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The paper presents results describing the influence of Atmospheric Circulation (AC) on meteorological conditions on Kaffiøyra (NW Spitsbergen, Svalbard Archipelago) in 23 summer seasons (July 21–August 31) in the years 1975, 1977–80, 1982, 1985, 1989, 1997–2000, 2005–15. The analysis covered the diurnal sums or means of major meteorological parameters: total cloudiness, sunshine duration, air temperature, wind speed, relative air humidity, water vapour pressure, and precipitation. Extreme weather events in terms of any given parameter were defined as days whose diurnal values (mean/sum) were in the ≤5th or ≥95th percentiles. The influence of AC on meteorological conditions on Kaffiøyra was analysed using the calendar of circulation types (CT) by T. Niedźwiedź et al. (Calendar of atmospheric circulation types for Spitsbergen–a digital dataset, 2018). In the study area, the variability of individual meteorological parameters depends primarily on air-mass advection direction, while type of baric regime is less important. Our study highlights that the greatest positive anomalies and a significant frequency of extreme values of cloudiness, wind speed, air temperature, humidity and precipitation occurred during air mass advection mainly from the SW and S. It was also demonstrated that sunshine duration correlated statistically significantly with the frequency of the anticyclonic macrotype, and precipitation with the cyclonic macrotype. The results confirmed that atmospheric circulation plays the most important role in shaping weather conditions in Spitsbergen.
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INTRODUCTION
Meteorological conditions are determined not only by radiative factors, but also by Atmospheric Circulation (AC), which depends on pressure field configuration, baric centre type and frequency of occurrence of air mass types. AC plays a much greater role in shaping weather and climate in the Norwegian Arctic than elsewhere on the globe. Climate model studies have shown that changes in response to climate changes are strongest and quickest in the Arctic (e.g., Turner and Marshall 2011; Przybylak 2016; Łupikasza et al., 2021). A characteristic feature of AC over Spitsbergen is its increased cyclonic activity, conditioned by the island’s location near the Arctic front (Niedźwiedź 2013a). Over the Norwegian Arctic, the Icelandic Low and the Greenland High are the main centres of atmospheric activity shaping the climate. These two semi-permanent centres determine the movement of air masses. The research area lies in the path of deep lows that form in the Iceland region and pass via Bear Island or Spitsbergen towards Novaya Zemlya (Käsmacher and Schneider 2011; Przybylak 2016). This results in a high diversity of incoming air masses in the region. Active lows from temperate latitudes often enter Arctic areas (Niedźwiedź 1992; Turner and Marshall 2011), and local low-pressure centres may also form, especially in the summer (Dzerdzeevskii 1975; Hanssen-Bauer et al., 2019). AC also affects the extent of sea ice in the Arctic (Ding et al., 2017). In addition, changes happening in the Arctic are associated not only with positive feedback mechanisms—“Arctic amplification” (Serreze and Barry 2011)—but also with changes in the extent of sea ice (Ding et al., 2017) and the reshaping of the pressure field and atmospheric circulation (Przybylak 2002; Łupikasza et al., 2021).
On the other hand, radiation factors associated with the phenomenon of polar day and night remain stable for much of the year, so their impact on weather variability stays in the background (Niedźwiedź 1993). Therefore, the most important role in shaping the variability of climatic conditions in the Norwegian Arctic is played by AC (Przybylak 2002; Araźny 2008). However, Isaksen et al. (2016) consider that the strong warming in Spitsbergen in recent decades is not driven by increased frequencies of “warm” AC types but rather by sea-ice decline and high sea-surface temperatures.
Extreme meteorological phenomena have a special place in research on climate change. Changes in the average values of climate parameters also affect the frequency and intensity of extreme events (Przybylak 2016; IPCC 2021). Svalbard witnessed an annual mean temperature rise of 3°C–5°C for the last 50°years (Hanssen-Bauer et al., 2019; Nordli et al., 2020), with winter warm spells becoming a more frequent and extreme weather event (Hansen et al., 2014; Peeters et al., 2019). For example, on Spitsbergen (in Ny-Ålesund) on 7 November 2016, there was an extreme precipitation of 86.8 mm within 24 h. This precipitation value was above the estimated 100°years return period value (Hanssen-Bauer et al., 2019). The emergence of increasingly frequent precipitation is causing, among other things, the formation of avalanches in Spitsbergen (Indreiten and Svarstad 2016).
