective Ineffective Effective 

Autumn 18 24 5 5 
Spring 10 34 12 21 

Total F-TC 28 58 17 26 
 

Table 2 The seasonal distribution of effective and ineffective diurnal F-TC 

 
Siberian F-TC 

During siberian freezing, minimum rock surface 
temperatures of -10 to -19°C were typical (Fig. 5) 
hence, the depth of frost was maximum. However, 
the subzero temperature was inconstant, particularly 
in Măcin and in the first half of this interval in 
Bucegi, when it rose to values of -1 °C, in few cases 
even passing over 0°C, in the so-called ”thawing 
events“. This behaviour indicates the lack of snow 
at the sensor sites (wind redistribution effect), and 
raises the question whether this type of short 
thawing events influenced in any way the rock body 
remained frozen in depth during the above-mentioned 
warming episodes. However, it is probable that 
superficial thawing records in the first few 
centimetres of the homogeneous sedimentary rocks. 

 

 
 

 

Fig. 5: Icelandic and siberian frost cycles magnitude 

The number of days affected by seasonal frost is 
almost 7 times bigger in Bucegi than in Măcin (122 
to 17 days), because of the difference in climatic 
conditions. Nevertheless, the effect of the siberian 
F-TC type is not different in the upper bedrock 
horizon (0.5 m), because after temperature settles at 
low values, the action on rock internal surface is 
minimal, irrespective of the number of days. The 
different point is the much deeper impact of frost 
shattering in the high mountain area, as the 
significantly high values of the annual freezing 
index - 940°C days - contribute to frost propagation 
in unfractured rock body until 6 m, in comparison 
with 0.7-1 m in low Măcin Mountains, with 96°C 
days. Frost depth values were estimated using the 
modified Berggren equation, cf. Matsuoka and 
Sakai, 1999: 

 

                       
D =  f λ 2 K   Af f*

L w ρd                 (3) 
 

where Df = depth of frost (meters), Kf = thermal 
conductivity of rock (Jm-1h-1K-1), Af = annual 
surface freezing index (°Ch), L = latent heat of 
fusion, estimated at 3.34 * 105 J/kg, w = estimated 
water content, ρd = the dry unit weight of rock 
(kg/m3) and λ = dimensionless correction factor 
depending on initial surface temperature values, the 
subzero temperature, the water content and heat 
capacity of the frozen rock.  

 Much more attention should be paid to 
temperature variations at the beginning and the exit 
of seasonal freezing, which are the most effective in 
generating crack expansion within the entire year 
(see Matsuoka 2008, Fig. 9). On the other hand, 
long-lasting siberian frost enables microgelivation 
occurrence at higher depths than diurnal 
oscillations, and, consequently, increases seasonal 
freezing significance in the alpine area. In addition, 
this study area consists in high porosity 
conglomerates, which would allow water 
penetration and thus favouring active gelivation.  

 
4.3 Insolation induced thermal stress – I"SIT  

 

In assessing the importance of insolation triggered 
thermal stress on rock surface, diurnal thermal 
amplitudes are generally a valid coefficient, 
showing, as a scalar value, the heat change to which 
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the rock has to adapt, depending, simultaneously, on 
the rate of temperature increase or decrease, 
respectively. At the two locations, each day's 
thermal amplitude was determined and averaged 
hourly (Fig. 6), in order to obtain the thermal 
gradient in the day-intervals that present the fastest 
change and that would be able to impact on the 
internal surface of rock. As shown, the fastest 
increase was between 8.00 a.m. and noon, with a 
rate of 3.5°C/h in Măcin and 3°C/h in Bucegi, while 
the decrease evolved slower, between 16.00 p.m. 
and 20.00 p.m., with rates of 3°C/h for the first and 
2°C/h for the second. 

The maximum daily values were generally 
reached at 14.00 p.m. at both sites, 5°C lower in 

Bucegi probably due to the high frequency of clouds 
and wind intensification, 30% of the INSIT days 
showing total coverage, comparing to 15% in Măcin 
(based on sensor data interpretation). Nevertheless, 
the report between rock and air temperature at 2500 
m a.s.l. (Fig. 7) suggests that rock surface is 
exposed to intensive heating in the alpine area 
where the solar radiation intensity during clear days 
is stronger than in low-massifs. Noteworthy is the 
R-A index, expressed as the ratio between rock and 
air temperature amplitude, which is obviously 
bigger in Bucegi (2.5) than in Macin (1.4). This 
highlights, once more, the limitations of using air 
temperature as substitute data in analyzing rock 
thermal behaviour. 

