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Abstract

:

Very small glaciers (glacierets) react strongly to climatic variations. This is well expressed in their interannual size changes, which are most evident in autumn, at the end of the glacial mass balance year. This study presents results from the detailed research of two very small glaciers in the highest northern part of the Pirin Mountains of Bulgaria: Snezhnika and Banski suhodol. Systematic size measurements of these firn-ice bodies, which started in the 1990s and have been made simultaneously for a period of 13 years, show large inter-annual amplitudes against the background of a decreasing trend in response to climate warming. However, the relations are not straightforward, which is demonstrated when comparing size changes to climate data, including logger data obtained from glacier vicinity. This fact makes predictions for the changes in the local climate of high mountain cirques still relatively uncertain.
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1. Introduction


1.1. Introduction to the Problem


Glaciers have been considered worldwide as one of the best indicators of climate variations and change [1,2,3,4]. Very small glaciers (sensu [5]), in particular, are especially appropriate to demonstrate the effects of short-term climatic variations [6], as in a given year their entire surface is most often subject to either positive or negative mass balance [2,6,7]. The relation between glacier size and climatic factors is, however, not straightforward for small glaciers, as the smaller a glacier is, the stronger the influence of local topography over the persistence of the firn-ice body.



As a result of the extensive research which has been undertaken in the last three decades, it has been proved that a number of permanent firn-ice bodies still persist in the highest mountain areas on the Balkan Peninsula, and that at least some of them still have characteristicsof very small glaciers [8]. Examples of this include two glacierets in the Pirin Mountains of Bulgaria, the Debeli namet glacier in the Durmitor massif of Montenegro, and several glacierets in the central parts of Prokletije Mountains of Albania [2,3,6,8,9,10,11,12,13,14].



In environments which are marginal in terms of glacier formation and preservation [2,3,6], it is often complicated to properly distinguish between the different firn-ice body categories. The two largest firn-ice bodies in the Pirin Mountains were categorized as very small glaciers (glacierets, Mikrogletscher by [6]) on the basis of their morphology: a surface almost clean of debris, several decades to a century old ice near the bottom [6], clear indications of rotational downslope movement [13,15], and very fresh glacial striations on the easily dissolvable marble bedrock [8]. However, in the years of severe shrinkage, those firn-ice bodies rather resembled glacial ice patches as defined by [16]. In the Northern Pirin Mountains there are also several other firn-ice bodies that closely match the definition of an ice patch (sensu [16]): stagnant masses with low surface inclination which fill glacio-karstic dolines [8] (they are not subject of this study, however).



Typically, most firn-ice bodies in the Balkans undergo large interannual size fluctuations, and for them it is not uncommon to temporarily switch between various categories (glaciers, glacierets, ice patches). For example, in 2017 most of the glacierets in the Dinaric Mountains, and also the Debeli namet glacier, turned into stagnant ice patches with no indications of motion, completely or partly covered by debris, but in the next year they returned to their “normal” state [14,15]. As small firn-ice bodies are very dynamic in temporal aspect, what matters most for their proper categorization (as glaciers, glacierets, ice patches, snow patches, etc.) is their long-term prevalent state over recent decades.



Perennial preservation of snow and ice at several sites, particularly in these mountain locations, is favored by the relatively high altitude of cirque floors (from the Pleistocene glaciation), by the carbonate rocks (limestone, marble) which have a light color and high albedo, by the seepage of waters underground down in the karstic caverns during spring snowmelt (thus glacierets and snow patches suffer much less intensive basal melt), by the presence of deep, strongly shaded locations on cirque floors, and by the considerable inputs in such locations of avalanche and windblown snow [2,15,17].



The annual cycle of such small glaciers comprises two seasonal phases: accumulation season, which in our geographical conditions lasts approximately from November to April, and the ablation season, from May to October. In autumn, the state of glacierets represents the balance between the two seasons. This time has been accepted as the end of ice bodies’ hydrological, or mass-balance, year [18,19].



The present work focuses in detail on the interannual dynamics of the two glacierets in the Pirin Mountains of Bulgaria and discusses the relations between glacier behavior and recent climatic variations. In support, data about ground temperature from loggers installed at sites near the glacierets are used. The main goal of the study is to evaluate the reaction of small glacial bodies in our region to the contemporary climate change, which for the high mountains has been expressed most of all by increase in temperatures.




1.2. Study Area


The Pirin Mountains, situated in SW Bulgaria, are part of the vast Rila-Rhodope massif. The mountains represent a horst of a rhomboid configuration [20,21] (Figure 1). Their highest summits, which rise 2000–2500 m above the surrounding valleys and depressions, exceed the altitude of 2800 m above sea level and culminate at the 2914 m high Vihren peak (third highest on the Balkans).



The Pirin Mountains are mainly built up of granitoids and metamorphic rocks [21]. Three granitic intrusions constitute the geological core of the massif. They are exposed in the northwest, in the center, and in the southern part of Pirin. Around and between the granitic bodies, a series of gneiss, schist, and marble are widely exposed [20]. In the northern part of the Pirin Mountains, marbles build up a compact ridge shaped as an arch, open to the southwest, which is the highest section of all the Pirin Mountains. Some sedimentary and volcanic rocks are found in mountain periphery.



The current climate of Pirin is a mountain modification of a Mediterranean climate with some temperate influences. Its montane character is demonstrated by the difference in mean annual air temperature: about +14 °C at Sandanski (190 m a.s.l.) and −1.4 °C at Vihren peak [22]. Annual precipitation in the high mountain area is estimated to be around 1100 mm/y, most of which falls between November and April [23]. According to the Köppen–Geiger classification, the climate of Pirin changes in altitude from hot summer Mediterranean (Csa) in the lower foothills to damp temperate (Cfb) at 700–1000 m a.s.l., humid continental (D) above 1000 m a.s.l., and tundra climate (E) above 2000 m a.s.l. [24].



During the Pleistocene ice ages, the Pirin Mountains were subject to an extensive valley glaciation. If the findings of [25] in the neighboring Rila Mountains and the similarity in the state of Pirin and Rila moraines are taken in mind, glaciers reached their maximum extent in the Last Glacial Maximum, when the glacier equilibrium line altitude (ELA) dropped down to 2200–2250 m [20,21]. More than 35 cirques were formed in the high mountain zone [26], and at their maximum extent, valley glaciers reached down to 1200–1500 m a.s.l. The extensive Pleistocene glaciers eroded the mountain, dissected the relief, and provided favorable conditions for snow accumulation and preservation, especially in high cirques.