Many works on Arctic climatic conditions and the mechanisms controlling its climatic processes have been published. An overview of the most important literature in this field can be found in, for example, Przybylak (2002); Bobylev et al. (2003); Turner and Marshall (2011); Lemke and Jacobi (2012); Serreze and Barry (2014); Przybylak (2016).
A particularly large number of studies have related to the Norwegian Arctic, investigating how AC affects: air temperature and humidity (e.g., Niedźwiedź 1987; Gluza and Piasecki 1989; Przybylak 1992; Niedźwiedź 1993; Przybylak 2002; Przybylak and Araźny 2006; Niedźwiedź 2007; Araźny et al., 2010; Bednorz 2010; Przybylak et al., 2012a; Gluza and Siwek 2012; Niedźwiedź 2013b; Przybylak et al., 2014; Isaksen et al., 2016; Araźny et al., 2018; Kendzierski et al., 2018; Przybylak et al., 2018; Araźny 2019; Kejna and Sobota 2019); precipitation (e.g., Niedźwiedź and Ustrnul 1988; Przybylak and Marciniak 1992; Hanssen-Bauer and Førland 1998; Łupikasza and Niedźwiedź 2002; Łupikasza 2010; Dobler et al., 2021); and cloudiness (Niedźwiedź and Ustrnul 1989; Kejna et al., 2012; Lipiński and Łupikasza 2016; Łupikasza and Lipiński 2017; Kolendowicz et al., 2021).
The issue of the impact of AC on meteorological conditions has often also been discussed for the Kaffiøyra region (NW Spitsbergen), where measurements began in 1975, i.e., at the beginning of the current period of global warming (Przybylak 2016). The long series of gathered meteorological data allows changes in climatic conditions in the region to be reliably assessed (Przybylak and Araźny 2006; Przybylak et al., 2009; Przybylak et al. 2011; Przybylak et al. 2012b; Araźny et al., 2016; Przybylak and Araźny 2016). Particular attention has been devoted to the impact of AC on weather conditions in the Kaffiøyra region, and especially on air temperature, air humidity and atmospheric precipitation (Wójcik et al., 1992; Araźny 1998; Przybylak and Araźny 2006; Araźny et al., 2011; Przybylak et al., 2012a; Przybylak and Maszewski 2012; Przybylak et al., 2014; Przybylak et al., 2018; Kejna and Sobota 2019).
The literature lacks any analysis of how AC influences other meteorological parameters not only for the Kaffiøyra area, but for the entire Spitsbergen. This study fills that gap. The main objective of this study is to assess the impact of AC on the occurrence of average and extreme summer weather conditions in NW Spitsbergen around the turn of the 21st century.
LOCATION, DATA AND METHODS
Spitsbergen is the largest island of the Norwegian Svalbard Archipelago (High Arctic). The research area is located in the north-western part (Kaffiøyra, Oscar II Land) of the island (Figure 1). Kaffiøyra is a coastal plain bordered by the Aavatsmark and Dahlbreen glaciers. It is approximately 14 km long, and ranges in width from 1.5 km in the middle to 3.4 km in the north. Six glaciers (the Waldemarbreen, Irenebreen, Elisebreen, Eivindbreen, Andreasbreen and Oliverbreen) reach the plain (Kejna and Sobota 2019). The topography of Kaffiøyra, which is close to the Forland Strait, is very varied. The highest mountains in Oscar II Land are over 1,000 m a.s.l. high, and include Dronningfjella (1,263 m) and TreKroner (1,225 m). Oscar II Land is incised by deep bays and fjords such as St Jonsfjorden, Dahlbukta, Hornbaekbukta, and Engelsbukta, which divide the area along with the glaciers heading towards the sea into coastal plains, such as the Kaffiøyra (Przybylak et al., 2012b). Kaffiøyra is covered with tundra vegetation (Barcikowski et al., 2005). Intensive deglaciation is occurring on Spitsbergen, with the glaciers retreating at a fast pace, e.g., 6–18 m/year in the area of the Kaffiøyra (Sobota and Lankauf 2010; Sobota 2013).