 

 
 

Fig. 6: Mean hourly thermal amplitude variability during I"SIT. The amplitude is reported  

to the mean lowest temperature recorded at 6:00 a.m. (considered as “0” reference temperature)  

 

 
 

Fig. 7: Maximum and minimum daily rock and air temperatures in Bucegi (A) and Măcin (B) in I"SIT 
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A range of local factors control the intensity of 
thermal stress exerted during INSIT, among which 
the most important are precipitation occurrence and 
intense winds, which sensitively diminish air and 
rock temperatures, along with the altitudinal thermal 
gradient. About half of INSIT days experienced 
rainfalls in Bucegi, a quart of which were intense 
rainfalls, with cooling effect on rock surface, in 
comparison with Măcin, where precipitations were 
present 24 days in the 105 days long interval, while 
only 5 of these events were intense (10 mm were 
exceeded).  
 
5. Discussions 
 

5.1 Seasonal variations of F-TC 
 

The two regional settings chosen for the present 
study impose different season duration and 
definition, and consequently, specific manifestation 
intervals of the prevailing thermal processes. In the 
alpine area of Bucegi, the summer is prolonged until 
diurnal (icelandic) freezing occurrence, the latter 
marking the autumn period with the remark that 
sporadic short-time frost events are possible in 
summer months as well. Annual frost corresponding 
to winter season extends until the end of March, 
afterwards spring installs, with a new range of 
diurnal frost cycles. Accordingly, the theoretical 

calendar transition seasons are actually never frost 
free at 2500 m a.s.l. and the annual frost (the 
siberian F-TC) counts more than 120 days. A better 
correspondence with calendar seasons is present in 
Măcin, where autumn describes a real transition 
deployment, with gradual temperature decrease in 
secondary INSIT and few diurnal F-TC at the end of 
November. If winter should be restraint to siberian 
frost, here it would have a very short development, 
in December and January. Spring also displays a 
transitional pattern in Măcin, with diurnal frost in 
March and April and positive increasing 
temperatures in May (secondary INSIT). This 
temporal evolution particularly affects the energy 
balance in the area and the rate of freeze-thaw 
oscillations (regarding only the icelandic cycles). 
Moreover, the efficiency of frost is also highly 
influenced by the climatic seasonal regime. 

According to the general distribution of the 
effective cycles (Table 2), it is noticeable that in 
Măcin their frequency is very low in autumn, 
comparing to spring, when 80% of the effective F-
TC are registered. In Bucegi, the difference between 
seasons is lower (41% of the effective F-TC in 
autumn and 59% in spring), but the trend is 
simmilar, as the maximum effectiveness is reached 
in spring, when the rock thermal weathering 
processes should be very intense. 

 

 
 

Fig. 8: Precipitation regime and freeze-thaw cycles evolution in Bucegi (A) and Măcin (B) 
 

This implies that autumn is generally less 
effective at both sites, also by the high proportion of 
inactive cycles and the low frequency of the overall 
F-TC. In this context, temperature regime seems to 
be the main influence factor in Măcin, as it imposes 
multiple “windows” with positive temperatures that 

interrupt the frequency of diurnal F-TC. If the 
precipitation regime is to be considered, as assuring 
the necessary moisture for active gelivation, both 
sites received comparable quantities within the 
correspondent diurnal F-TC intervals (Fig. 8). 
Furthermore, it is noticeable that most of the 
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effective diurnal F-TC are somehow preceded by 
precipitation, sustaining that water freezing in rock 
was present. However, if we take into account the 
multi-annual precipitation regime (1961-2009), it 
reveals that “spring F-TC interval” is obviously 
wetter than the “autumn F-TC interval”, receiving a 
mean water content of 4.1 mm/day and 2 mm/day in 
Bucegi. Oppositely, in Măcin the difference is 
slighter – 1.1 mm/day in spring and 0.9 mm/day in 
autumn F-TC. 