Both glacierets are situated on a carbonate (marble) bedrock, while on silicate rocks perennial snow or ice masses are missing, both in Pirin and in the neighboring higher Rila Mountains.



Snezhnika glacieret (Figure 2a) is located between 2400 and 2450 m a.s.l. in the glacio-karstic cirque Golemia Kazan, at the NE foot of Vihren peak. The glacieret has an eastern exposure, a shield-like shape, and a slightly concave surface, with inclinations usually ranging from 15–20° at the base to 35-40° in the upper end. The average area for the last 25 years has been about 0.5 ha, and the maximum thickness usually ranges between 10–12 m [6,15,27,28]. The glacieret is backed by the 450 m high NE wall of Vihren peak, shaped like a funnel with an almost vertical lower section. The funnel collects the avalanche snow in winter from an area that is more than 20 times larger than the glacieret itself, producing sometimes 20 m thick accumulations [29,30]. This phenomenon allows the glacieret to survive summers despite its half-sunlit location (there are few hours of direct sunshine over glacieret surface even in November) [15]. The glacieret is surrounded by a morainic ridge of angular boulders, which rises 2 to 5 m above the glacieret surface.



At present, Snezhnika glacieret is considered the southernmost ice body in Europe [9].



Banski suhodol glacieret (Figure 2b) is situated about 1 km to the northwest from Snezhnika, at altitudes between 2620 and 2700 m in the upper section of the large Banski suhodol cirque [8,31]. It has a northern exposure and is backed by a 110–220 m high marble wall. In the period 2009–2021, this glacieret had an average area of 1 ha. In August 2017, the maximum thickness of the glacier was about 17 m—data were obtained by geophysical sounding ([28]). The glacieret has a complicated contour and a slightly concave surface. Near its front, bedrock with fresh glacial striations is often exposed in autumn, especially when the size is smaller than average. A series of two morainic ridges have been developed, but only in the central section of the glacieret front, while at both ends the debris is being constantly removed by avalanches and debris flows.





2. Materials and Methods


2.1. Measurements of Glacieret Size


We measured the size (real surface area) of Snezhnika glacieret once every year over the period 2008–2021, and the size of Banski suhodol glacieret once every year from 2009–2021. Measurements were taken in autumn, usually between September 10 and November 1, by an application of various techniques: measurements of distances on the field with a measuring tape and a laser range finder, repetitive photography from fixed positions (similar techniques have been implemented in the Himalayas by [4]), and also GPS measurements, which were taken into account with caution, due to the weak signal in the deep cirques, especially close to the rock walls.



For calculating the size of Snezhnika glacieret, its perimeter was measured as a sum of the lengths of multiple straight lines. Such an approach was possible due to the relatively simple contour of the surface. For Banski suhodol glacieret, the first measurement in 2009 was taken with a tape, as a grid of lengths and widths, which were then overlayed on a satellite image to outline the glacieret’s quite complicated contour. For registering the subsequent changes, multiple methods were used. Five fixed points were marked with paint on the moraine ridge near the glacieret, and distances between those points and the position of glacieret front were measured. Four fixed remote positions for repetitive photographing have been marked with paint on the ground: one on a roche moutonnee 500 m to the northwest, to register variations in the upper parts of the glacieret, and three on the main ridge above the rock wall to the south, to record changes in the front.



For the final calculation of glacierets surface area, data obtained from the field (distances, images) were digitized and processed in ArcGIS in the correct scale.




2.2. Collection of Climatic Data


Climatic data were collected from climate archives and from stationary equipment on the field.



At Kazana shelter, data about air temperature are available only for 1957–1961 [30], and for the period after 2011 from the automatic weather station (AWS) (published data until 2015 [22]), with some missing months in the time since (this station is shown with a green star in Figure 1). Such limited dataset cannot be used for the analysis for the whole period. That is why, for the assessment of climatic conditions in Northern Pirin, climate data from the Musala peak weather station (Rila, 2925 m a.s.l.), which encompasses the whole period of 1994–2021, were used [32]. Such dataproved reliable for analysis of the discussed site in a number of previous studies [15,33,34,35].



Mean daily air temperatures from the Musala peak weather station correlate very well with data from instrumental measurements in Golemia Kazan cirque, collected at Kazana shelter AWS (2445 m a.s.l.) [22]. The Pearson correlation coefficient between mean daily temperatures at the two stations for the period 2011–2015 is +0.97. The average difference of temperature between the two stations was 4.1 °C, without considerable monthly or seasonal deviations from the mentioned value. Accordingly, temperatures for the vicinity of Snezhnika glacieret were derived from the temperatures at Musala peak by adding the mentioned difference. By extrapolation, using the lapse rate between Musala peak and Kazana shelter, air temperatures for the area around Banski suhodol glacieret can be considered 2.4 °C warmer than at Musala peak.



The mentioned air temperatures, obtained by extrapolation, characterize conditions close to an open slope. To gain better knowledge about the local climate of the glacierets, ground temperature at 50 cm depth in the debris material of the moraines surrounding the glacierets has been recorded on an hourly basis in two locations (Figure 1): at 2410 m near Snezhnika glacieret (since September 2016), and at 2620 m near Banski suhodol glacieret (since October 2017). In addition, automated climatic measurements were organized on Vihren peak in October 2014. Data about air temperature and relative humidity at 2 m height above ground have been collected ever since.



Ground and air temperature data were periodically downloaded on site (loggers have no internet transition) and processed in Excel, where daily and monthly averages were calculated.



On the basis of the data, recorded by the stationary device on the field, the following temperature derivatives were calculated:




	–

	
Mean monthly temperature.




	–

	
Sum of mean daily temperatures for the days with positive average temperature (also mentioned below as sum of positive daily temperatures), calculated by summing mean daily temperatures from all days of the particular hydrological year, in which those temperatures were above 0 °C. The sum of positive daily temperatures is used to evaluate the temperature conditions for ablation during the hydrological cycle of glacierets.









Using data about ground temperature, it is possible to outline periods of snow cover, when loggers show values close to 0 °C, summer periods with positive daily means and pronounced diurnal variations of temperature, and periods of dry cold, when temperatures are mostly negative. In addition, during the winter there can be distinguished periods of thick snow cover (with temperatures constantly around 0 °C) and periods with thin snow cover (with temperatures below 0 °C and no diurnal changes).