[image: Figure 1]FIGURE 1 | Location of Kaffiøyra meteorological station on Spitsbergen (photo by A. Araźny and I. Sobota).
Meteorological measurements and observations on Kaffiøyra began on the beach in 1975 (Leszkiewicz 1977), and in 1978 the station was moved to a nearby terminal-lateral moraine embankment of the Aavatsmark Glacier about 200 m from the Forland Strait (φ = 78°41′N, λ = 11°51′E, h = 11.5 m a.s.l.) (Figure 1). The study was based on meteorological data from Kaffiøyra from summer expeditions in the years 1975, 1977–80, 1982, 1985, 1989, 1997–2000 and 2005–2015. Meteorological data from twenty-three Toruń Polar Expeditions covering 21 July to 31 August (hereinafter referred to as “summer”) of each year were analysed. The analysis used average values or diurnal sums of the main meteorological parameters: total cloudiness (C), sunshine duration (SS), air temperature: diurnal mean (Ti), diurnal maximum (Tmax), diurnal minimum (Tmin), diurnal temperature range (DTR), wind velocity (WV), relative air humidity (RH), water vapour pressure (vp) and precipitation (P). Air temperature, air humidity and wind velocity were measured at a height of 2 m a.g.l.
The influence of AC on meteorological conditions on Kaffiøyra was analysed using the calendar of circulation types by Niedźwiedź (2018). The author of the calendar distinguished 21 types classified by direction of air advection and type of baric regime (Niedźwiedź 2013b). Advective conditions are marked with capital letters indicating direction of air inflow (N, NE, E, SE, S, SW, W and NW). The type of baric regime is marked with the index lowercase “a” for anticyclonic conditions or lowercase “c” for cyclonic conditions. Cyclonic centre (Cc) and anticyclonic centre (Ca), cyclonic trough (Bc) and anticyclonic wedge (Ka) are also distinguished. Hard-to-define baric regimes and barometric cols are marked “X”.
The study uses standard methods from climatology, including synoptic climatology, including presenting anomalies of individual meteorological parameters for CT. Extreme climate phenomena are defined in many ways in the literature, depending on research goals. The IPCC defines an extreme event as a weather phenomenon that occurs at a frequency less than or equal to the 10th percentile or more than or equal to the 90th percentile. A probabilistic criterion is recommended by the European Climate Assessment & Dataset and the IPCC (2001). This study determines extreme conditions using stricter criteria, taking the 5th and 95th percentiles (Supplementary Figure S1). Averages or diurnal totals for meteorological parameters in the period 1975–2015 were used. Relationships between extreme meteorological events and AC were analysed by calculating the average for each meteorological parameter for each of T. Niedźwiedź’s (2018) CT.
RESULTS
Atmospheric Circulation
Over Kaffiøyra, during the summer season (21 July—31 August) in the period 1975–2015, the dominant AC types according to the Niedźwiedź (2018) typology of the synoptic regimes were Ka (15.5%) and Bc (7.5%). The share of no other CT exceeded 7.0%. The least frequent conditions were NWa (1.6%), X (1.8%) and Ca (2.2%). The frequency of the AC macrotypes (cyclonic and anticyclonic) on Kaffiøyra varied greatly from year to year (Figure 2). On average, in the summer seasons, cyclonic types were slightly more common (54.4%) than anticyclonic (43.8%) (Supplementary Figure S2). In the research period, lows most often had their centres to the north-east of Spitsbergen, bringing frequent advection of cool dry air from the northern sector. By contrast, anticyclonic systems were most often centred over the Barents Sea. Our macrotype frequencies support the findings of Niedźwiedź (2013a), and, for July and August, the differences compared to the years 1950–2010 do not exceed 1%–2%.
[image: Figure 2]FIGURE 2 | Frequency of cyclonic, anticyclonic and indeterminate (X) synoptic conditions over Spitsbergen in the examined summer seasons of 1975–2015.
The Impact of AC on Cloudiness and Sunshine Duration
The Norwegian Arctic is one of the cloudiest areas in the world (Przybylak 2016). The area is also characterised by low insolation (e.g., Budzik 2005; Araźny 2008; Przybylak et al., 2012b; Matuszko et al., 2015). On Kaffiøyra, a significant dependence (Pearson’s linear correlation coefficient 0.90) was found between diurnal total sunshine duration and degree of cloudiness.