 

5.2 Thermal stress assessment 
 

The concept of rock thermal stress should apply to 
both freeze-thaw intervals and the intense insolation 

ones. The relevance of thermal stress in freezing 
processes is derived from the general evolution and 
fast temperature changes during potential freezing 
oscillations, independently of the mechanical action 
of frost or its occurrence. In autumn and spring 
diurnal freeze-thaw intervals the mean daily thermal 
amplitudes are similar (12°C) and reach maximum 
values of 20-23°C. Not only the great temperature 
values variation but also the short change duration 
induces thermal fatigue within the rock body; as in 
most diurnal F-TC the exit occurs generally fast, 
the rate from the absolute minimum to the highest 
temperature reached in thawing registering about 
1.3°C/h. 

  

 

Fig. 9: Thermal regime A) I"SIT (maximum insolation) and freeze-thaw intervals, ans B) during 

freezing interval and siberian F-TC. The colour wide columns show the mean daily amplitudes, while 

the narrow black lines the maximum amplitude 

Fig. 10: The potential rock water freeying interval 

lenght (–1°C≥T≥–5°C) 
Fig. 11: I"SIT mean 

and standard deviation 
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The significance of thermal stress triggered by 
freezing oscillations resides thus in the impact of 
rapid temperature changes crossing the 0 °C limit, 
parallel with the ice segregation related effects on 
rock. Regarding the thermal stress fatigue of rocks 
induced by summer solar heating during INSIT, the 
intensity differences between the investigated 
mountainous areas are noticeable. Figure 9A 
presents the mean values of diurnal thermal 
amplitudes and extreme temperatures that, on a 
large scale, indicate rock thermal state and the stress 
to which it should adapt. Thus, during INSIT the 
mean daily amplitude of temperature is 21.5°C and 
16.7°C respectively, which indicate amplitudes 22 % 
smaller in Bucegi than in Măcin. The standard 
deviation values (Fig. 11) are an indicator of the 
diminishing ambient factors on solar heating, such 
as cloud cover, wind and precipitations. The cold 
convective mid-day summer rains could induce a 
significant thermal stress by fast cooling of rock 
surface. However, the rate of temperature change 
during these events was not quantified in the present 
study due to the medium sampling frequency of the 
temperature sensors. It is important to highlight the 
significance of the atmospheric cold-air front 
passage during summer which affects all the country 
regions (for instance the main low temperatures are 
synchronous, inclusively the absolute minima: 31 
August 2008), while the maxima are apparently 
random distributed over the warm period, different 
from a location to another. 

The high mountain environment is very exposed 
to insolation-induced thermal stress occurrence 
favoured by the intense air thermal diffusivity at 
high elevations. This is proved by the maximum 
amplitudes in clear days, sometimes superior to the 
values attained at low altitudes (Figure 10A); for 
instance, the 24-hours thermal maximum amplitude 
registered on September 1st in Bucegi (28.5°C) 
overcomes that recorded in Măcin (27.7°C on the 3rd 
July). Nevertheless, the alpine local topographic 
characteristics and the climatic conditions (intense 

nebulosity, precipitations and wind action) majorly 
reduce the thermal amplitudes during summer 
INSIT.  

 
6. Conclusions 

 

The present study shows that rock surface freezing 
processes have a major importance in alpine relief 
modelling (Bucegi) taking into account the large 
number of the freeze-thaw cycles (86), the high 
proportion of effective F-TC, representing the 
effectiveness degree (67%) and the intensity of the 
annual cycle (6 m frost depth) comparing to low 
altitude Măcin mountains, where the freeze-thaw 
interval is significantly shorter (43 cycles) and frost 
depth only reaches 0.7-1 m during seasonal 
freezing. 

Although the maximum insolation interval length 
is correspondent at the two sites (90-100 days), the 
thermal stress magnitude is 22% smaller at 2500 m 
level than at 330 m level in Măcin. Nevertheless, the 
maximum thermal amplitudes in INSIT are similar 
(37-40°C). Consequently, insolation induced 
thermal stress is the secondary process in thermal 
weathering of alpine relief, but it shows a greater 
potential than frost processes (secondary processes 
in Măcin) in low altitude environments. 

The seasonal analysis of diurnal freeze-thaw 
cycles reveals that at both sites the maximum 
effectiveness occurs in spring (between 60 and 80% 
of the effective F-TC), generally characterized by 
higher precipitation amounts than the autumn. 
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