2.3. Data Processing


Annual data from measured glacieret sizes for the periods of our observation (2008–2021 for Snezhnika glacieret and 2009–2021 for Banski suhodol) were introduced and processed in Excel, together with the data of the sizes of Snezhnika from earlier years (1994–2007), taken from [6,10]. Mean values were calculated and major trends of change were retrieved. Variation coefficients (Cv) were calculated using the formula


CV = (SD/x) × 100



(1)




where SD is the standard deviation, and x is the respective mean value.



Climate data from the weather station at Musala peak (monthly values) were used to calculate a set of climatic variables for the analysis (in order to be consistent with the glacieret sizes, they were calculated according to the duration of the glacieret hydrological year). The following climatic variables were calculated for the hydrological years 2008/2009 to 2020/2021 (Table 1):




	–

	
Mean annual temperature: average of mean monthly temperatures for the period November–October in the following calendar year.




	–

	
Mean temperature for the ablation season: average of mean monthly temperatures for the months November to April.




	–

	
Mean summer temperature: average of daily temperatures for the period 16 May–15 September.




	–

	
Mean annual precipitation: sum of precipitation for the particular hydrological year (from November to October in the following calendar year).




	–

	
Precipitation for the accumulation season, in particular for the winter–early spring: sum of precipitation for the period December–April.




	–

	
Precipitation for the ablation season: sum of precipitation for the period May–October.









In Table 2, anomalies are calculated by comparing the values for each particular year to the 2008/2009–2020/2021 averages. Temperature anomalies are presented as differences from the average, while precipitation and surface area anomalies are expressed as percentage from the average.



For the particular analyses, temperature data from the Musala peak weather station were corrected according to the altitude of each glacieret (as was discussed in the previous sub-chapter). In addition to the three temperature variables mentioned above, sums of mean daily temperatures above 0 °C (sums of positive daily temperatures) were also calculated for each particular hydrological year.



Consequently, data rows for glacieret area were correlated to the main temperature variables. Pearson correlation coefficient (rxy) was calculated, following the equation


   r  x y   =     ∑   i = 1  n   (   x i  −  x ¯   )   (   y i  −  y ¯   )        ∑   j = 1  n     (   x i  −  x ¯   )   2        ∑   j = 1  n     (   y i  −   y ¯   )   2       



(2)




where x and y are the variables to be compared, xi and yi are the individual values,   x ¯   and   y ¯   are the averages, and n is the number of values in the data row.



In the graphs, which represent the relations between glacieret areas and the sums of positive daily temperatures (as defined above) (see Section 3 and Section 3.3.2, the lines of linear relationship were obtained using a linear regression model in Excel. Relationship lines are curved, because when glacieret sizes become smaller, the topography provides more favorable conditions for firn-ice preservation.



In the graphs in Section 3.3.2, for evaluation of the diversion of the points up or down from the Excel derived trendlines, a simple, purely graphical approach was applied: a diversion coefficient D, was introduced, which uses relative units. In order to obtain a proper resolution and to use convenient values, a value of +5 was assigned to the greatest diversion of a point above the line (that was the value recorded in 2012), and the diversions of all other points were proportionally calculated using this value.



The correlations between the values of D and precipitation variables from Musala peak were calculated using the mentioned Formula (2).





3. Results


3.1. Glacieret Size


The size of the monitored glacierets varied significantly from year to year, with changes in surface area ranging between 50 and 200% (Figure 3). At both glacierets a slight long-term downward trend in the recorded surface areas is present for the whole observation period. Three of the last five years (2017, 2019, and 2020) were characteristic with very low sizes, 2019 being the smallest on record for the glacierets in the Pirin Mountains.



Banski suhodol glacieret has a much smaller amplitude of interannual size variations than Snezhnika glacieret. For the common period of observation (2009–2021), the variation coefficient (Cv) is 0.15 for Banski suhodol glacieret, while for Snezhnika it is 0.28 (and 0.25 for the whole period of regular monitoring, 1994–2021). The observed differences can be explained by the different topographical conditions of both glacierets (Figure 4).



Banski suhodol glacieret is located on a northern exposure, at high elevation, which provides for relatively low temperatures all year round. Such a location is among the most favorable for annual preservation of snow and ice, at least in Bulgaria, and suggests for relatively stable local climate conditions.



On the other hand, Snezhnika glacieret is situated on an eastern exposure, at elevation about 200 m lower than the other glacieret, and receives direct sunshine for several hours, even in winter months. Its survival in such conditions is supported by the great input of avalanche snow from the funnel-shaped rock wall of Vihren peak. The topographic calculations show that the snow catchment area that leads onto the surface of Snezhnika is about 22 times larger than the usual surface area of the glacieret is at the end of the balance year [15]. This allows for the accumulation of snow over 20 m thick in some winters. Due to these topography differences, Snezhnika glacieret is much more dependent on the variations of winter precipitation and the avalanche activity than Banski suhodol glacieret, as the snow catchment area of the latter is only about 5.5 times larger than its average surface area, and it is therefore more directly dependent on temperature.




3.2. Climatic Variables


Table 1 and Table 2 compare climatic data from Musala peak with the measured areas of Snezhnika and Banski suhodol glacierets. Data are here presented for the period of our measurements (2008–2021 for Snezhnika and 2009–2021 for Banski suhodol). Climatic averages and cumulatives are shown according the glacierets’ hydrological (mass-balance) year, which, in general, lasts from November to October [18] (and conveniently matches the hydrological year accepted for rivers in Bulgaria [36,37]). Table 1 shows absolute values, while Table 2 presents the same data in relation to the average for the researched period. For the researched period, the mean annual air temperature at Musala peak was 1.7 °C, 1.4 °C higher than the 1961–1990 average. Annual precipitation ranged from 1020 to 602 mm. At Musala, the precipitation regime has two maxima: in winter (January–March) and late spring (May–June). For Pirin, a greater share of winter precipitation is to be expected, due to the southerly location and the Mediterranean precipitation regime of the stations in the Pirin foothills. When presenting precipitation for the glacier accumulation season, November sums are not taken into account, as they are usually of a mixed character (rain/snow) and do not significantly contribute to snow accumulation.



Table 2 is more informative of interannual climate variations. Obvious from the table is the increase of the ablation temperatures in recent years. Concerning precipitation, the frequent occurrence of relatively drier winters: in 2014 to 2016 and in 2019, contributed to the size minimums registered in 2019–2020. In addition, a more pronounced shrinkage trend of Banski suhodol is demonstrated by the discussed data.