The average total cloudiness in the summer seasons on Kaffiøyra was 8.3 on a 0–10 scale (Table 1). For the cyclonic macrotype, cloudiness (C) was 0.3/10 greater than for the anticyclonic macrotype. The lowest C value (7.2) was recorded in the summers of 1985 and 2000. In 1985, anticyclonic situations were very frequent (40.5%), and especially with advection from the E + SE sector, and in 2000 there was an increased frequency of air mass inflows from E. Average C was highest (9.1) in the summers of 1980, 1998 and 2005. In 1980, AC from the S + SW + W sector dominated. In 1998, very high air temperatures occurred, favouring intensive evaporation that increased the development of clouds. By contrast, in the 2005 season, the high C was associated with intense cyclonic activity (76.2%). Average seasonal cloudiness did not show a statistically significant correlation with frequency of AC macrotypes.
TABLE 1 | Average, total and extreme values of meteorological parameters on Kaffiøyra in summer seasons (July 21–August 31) in 1975–2015.
[image: Table 1]Days of total cloud cover (C = 10) constituted as many as 29% of all days. Over the entire study period, no cloudless day (C = 0) was observed (Figure 3A). Meanwhile, clear days (C < 2) constituted only 2% of all observations on Kaffiøyra and occurred mainly under anticyclonic systems. In the research period, mean diurnal cloudiness (C = 0.3) was lowest on 21 July 1985 during high-pressure circulation from the east. On that day, the heliographs recorded 23.9 h of sunshine duration.
[image: Figure 3]FIGURE 3 | Particular synoptic conditions on Kaffiøyra in the summer seasons 1975–2015: (A,B) mean (m) diurnal values of total cloudiness and sunshine duration and their highest (H) and lowest (L) values; and (C,D) their average anomalies.
The highest mean C (>9.0) was associated with the inflow of air masses from the S–W sector under both high- and low-pressure baric regimes. Extreme cloudiness (with a frequency as high as 19.5% placing it above the 95th percentile) is brought by Ka (Figure 5). Conversely, C was lowest C (<7.0) during the inflow of air from the NE, whereas type of baric regime mattered little (Table 2; Figure 3A).
TABLE 2 | Mean total cloudiness (C) and sunshine duration (SS); air temperature: diurnal (Ti), maximum (Tmax), minimum (Tmin), range (DTR); wind velocity (WV); relative air humidity (RH); water vapour pressure (vp); and precipitation (P) under various atmospheric circulation types (CT) at the Kaffiøyra station in summer seasons 1975–2015.
[image: Table 2]In the studied summer seasons, the largest positive C anomalies (>1.0, on a scale of 0–10) were recorded during the inflow of air from the S and SW, during anticyclonic and cyclonic circulation alike. On the other hand, the largest negative anomalies (≥1.4) were recorded during advection from the N sector, i.e., from the centre of the Arctic (NEa, NEc and NWa) (Figure 3C).
In the period 1975–2015, the average total sunshine duration (SS) for the summer season was 169.8 h (Table 1), i.e., 4.1 h/day. The highest SS (309.5 h) occurred in 1985 (Table 1), which was a summer with one of the highest shares of anticyclonic types (66.7%) (Figure 2), during which Ea + SEa circulation predominated (40.5%). Conversely, the poorest summer in terms of insolation was in 2013 (67.5 h). It was characterised by the most intense cyclonic activity (81.0%) (Figure 2). Relative to the mean for the entire period, SS was higher under the anticyclonic macrotype (by 0.4 h) and lower in the cyclonic macrotype (by 0.3 h). A statistically significant correlation was found between seasonal total sunshine durations and frequency of the anticyclonic macrotype (Supplementary Figure S3).
Kaffiøyra’s solar climate is characterised by a large number of sunless days (36%). They occur more often under low-pressure systems than high-pressure ones (53% versus 47%). During the entire measurement period, only 2 days of 24.0 h sunshine duration were recorded; these were 22.07.1979 and 25.07.1997 (Figures 4A,B). On these days, Kaffiøyra was under the influence of anticyclonic circulation, with advection from the northern sector. Extreme SS values (>95th percentile) were most frequent for Ka, NEc and Nc conditions (13%–16%) (Figure 5).
[image: Figure 4]FIGURE 4 | Synoptic situations over the research area (red dot) against the background of the atmospheric pressure (hPa) field and air temperature (°C) at the isobaric surface of 850 hPa on selected extreme days: with the highest daily total sunshine duration (A) 22 July 1979, and (B) and 25 July 1997; (C) with the lowest absolute air temperature on 30 August 1982; (D) with the highest absolute air temperature on 15 August 1979; (E) with the highest daily average wind speed on 16 August 2010; and (F) with the highest total daily precipitation on 4 August 1997. Data source: NOAA reanalysis, www.wetterzentrale.
[image: Figure 5]FIGURE 5 | Frequency of occurrence of circulation types on days on which meteorological parameter values exceeded thresholds on Kaffiøyra in the summer seasons 1975–2015: days ≥95% (darker bars) and days ≤5% (lighter bars). Explanations: acronyms of meteorological parameters as in Table 2.
Under both baric regimes, the highest average SS (>7.0 h) was recorded with air inflow from the NE and E directions (Table 2; Figure 3B). Conversely, the lowest sunlight durations (<1.0 h) were recorded during the inflow of air from SW, regardless of baric regime. The largest positive SS anomalies were recorded during air inflow from the northern sector, during both high- and low-pressure circulation. The largest positive anomalies were 5.4 h for NWa and NEc types (Figure 3D), and the largest negative anomalies (>2–3 h) were related to air inflow from the S–W sector, which is characterised by high cloudiness.
The Impact of AC on Air Temperature
The most commonly analysed meteorological parameter in the Arctic, including Spitsbergen, is air temperature (Przybylak et al., 2012b, Przybylak, 2016). Its spatial diversity is most influenced by cloudiness, radiation balance, albedo, exposure, altitude above sea level, and advection of air masses (Kejna 2012).
Average Air Temperature (Ti)
Over the 1975–2015 summer seasons, the total average Ti on Kaffiøyra was 5.0°C. It ranged from 3.3°C in 1982 to 6.4°C in 2015 (Table 1). In 1982, the summer season was characterised by a significant share of cyclonic circulation (with a large share of air mass inflows from the north). The low temperature and early onset of winter (i.e., as early as the last decade of August) may have been associated with the eruption of El Chichon volcano in Mexico in spring 1982 (Fujiwara et al., 2020). On the other hand, in the warmest summer season (2015), an increased frequency of anticyclonic circulation was found, with a predominance of wind from southern and eastern sectors.
Over the research period, mean Ti was higher under anticyclonic conditions (at 5.3°C) than cyclonic conditions (4.8°C). This evidences that not only direction of advection but also type of baric regime influenced thermal conditions. In the Kaffiøyra region, significant differences in Ti were found between CTs (Table 2; Figure 6A). Mean Ti (>6°C) was highest during the advection of air from SE and S directions, under both anticyclonic and cyclonic circulation (SEa = 6.6°C, SEc = 6.5°C, Sa = 6.3°C, Sc = 6.1°C). The occurrence of types Ea and SEa was associated with a significant increase in Ti. This is probably due to the appearance of foehn phenomena during advection from these directions (Przybylak et al., 2012b). By contrast, the lowest average Ti was associated with the NWc type (2.9°C). This is confirmed by the frequencies of extreme (≥95th and ≤5th percentiles) Ti values (Figure 5).
[image: Figure 6]FIGURE 6 | Individual circulation types on Kaffiøyra in the summer seasons 1975–2015: (A–D) mean diurnal air temperature (Ti), mean diurnal maximum temperature (Tmax), mean diurnal minimum temperature (Tmin), diurnal temperature range (DTR) and the highest (H) and lowest (L) values; and (E–H) average anomalies of the same parameters.
The highest Ti (13.9°C) occurred on 16 August 1979 during the inflow of warm air from the south (type Sc) and during the occurrence of foehn winds 13.9°C (Wójcik et al., 1981). Meanwhile, it was lowest (1.5°C) during cyclonic circulation from the west on 31 August 1982 (Figure 6A). The standard deviation of mean Ti in the study period was highest during the inflow of air masses from the eastern sector, during both anticyclonic advection (Ea = 2.9°C and SEa = 2.1°C) and cyclonic advection (Ec = 2.1°C).