3.3. Climatic Factors Influencing Short-Term and Long-Term Size Variations of Glacierets


3.3.1. General Climate Conditions


Based on data from Musala peak and the measured local temperature at Kazana shelter, the average annual temperature at 2440 m for the last 16 years (2006–2021) is about +2.3 °C, while at 2650 m it is +0.6 °C. At Snezhnika, conditions for snow accumulation prevail from the third decade of November to mid-April (Figure 5, left). For Banski suhodol, the same period lasts from the beginning of November to the end of April (Figure 5, right).



During the last three decades, a general increase in temperature has been registered, along with a high interannual variability (Figure 6).



The lack of reliable data about precipitation for the high parts of the Pirin Mountains predicates the usage of information from remote stations. Musala peak (2925 m a.s.l.) has an average annual amount of 836 mm for the period 2006–2021 and a regime with a long period of increased monthly amounts (from December to June) and a minimum in November (Figure 7).



On the other hand, Sandanski (at 190 m a.s.l. on the SW foot of Pirin) has much lower annual precipitation, 532 mm on average, with a maximum in October, relatively high monthly amounts from November to June, and a minimum in August. In the last 15 years, precipitation regimes at these two places, which for the standard period (1961–1990) appear very different, seem to have converged, and appear more similar now. It is to be expected the precipitation regime in the alpine zone of Northern Pirin is closer to that at Musala peak.




3.3.2. Determining Climatic Factors


The analysis of climatic variables based on data from Musala peak with an extrapolation for the altitude of 2450 m a.s.l. has proved that the main factor which determines the particular size of Snezhnika glacieret is the temperature during the ablation season.



The correlation (Pearson correlation coefficient, rxy) between the glacieret area and the sum of daily temperatures for the days with average temperature above 0 °C (sum of positive daily temperatures) for a 28-year observation period (1994–2021) was −0.75 (Table 3). This correlation was very stable through the years. Absolutely the same value, −0.75, has the correlation coefficient (rxy) between the size of the other Pirin glacieret, Banski suhodol and the sum of positive daily temperatures, extrapolated for altitude of 2650 m. Graphical representations of these dependencies are shown on Figure 8.



Deviations of the points on Figure 8a,b, above and below the regression lines are obviously caused by factors other than summer temperature. In Table 4, these deviations are presented with a deviation coefficient (D), geometrically calculated on the graphs of Figure 8 (see Materials and Methods chapter).



Positive values of D in Table 4 mean that for that particular year, the points, which illustrate the relationship between sum of positive daily temperatures and glacieret area, stand above the relationship line, i.e., the glacieret has increased its size more than ablation temperatures for that year suggest, due to a contribution from other factors. The negative values of the coefficient D should be interpreted in the opposite way, respectively.



Comparisons between the values of D and precipitation data from Musala peak on a seasonal basis (for example, the precipitation during the glacierets’ accumulation season) do not show any relationship. However, when experimenting with cumulative daily precipitation from days when temperatures were below a certain threshold, it was found that fair relationships exist between the interannual differences of the coefficient D (the colored columns in Table 4) and the sums of precipitation for the days when temperatures at Musala peak were below −1 °C (in fact, the snow precipitation): the Pearson correlation coefficient, resulting from these calculations, is +0.62 for Banski suhodol glacieret (for the period 2009–2021), and for Snezhnika glacieret it is +0.68 for the same period, and +0.64 for the whole period of available annual size measurements (1998–2021). This should illustrate the role of winter precipitation as a secondary factor for glacieret interannual size variations. Uncertainties in data used are related to the lack of local precipitation data from the high mountain area of the Pirin Mountains (data are used from Musala peak which is 55 km away to the north from the study area) and other, tertiary factors, one of which might be, for example, avalanche activity (dependent on very short temperature fluctuations and occurrence of intense precipitation events), intense summer rains and their melting effects, et cetera. When using precipitation data from Sandanski, their correlation to the differences in the D coefficient is much weaker and not statistically significant.




3.3.3. Variations of Local Climatic Conditions


In fact, local climatic conditions near glacieret surfaces are quite different from what is inferred for open slopes and air temperatures. Usually, the accumulation season at Snezhnika (230–270 days) is about 2.5 times longer than the ablation season, and, at Banski suhodol it can even exceed three times (Table 5 and Table 6). In autumn there are normally 1 to 3 weeks of dry cold, when ablation is halted but no considerable snow falls. In addition, due to the higher altitude and shadier aspect, ablation over the surface of Banski suhodol glacieret starts about a month later than at the surface of Snezhnika.



For Snezhnika, the 2017/2018 hydrological year had the longest accumulation season followed by 2020/2021, while the shortest was in 2018/2019. These differences correspond to the registered glacieret sizes. At Banski suhodol, the ablation period appears to be 24–30 days shorter than at Snezhnika.



At Snezhnika, annual ground temperatures varied between +1.4 and +2.1 °C (Table 7). August was the warmest month, and values for June and July varied greatly depending on the exact beginning of ablation (the complete thaw of the snow cover for the particular year). The hot summer of 2021, demonstrated by the unprecedently high August temperatures, did not have a catastrophic ablation effect on the glacierets due to the delayed start of ablation.



During the ablation season, temperatures in the moraine near Snezhnika glacieret show a distinctive mode of diurnal variations, usually in the order of 3 to 4 °C. In some cases, amplitudes up to 5 °C were recorded. The absolute minimum, −6.8 °C, was measured in the early hours of the night of November 21, 2020, during the autumn frost period before the first winter snow. On the other hand, the absolute maximum was reached at 4 PM on both 6 and 7 August 2017, when the temperature climbed to +17.6 °C. A temperature value of +17 °C was also recorded on 12 August 2019, while the maximum monthly mean from August 2021 was achieved not through record highs, but through a long series of warm days (with the highest value of +15.5 °C). For comparison, the summer of 2018 was characterized by much lower averages, and also lower absolute maximum: +11.8 °C, measured at 3 PM on 14 August.



Climatic conditions around the other glacieret, Banski suhodol, are much harsher (Table 8). Annual temperatures are around 0 °C, and temperatures registered during the accumulation season are about 1 °C lower than at Snezhnika, probably due to the more open position of Banski suhodol moraine and the thinner snow cover. Mean monthly temperatures during the ablation season are 3 to 5 °C lower than the same at Snezhnika; however, the absolute maximum for that short measurement period was competitive: +16.6 °C at 3 p.m. on 12 August 2019. For the cooler summer of 2018, the maximum was +9.3 °C (23 August at 4 p.m.). The absolute minimum of −9.3 °C was recorded on 16 November 2018 at 5 a.m.