On Kaffiøyra, during the summer seasons, thermal anomalies of mean Ti are small, at approx. ±2°C (Figure 6E). The largest positive anomalies of Ti (1.0–1.6°C) occur with the inflow of air masses from the SE–E sector, regardless of type of baric regime. By contrast, the largest negative anomalies (1.4–2.1°C) are related to the inflow of air masses from the N–NW sector during cyclonic circulation.
Mean Maximum (Tmax) and Minimum (Tmin) Air Temperature
In this area, the highest Tmax values occurred during the advection of air from the S and SE directions, during high- and low-pressure circulation alike. In such conditions, mean Tmax reached >8°C, and the highest values reached >15°C. The lowest Tmax (4.6°C) and Tmin (1.6°C) values were associated with the NWc type. The highest air temperature in the history of research on Kaffiøyra was 18.9°C, recorded on 15 August 1979 under the SEc type (Figure 4D). The highest Tmin was 8.8°C, recorded on 26 July 1985 under the SEa type and was caused by intense insolation. On the other hand, the lowest Tmax and Tmin (−0.5°C on 30 August 1989 and −4.2°C on 30 August 1982, respectively) were recorded under the Bc type (Figure 4C, 6B,C).
The distribution of Tmax and Tmin anomalies for each CT corresponds to the previously presented anomalies of mean air temperatures (Figures 6E,G). Thermal anomalies were more highly differentiated for Tmax than for Tmin. Tmax ranged on average from −2.2°C (NWc) to 1.9°C (SEc and SEa), while Tmin ranged from −1.8°C (NWc) to 1.4°C (Sa and SEa).
Diurnal Temperature Range
AC also influences DTR. In the summer seasons in 1975–2015, DTR averaged 3.4°C. It ranged from 2.6°C in 1998, when there was significant average cloudiness (9.1), to 4.1°C in 1979, when the average seasonal cloudiness was (7.3) (Table 1). During the cyclonic macrotype, DTR was 0.3°C higher than during the anticyclonic macrotype. In the summer seasons, the lowest mean DTR (2.4°C) occurred for advection from the SW–W sector under anticyclonic conditions. The highest mean DTR ​(4.2 and 4.1°C) was recorded for SEc and Sc cyclonic advections (Table 2). These two types and SEa had the highest frequencies of high extreme DTRs (approximately 14%–16% each) −16% (Figure 5).
The highest DTR (13.4°C) was recorded on 16 August 1979 for Sc type, when the air temperature increased from 4.6 to 18.0°C as a result of the inflow of warm air with foehn winds (Wójcik et al., 1981). On the other hand, the lowest DTR (0.7°C) occurred twice: on 12 August 1997 (temperature ranged from 2.8 to 3.4°C) and on 2 August 1998 (temperature ranged from 3.6 to 4.3°C). Both these cases occurred during cyclonic situations (SWc and Nc, respectively) (Figure 6D).
DTR thermal anomalies in individual summer seasons are small, at approximately ±1°C (Figure 6H). The largest positive anomalies (0.9°C) were recorded for the NEc type, while the largest negative anomalies (−1.0°C) are associated with the inflow of air masses from the W and SW sectors during anticyclonic and X circulation.
The Impact of AC on Wind Velocity
Wind direction and speed depends on the configuration of the pressure field and the barometric gradient. In the Kaffiøyra region, anemological relations are significantly conditioned by the course and shape of mountain ranges relative to the inflow of prevailing air masses.
The average WV in the summer seasons in the Kaffiøyra region was 4.5 ms−1. In the analysed period, wind velocity was highest (6.1 ms−1) in the summer of 2012, when cyclonic types were prevalent (Figure 2). On the other hand, the lowest velocity (3.1 ms−1) was in 2009, when anticyclonic circulation dominated (69.0%), with Ka and Ca types having the largest share (38.1%). On average, WV was 0.3 ms−1 higher under the cyclonic macrotype than under the anticyclonic macrotype.
Light wind (diurnal average WV ≤ 2.0 ms−1) accounted for 18% of all cases, while strong wind (diurnal average WV ≥ 8.0 ms−1) accounted for 11% of measurements. Both weak and strong winds were both found to occur predominantly under the cyclonic macrotype (55% and 69%, respectively). Characteristic of the anemological conditions in the study area is that the highest mean WVs are associated with air inflow from the SW (7.1 ms−1 for the cyclonic macroptype and 6.7 ms−1 for anticyclonic). Conversely, the lowest mean WV was found for the eastern sector (Ec = 2.2 ms−1, Ea and SEc = 2.5 ms−1) (Table 2).
The highest diurnal mean WV for the study period (14.0 ms−1) was measured on 16 August 2010 during the inflow of air from the north (type Nc) (Figures 4E, 7A). On that day, a gust velocity of 27.7 ms−1 was measured at the nearby summit of Gråfjellet (Przybylak et al., 2012b). The Nc type accounts for as many as 32% of extreme WV values above the 95th percentile (Figure 5). Conversely, the lowest air dynamics (0.1 ms−1) were recorded for anticyclonic conditions from the SE on 5 August 2000. Diurnal mean WVs were least variable during the inflow of air masses with a component from the east (the standard deviation for NEa and SEc = 1.2 ms−1), while they were most variable (3.2 ms−1) during cyclonic advection of air from the N.
[image: Figure 7]FIGURE 7 | Individual circulation types on Kaffiøyra in the summer seasons 1975–2015: (A–D) mean (m) diurnal wind velocity (WV), relative humidity (RH), water vapour pressure (vp), sum of precipitation (P) and their highest (H) and lowest (L) values; and (E–H) their average anomalies.
In the study period, the positive WV anomalies were largest (≥1.2 ms−1) for the Nc type and with air mass inflow from the W sector, and smallest (<1.0 ms−1) for airflow from the eastern sector. In both cases type of baric regime was irrelevant (Figure 7E).
The Impact of AC on Air Humidity
In the summer season, a high degree of water vapour saturation is characteristic of the study area and all of Spitsbergen. This is caused by its insular location, the frequent advection of humid air masses from temperate latitudes under cyclonic systems, and low air temperatures (Przybylak et al., 2012b).
Relative air humidity (RH) The average RH on Kaffiøyra in the summers of 1975–2015 was 88% (Table 1). It ranged from 84% in 2014 (the result, in part, of the high share of advection of air masses from the northern sector) to 91% in 1998 and 2006 (seasons with high air temperature and a high frequency (24%) of anticyclonic wedges).
The mean RH during the cyclonic and anticyclonic macrotypes was similar (with the difference not exceeding 1%) (Table 2). Average diurnal RH values were highest during the inflow of air from the SW (accounting for 94% under the anticyclonic macrotype and 93% for cyclonic), which brought warm humid air masses to Kaffiøyra. The driest air (83%–85%) flowed in from the N–E sector during cyclonic circulation.
Full air saturation (RH = 100%) occurred during half of the AC types (Figure 7B), while RH maxima were lowest during circulation from the eastern sector (Ec = 53% and Ea = 58%) and from the north (Na = 57%).The aforementioned lowest diurnal mean RH of 53% was recorded on 24 August 2012. The standard deviation of the mean diurnal RH was highest during the Ec type (10%) and the lowest during SWa (4%).
In the summer seasons, the largest positive RH anomalies (5%–6%) were associated with types from the SW sector, whereas type of baric regime had no particular significance (Figure 7F). Extreme high RH values were most frequent (19%) for the SWc and Ka types (Figure 5). In the study period, negative RH anomalies were noted with advection of air from the N sector, especially under the NEc type (approx. 6%).
Water vapour pressure (vp) The average vp on Kaffiøyra in the summer seasons of 1975–2015 was 7.7 hPa (Table 1). In the study period, vp fluctuated from 6.8 hPa in 1982 (the coldest season) to 8.7 hPa in 1998 (cloudiest and warmest season). The mean vp was higher under anticyclonic air masses (7.9 hPa) than cyclonic (7.6 hPa). As in the case of RH, no significant relationship was found between vp and the frequency of AC macrotypes (Supplementary Material S3). The highest mean diurnal vp values (>8 hPa) were recorded during the inflow of air from the SE, S and SW directions, regardless of type of baric regime. Also, vp values above the 95th percentile were most frequent for types SEc and SEa (18% and 14%, respectively) (Figure 5). Conversely, the lowest mean vp (<7h Pa) occurred under air masses from N and NW during cyclonic circulation (Table 2).