Actual sums of positive daily temperatures measured on the ground near Snezhnika glacieret for the period 2016/2017 to 2020/2021 hydrological years (Table 9) are much lower (35 to 49%) than the values extrapolated from air temperatures at Musala peak. Considerable ablation heat is induced only in July, August, and September. The relatively small but regular sums for October define it as the end of ablation season. Some tendency towards an increase of October ablation intensity can be derived from the data in Table 9. Sums of positive daily temperatures around Banski suhodol (Table 10) are less than a half of those registered near Snezhnika. The sum was only 175 °C for the whole of 2018, and more than doubled in the next year, which imposed a strong impact on the glacieret size.



Temperature conditions near glacieret surface are directly expressed in the interannual variations of glacieret size. However, here, also the glacieret size of the previous year must be born in mind as a starting point of the mass balance year. Despite the higher summer ablation the size of Snezhnika in the autumn of 2017 was greater than that in 2020, because its size in 2016 was larger than in 2019.



In general, the long retention of snow cover over the glacieret surface until middle or late summer delays the start of active ablation and insulates the firn-ice bodies from the direct impact of air temperature. In this context, high air temperatures in June and July are not in direct relation to glacieret ablation (they have an impact on thawing the snow cover, not the glacieret itself). For Snezhnika glacieret in particular, the thickness of snow cover in early summer is highly variable and depends on avalanche activity in spring [30].






4. Discussion


Recent changes in the size of glacierets in the Pirin Mountains are mainly driven by the variations in summer temperatures, which, in the longer term, have a tendency to rise. Indeed, some shrinkage trends have been already observed, but relations are not straightforward due to the influence of secondary climatic factors and the effects of topography. Until 2016, Snezhnika glacieret, which has been regularly monitored for the last 25 years, demonstrated a long-term stagnation. The main reason was the changes in winter precipitation, which were lower than average before 2004 and higher in 2005–2013 [32,34]. The years 2014-2021 are marked by highly changeable precipitation (in both winter and summer), which complicates the predictions about the future of the glacierets. Severe shrinkages (when compared with the size from the previous year) followed either after hot and dry summers (such as in 2012 and 2019) or after seasons with abundant summer rains (such as in 2014, 2017, and 2020). Sporadic, but intense, warm summer rain events can occasionally have a crucial role in the diminishing, in particular, of the firn-ice bodies in some summers [38].



Other glacierets in our region (the Balkans) are in the highest parts of the Dinaric Mountains (Prokletije and Durmitor). Durmitor’s Debeli namet glacier has been regularly monitored since 2003, but several size measurements were made also in the 1990s [14,15,39]. Data about three glacierets and two summer-lasting show patches in central Prokletije have been gathered since 2006 [3,11,40] and systematically since 2011 [14]. Despite some similarities in the behavior of these firn-ice bodies to that of Pirin glacierets (for example, the increases of size in 2013 and 2018, the lows in 2012, 2017, and 2020), the mode of their changes and development differs due to the inequality of the climatic factors that drive those changes, especially in the short term. As the glaciers in the Dinaric Mountains exist in a more maritime climate, they are more strongly dependent on precipitation. Although annual precipitation does not change significantly in the long term, the share of snow in winter tends to decrease as a result of rising temperatures, and rains increase their negative impact on glaciers, especially in summer when they are warm.



Over the last decade, clear 3 to 4 year-long “recharge–exhaust” cycles are observable in the glaciers in Prokletije and Durmitor [14,15]. After a year with a significantly positive snow balance, several years follow in which glacier sizes are gradually diminished until the next recharge year comes. “Recharge years” were 2010, 2013, 2018, and, most probably, 2021. Such patterns can be related to the activity of Mediterranean cyclones, and are not typical for Pirin glacierets, where groups of fewer years of similar sizes are followed by one to twoyears with sizes contrasting to the previous.



Mediterranean circulation does also affect the Eastern Balkans, but its impact is modified by the “rain-absorbing effect” of the Dinaric mountain barrier, which leaves the central and eastern part of the peninsula in a precipitation shadow, especially in winter. Another factor is the sporadic occurrence of invasions of cold air from northeast over the Rhodopean massif, which causes freezing dry weather in winter and cool, cloudy, but relatively rainless conditions in part of summer (sometimes, such masses pass over Bulgaria and collide with the damp Adriatic air over the Dinaric range, producing short-lasting but intense summer rains).



Small glaciers in the Western Balkans, in the Apennines, and the Alpine region show great short-term amplitudes of variation, which pose a threat to their existence in periods of strongly expressed minimums of size. For example, after several years of low winter precipitation, the hot summer of 2017 almost made the small glaciers in the Dinaric Mountains disappear, and most of them were reduced to tiny ice patches [14]. Such severe minimums were, e.g., recorded for Triglav glacier in 2012 [41,42] and for Montasio occidentale glacier in 2015 [43] during similar climatic conditions (dry winter, hot summer).



In general, the increased continentality of climate over the Eastern Balkans “smoothes” interannual climatic variations and determines a greater stability of Pirin glacierets in comparison with similar features in the region that exist in a more maritime climate. In the context of stability, Pirin glaciers show similarity to the Mięguszowiecky glacieret in the High Tatras, which exists in relatively continental conditions and has also expressed weak long-term shrinkage trends over recent decades [38]. For the very small glaciers in Switzerland, which are more than one thousand in number, it was found [5] that the most stable glaciers which are projected to survive at least for the climate changes projected until 2050, are those situated at very low elevation (up to 600 m below the current regional ELA). They are found in regions with steep topographic gradients, on strongly shaded and/or avalanche prone locations. Similar are the environmental conditions also for the glacierets in the Pirin Mountains.



This enhanced stability of the glacierets in Pirin is also illustrated by their relatively small post-Little Ice Age shrinkage compared to a number of small glaciers in the Mediterranean region in the Dinaric Mountains, the Apennines, the southeastern Alps, and elsewhere [41,42,43,44,45,46,47,48,49,50,51,52,53], which have reduced their areas from several times to several tens of times, and their volumes often hundreds of times.



According to the recent studies, the average area of Snezhnika glacieret for the last 25 years has been about 55% of its maximum extent during the Little Ice Age (LIA) and the average area of Banski suhodol glacieret has been about 60% (data from [28,52]). Such a retreat appears quite moderate when compared to the recession of a large number of glaciers and very small glaciers in the other mountains of the Mediterranean which have similar altitude to the Pirin Mountains. For example, between the LIA and 2012, the total area of the small glaciers in the Julian Alps decreased from 2.367 to 0.383 km2, and the largest of them, Canin glacier, shrank by 88% [54]. Triglav glacier in the Julian Alps of Slovenia diminished even more: from 22 ha in 1897 to between 0.7 and2 ha in 2000–2014 [41,55], the Calderone glacier in the Apennines—from 9.88 ha in 1884 to 3.5 ha in 2006 [45,56], Debeli Namet glacier in the Durmitor—from 11 ha in 1878 to an average of 2.1 ha for 2011–2021 [14,15,46], Aneto glacier in the Pyrenees—from 245 ha in 1850 to 48 ha in 2017 [57,58]; and Monte Perdido glacier in the Pyrenees (from 556 ha in 1850 to 38 ha in 2016) [50,53]).



Similar comparisons concern volume losses: since the end of the Little Ice Age, the two studied glacierets in the Pirin Mountains have lost 60–80% of their volume [28], while the very small glaciers in the Julian Alps have shrunk by 96% [54] (99% volume loss for Trigav glacier in particular [55]).



Studies of the dynamics of very small glaciers have shown that the long-term evolution of these firn-ice bodies depends not only on climatic conditions (for example, continentality), but also on their size. The smaller the glacier, the stronger the impact of topography and the better the local conditions for firn and ice preservation. For example, the tiny glaciers (glacierets) Skuta and Montasio occidentale, which are situated in deep depressions and are mainly fed by avalanches, lost only about 30% from their LIA surface area (but underwent considerable thinning) [54,59,60,61].



In the longer-term context, the post-LIA recession of the glaciers in the Dinaric mountains, the southeastern Alps, the Apennines, and the Pyrenees comprised periods of rapid retreat, separated by episodes of relative stagnation and even minor advances [45,54,55,56,62]. In the last two decades, many of these previously much larger glaciers have turned into glacierets and entered a stagnation phase: being restricted to only the most favorable locations, these tiny bodies came under increased topo-climatic control, and, to some extent, “decoupled” from global climate [59,62].



The threshold “decoupling” size depends on the particular topography of each site, and it is usually not larger than 1 ha to several hectares [14,62]. The glaciers in the Dinaric range underwent this stage much earlier than those in the southeastern Alps and the Apennines, probably in the first decades of the twentieth century, according to the geomorphological evidence (moraines) and geographical descriptions [63,64,65]. The two glacierets in the Pirin Mountains were probably in a “decoupled” state already during the LIA, and at least since the middle of the 20th century, as very small glaciers in the Balkans have demonstrated relatively modest trends of shrinkage [27,39]. In contrast, some of the larger cirque glaciers in the Mediterranean, such as, e.g., Monte Perdido in the Pyrenees and Marmolada in the Dolomites, still have not reached the decoupling size threshold, and are undergoing a rapid retreat at present [50,51].



Despite the fact that “decoupled” glacierets demonstrate enhanced resilience to climate change due to strong topo-climatic influences, they are not in a balanced state under the conditions of recent active warming, which has been witnessed by the recently observed slight long-term downward trends. In this regard, it is expected that the minimums in the interannual variation of the size of these small firn-ice bodies will become increasingly pronounced.



If temperature rising trends continue to prevail at their present pace (or become further enhanced), the glacierets in Pirin will be bound to extinction, progressively turning into ice patches. This process will probably last for longer than in other regions of the Mediterranean, but forecasting is complicated due to the strong dependence of small firn-ice bodies on topography and accidental factors such as heavy snowfalls and avalanche events. For example, the glacierets and ice patches in the Julian Alps have been stagnating since the beginning of the 21st century despite the rising temperatures, due to an increase in winter precipitation [55,59,66]. However, for Southern Europe, most forecasts propose a gradual decrease in precipitation over the following decades [67], which will doom Pirin glacierets to a progressive decline. For Snezhnika, in particular, the stable degradation into a snow/ice patch is predicted to occur in about two decades [68].




5. Conclusions


The two tiny glacierets in Bulgaria’s Pirin Mountains are, at present, the southernmost very small glaciers in Europe. Their existence at sites located several hundred meters below the present average glacier equilibrium line altitude (ELA) is determined by the strong impact of local topographic conditions.



The climate of high glacio-karstic cirques is very specific. It is much harsher than that inferred from climatic extrapolations of meteorological data from remote sources. Glacier persistence is favored by the excessively long period of low temperatures and snow cover, which may last up to 250–300 days in a year. The presence of thick snow cover in spring may isolate the glacieret surface from the direct impact of air temperatures and may cause a late start of ablation despite the high temperatures in the first half of summer.



Analysis of the relations between glacieret size (area) and climatic variables showed that calculations based on daily climatic data could provide much better correlations than using monthly temperature and precipitation averages. Short-term size variations of the glacierets in Pirin are mostly related to the temperature conditions during the ablation season, but additionally the size of glacierets from the previous year should be taken into account as a starting point for a given mass-balance year. In the case of Pirin glacierets, winter and summer precipitation play a secondary role, but can exert a considerable effect on the size in some years.



The two glacierets in the Pirin Mountains are examples of relatively long-term stable small firn-ice bodies, which have been relatively “decoupled” from global climate trends due to the effect of topography. Another factor for the relative stability and the modest post-LIA shrinkage is the continentality of climate with small variations in precipitation.



In the last few decades, the glacierets have demonstrated a persistence and a relative stability in conditions of rising temperatures. Decade-term changes in precipitation resulted in a stagnation of glacieret size until 2016. In the years since, a slight retreat trend has started to emerge in response to temperature increase. Bearing in mind the expected general decrease of precipitation in Southern Europe over the coming decades [67], this will probably be a prevalent mode in the forseeable future and will eventually lead to the degradation of these small glaciers into patches of stagnant firn and ice. However, due to the demonstrated greater stability, glacierets in the Pirin Mountains may last for longer than some similar firn-ice bodies in the other mountains throughout the Balkans and the Mediterranean region.
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Figure 1. Small glaciers (glacierets) in the Northern Pirin Mountains: Snezhnika and Banski suhodol, and sites for stationary climatic measurements. 
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Figure 2. Snezhnika glacieret with Vihren peak in October 2021 (a) and Banski suhodol glacieret with Kutelo peak in November 2015 (b). Photographs by the author. 
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Figure 3. Surface area of the glacierets in the Pirin Mountains (real, not projected surface). 
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Figure 4. Topographic and geomorphological setting of Pirin glacierets. 
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Figure 5. Average temperature conditions for the altitudes of Snezhnika and Banski suhodol glacierets, extrapolated from data from Musala peak for the period 2006–2021. 
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Figure 6. Main variables for air temperature near Snezhnika glacieret derived from meteorological data collected at Musala peak [18]. 
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Figure 7. Monthly precipitation (mm) at Musala peak and Sandanski for 2006–2021 (data from [18]). 
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Figure 8. Graphical representation of the relationship between the area of Snezhnika glacieret and the sum of daily temperatures for the days with average temperature above 0 °C (sum of positive daily temperatures) at 2450 m a.s.l. (a), and between the area of Banski suhodol glacieret and the sum of positive daily temperatures at 2650 m a.s.l. (b). Sums are derived by extrapolation from data from Musala peak for the years 1994–2021 (a) and 2009–2021 (b) [22]. 
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Table 1. Climatic data for the Musala peak weather station (data from [32]), summarized for glacieret hydrological years 2008/2009 to 2020/2021 (T—temperature, P—precipitation).






Table 1. Climatic data for the Musala peak weather station (data from [32]), summarized for glacieret hydrological years 2008/2009 to 2020/2021 (T—temperature, P—precipitation).





	Hydrological Year
	T Annual

(Nov.–Oct.)
	T Abl.

Season

(May–Oct.)
	T Summer (Jun.–Aug.)
	P Annual

(Nov.–Oct.)
	P (Dec.–Apr.)
	P (May–Oct.)
	Area Snezhnika (ha)
	Area Banski Suhodol (ha)





	2008–2009
	−2.4
	3.1
	5.5
	889
	573
	405
	0.69
	1.19



	2009–2010
	−1.9
	3.3
	6.2
	917
	439
	459
	0.69
	1.43



	2010–2011
	−1.9
	3.1
	5.8
	602
	252
	329
	0.55
	1.33



	2011–2012
	−1.5
	5.0
	7.7
	702
	449
	253
	0.34
	0.93



	2012–2013
	−2.0
	3.2
	5.0
	799
	420
	370
	0.65
	1.42



	2013–2014
	−1.2
	2.8
	5.3
	886
	313
	550
	0.38
	1.14



	2014–2015
	−1.9
	3.9
	5.4
	1020
	571
	409
	0.53
	1.09



	2015–2016
	−1.1
	3.1
	6.0
	657
	305
	312
	0.51
	1.13



	2016–2017
	−2.1
	3.4
	6.5
	855
	403
	428
	0.33
	0.97



	2017–2018
	-1.3
	3.5
	5.3
	892
	346
	496
	0.64
	1.21



	2018–2019
	−1.7
	4.1
	6.2
	651
	375
	231
	0.36
	0.92



	2019–2020
	−1.0
	3.9
	5.7
	983
	459
	474
	0.30
	0.90



	2020–2021
	−1.8
	3.6
	6.4
	864
	480
	366
	0.54
	1.07



	Average
	−1.7
	3.5
	5.9
	833
	414
	391
	0.50
	1.13
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Table 2. Climatic anomalies (subtraction for temperature and percentage for precipitation and glacier area) referred to the 2008/09–2020/21 average for Musala peak meteorological station (data from [32]), summarized for glacieret hydrological years.
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	Hydrological Year
	T Annual

(Nov.–Oct.)
	T Abl. Season

(May–Oct.)
	T Summer (Jun.–Aug.)
	P Annual

(Nov.–Oct.)
	P (Dec.–Apr.)
	P (May–Oct.)
	Area Snezhnika (ha)
	Area Banski Suhodol (ha)





	2008–2009
	−0.7
	−0.4
	−0.4
	120
	138
	104
	139
	105



	2009–2010
	−0.2
	−0.2
	+0.2
	110
	106
	117
	139
	127



	2010–2011
	−0.3
	−0.4
	−0.2
	72
	61
	84
	95
	117



	2011–2012
	+0.2
	+1.4
	+1.8
	84
	108
	65
	69
	80



	2012–2013
	−0.3
	−0.4
	−1.0
	96
	101
	95
	131
	126



	2013–2014
	+0.5
	−0.7
	−0.6
	106
	76
	141
	77
	101



	2014–2015
	−0.2
	+0.4
	−0.5
	122
	138
	105
	109
	96



	2015–2016
	+0.6
	−0.5
	+0.1
	79
	74
	80
	103
	100



	2016–2017
	−0.5
	−0.1
	+0.6
	103
	97
	109
	67
	86



	2017–2018
	+0.4
	0.0
	−0.6
	107
	84
	127
	129
	107



	2018–2019
	0.0
	+0.6
	+0.3
	78
	91
	59
	73
	81



	2019–2020
	+0.6
	+0.3
	−0.2
	118
	111
	121
	61
	80



	2020–2021
	−0.1
	+0.1
	+0.5
	104
	116
	94
	109
	95
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Table 3. Pearson correlation coefficient, evaluating the relationships between the size of the Pirin glacierets and the temperature variables calculated on the basis of climatic data from Musala peak (after the respective temperature correction for 2450 m altitude for Snezhnika glacieret and 2650 m altitude for Banski suhodol glacieret).






Table 3. Pearson correlation coefficient, evaluating the relationships between the size of the Pirin glacierets and the temperature variables calculated on the basis of climatic data from Musala peak (after the respective temperature correction for 2450 m altitude for Snezhnika glacieret and 2650 m altitude for Banski suhodol glacieret).





	
Glacieret

	
Period

(Hydrological Years)

	
Pearson Correlation Coefficient rxy between Glacieret Area and Climatic Variables:




	
Mean Annual

Temperature

	
Summer Temperature

(16 May–15 Sep.)

	
Sum of Positive Daily

Temperatures

	
Annual Number of Days with Positive Daily Mean temp.






	
Snezhnika

	
1993/94–2020/21

	
−0.65

	
−0.57

	
−0.75

	
−0.63




	
2007/08–2020/21

	
−0.57

	
−0.57

	
−0.76

	
−0.75




	
2008/09–2020/21

	
−0.61

	
−0.58

	
−0.76

	
−0.76




	
Banski suhodol

	
2008/09–2020/21

	
−0.47

	
−0.65

	
−0.73

	
−0.60
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Table 4. Coefficient D illustrating the graphical deviation of points on Figure 7 and Figure 8 from the dependency trendlines, and differences in D between consecutive years.
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Year of Measurement

	
Snezhnika Glacieret

	
Banski Suhodol Glacieret




	
Coefficient D

	
Difference in D between Consecutive Years

	
Coefficient D

	
Difference in D between Consecutive Years






	
1998

	
–2.0

	

	

	




	
1999

	
–0.8

	
+1.2

	

	




	
2000

	
+2.0

	
+2.8

	

	




	
2001

	
+1.2

	
–0.8

	

	




	
2002

	
–1.9

	
–3.1

	

	




	
2003

	
–1.1

	
+0.8

	

	




	
2004

	
–2.3

	
–1.2

	

	




	
2005

	
+2.0

	
+4.3

	

	




	
2006

	
+1.7

	
–0.3

	

	




	
2007

	
+0.3

	
–1.4

	

	




	
2008

	
+1.0

	
+0.7

	

	




	
2009

	
+1.6

	
+0.6

	
–1.7

	




	
2010

	
+3.1

	
+1.5

	
+2.0

	
+3.7




	
2011

	
–1.2

	
–4.3

	
–0.3

	
–2.3




	
2012

	
+5.0

	
+6.5

	
+5.0

	
+5.3




	
2013

	
–0.1

	
–5.1

	
0.0

	
–5.0




	
2014

	
–0.2

	
–0.1

	
0.0

	
0.0




	
2015

	
+2.2

	
+2.4

	
0.0

	
0.0




	
2016

	
–1.9

	
–4.1

	
–3.2

	
–3.2




	
2017

	
+1.0

	
+2.9

	
0.0

	
+3.2




	
2018

	
+3.1

	
+2.1

	
+0.3

	
+0.3




	
2019

	
–0.3

	
–3.4

	
–1.6

	
–1.9




	
2020

	
+0.7

	
+1.0

	
0.0

	
+1.6




	
2021

	
+0.6

	
–0.1

	
–1.8

	
–1.8








Colors represent the following: dark blue—sharp increase; light blue—moderate increase; green—slight change in position; light red—light drop; dark red—sharp drop.
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Table 5. Actual duration of accumulation and ablation seasons according to the data of the ground temperature at Snezhnika glacieret.
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Year

	
Accumulation Season

	
Ablation Season




	
Dry Cold

	
Total

	
Snow Cover




	

	
Dates

	
Days

	
Dates

	
Days

	
Days

	
Dates

	
Days






	
2016–2017

	
28.10–8.11

	
11

	
9.11–16.06

	
220

	
231

	
17.06–8.10

	
114




	
2017–2018

	
9.10–28.10

	
20

	
29.10–12.07

	
257

	
277

	
13.07–6.11

	
117




	
2018–2019

	
7.11–24.11

	
18

	
25.11–1.07

	
219

	
237

	
2.07–14.11

	
136




	
2019–2020

	
15.11–20.11

	
6

	
21.11–23.06

	
216

	
225

	
24.06–7.11

	
137




	
2020–2021

	
8.11–10.12

	
33

	
11.12–7.07

	
208

	
241

	
8.07–7.10

	
92
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Table 6. Actual duration of accumulation and ablation seasons according to the data of the ground temperature at Banski suhodol glacieret.
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Year

	
Accumulation Season

	
Ablation Season




	
Dry Cold

	
Snow Cover

	
Total




	

	
Dates

	
Days

	
Dates

	
Days

	
Days

	
Dates

	
Days






	
2017–2018

	
20.10–10.11

	
22

	
11.11–15.08

	
278

	
300

	
16.08–6.11

	
93




	
2018–2019

	
7.11–24.11

	
18

	
25.11–31.07

	
249

	
267

	
1.08–14.11

	
106
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Table 7. AMean monthly temperatures at Snezhnika glacieret.
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Year

	
Month

	
Ann.




	
XI

	
XII

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X






	
2015–2016

	

	

	

	

	

	

	

	

	

	

	

	
1.1

	
-




	
2016–2017

	
−0.1

	
0.1

	
−0.2

	
−0.4

	
−0.4

	
−0.1

	
−0.1

	
2.4

	
9.4

	
9.4

	
5.3

	
0.3

	
2.1




	
2017–2018

	
0.1

	
0.2

	
0.2

	
0.1

	
0.0

	
−0.1

	
−0.1

	
−0.1

	
2.9

	
7.4

	
5.1

	
1.4

	
1.4




	
2018–2019

	
−1.1

	
−0.5

	
−0.6

	
−0.7

	
−0.8

	
−0.5

	
−0.1

	
−0.1

	
5.7

	
9.4

	
6.2

	
2.1

	
1.6




	
2019–2020

	
0.3

	
0.1

	
0.1

	
0.0

	
0.0

	
−0.1

	
−0.1

	
0.7

	
7.1

	
8.2

	
7.2

	
1.8

	
2.1




	
2020–2021

	
−2.4

	
−1.4

	
−0.4

	
−0.3

	
−0.3

	
−0.4

	
−0.1

	
−0.1

	
5.4

	
10.2

	
4.9

	

	
(1.4)








Values in brackets are not for the whole period (the same is for the following tables).
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Table 8. Mean monthly temperatures at Banski suhodol glacieret.
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Year

	
Month

	
Ann.




	
XI

	
XII

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X






	
2017–2018

	
−0.8

	
−0.5

	
−0.4

	
−0.5

	
−0.6

	
−0.8

	
−0.1

	
0.0

	
0.0

	
2.3

	
2.3

	
−0.1

	
0.0




	
2018–2019

	
−2.0

	
−1.0

	
−1.2

	
−1.5

	
−1.6

	
−1.6

	
−0.6

	
0.0

	
0.1

	
6.2

	
3.9

	
(1.9)

	
0.2
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Table 9. Sums of positive daily temperatures at Snezhnika glacieret.
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Year

	
Month

	
Ann.




	
XI

	
XII

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X






	
2015–2016

	

	

	

	

	

	

	

	

	

	

	

	
41

	
-




	
2016–2017

	
4

	
4

	
0

	
0

	
0

	
0

	
0

	
74

	
292

	
293

	
159

	
12

	
838




	
2017–2018

	
3

	
8

	
5

	
3

	
0

	
0

	
0

	
0

	
90

	
231

	
154

	
45

	
539




	
2018–2019

	
11

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
177

	
290

	
186

	
67

	
731




	
2019–2020

	
13

	
4

	
3

	
1

	
0

	
0

	
0

	
22

	
220

	
253

	
217

	
60

	
793




	
2020–2021

	
4

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
167

	
315

	
148

	

	
(634)
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Table 10. Sums of positive daily temperatures at Banski suhodol glacieret.
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Year

	
Month

	
Ann.




	
XI

	
XII

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
IX

	
X






	
2017–2018

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
73

	
77

	
13

	
163




	
2018–2019

	
12

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
193

	
116

	
(32)

	
353
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