Mean diurnal vp ranged from 4.4 hPa (30 August 1989) for type Bc to 11.9 hPa for types Sc and Ea (16 August 1979 and 22 July 1998, respectively) (Figure 7C). The standard deviation of mean diurnal vp over the entire measurement period was 1.1 hPa. It was highest (1.4 hPa) during air inflow from the E (both during cyclonic and anticyclonic circulation), and lowest (0.6 hPa) for type SWa.
The largest negative vp anomalies (0.9–1.1 hPa) occurred with air mass inflow from N and NW during cyclonic circulation. Conversely, the largest positive anomalies (0.7 and 1.0 hPa) were recorded during the inflow of air masses from E (regardless of type of baric regime) (Figure 7G).
The Impact of AC on Precipitation
On Kaffiøyra, sums of P depend heavily on AC. In the years 1975–2015, the mean sum of P in the summer season was 43.4 mm (Table 1). Sums ranged from 8.5 mm in 2010 (when anticyclonic circulation predominated) to 141.4 mm in 2013—the summer with the highest frequency (81.0%) of cyclonic baric regimes (Figure 2). Precipitation was highly variable. In individual summer seasons, coefficient of variation ranged from 169% in 2000 to 317% in 1978. A statistically significant correlation was found between seasonal sums of precipitation and frequency of the anticyclonic macrotype (Supplementary Figure S3).
The mean diurnal P of all days in the entire period was 1.0 mm. On days of the cyclonic macrotype, P was 1 mm higher than during the anticyclonic type (Table 2). The highest mean diurnal sums of P occurred during cyclonic situations: SWc (5.0 mm) and Sc (3.7 mm) and under anticyclonic conditions: Sa (2.9 mm). The lowest mean sums of P occurred under anticyclonic conditions, mainly under NE and Ca (Table 2; Figure 7D).
On Kaffiøyra, 61% of days were without precipitation. The occurrence of such days was favoured by anticyclonic situations, and especially Ka. Days with precipitation of ≥0.1 mm accounted for 39%, which includes the 2% of days for which the sums were ≥10.0 mm. These days occurred under the following synoptic situations in particular: SWc (40%): Sc (35%), Sa (10%), and Sc, Wc and Cc (5% each). The largest diurnal sum of P (33.7 mm) was measured on 4 August 1997 during the Sc type (Figures 4F, 7D).
The largest positive P anomalies (from 4.0 to 1.9 mm) were associated with three types from the S–W sector (Sa, Sc and SWc) and with type Cc. As many as 74% of extreme high P occurred during circulation types SWc and Sc (Figure 5). Conversely, negative P anomalies were found during air advection from all other directions (Figure 7H).
DISCUSSION
The analysis of data from the Kaffiøyra station for the summer seasons 1975–2015 showed that AC had a significant impact on all analysed meteorological parameters. Both type of baric regime and direction of advection played an important role.
Cloudiness affects not only SS, but also other climate parameters, including Ti, P and horizontal visibility (Marsz 2013). The influence of AC on cloudiness in Hornsund on Spitsbergen in 1978–87 was presented by Niedźwiedź and Ustrnul (1989). They found that the highest mean diurnal C occurs with air mass advection from southern directions (for types S + SWa and S + SWc). These dependencies have been confirmed by Lipiński and Łupikasza (2016) and Łupikasza and Lipiński (2017) for three Spitsbergen stations (Ny-Ålesund, Svalbard Lufthavn and Hornsund). They also found that C on Spitsbergen is greatest for southerly advection types, regardless of baric regime (S + SWc and S + SWa). By far the lowest C was associated with N + NEa and N + NEc types (Łupikasza and Lipiński 2017). On Kaffiøyra, too, C was highest during air inflow from the S–W sector, under both anticyclonic and cyclonic regimes.
In the Arctic, sunshine duration (SS) is heavily influenced by astronomical factors (polar day and night) and cloudiness caused by air circulation. For Spitsbergen, only one study of how AC influences SS exists (Budzik 2005). For Ny-Ålesund, the highest mean SS values are for types Ka (averaging 178 h a year), NEa (142 h) and Ea (130 h). Conversely, the lowest SS was characteristic of Sa, SWa, Sc, SWc and Wc (less than 20 h a year). On Kaffiøyra, in the summer season, the highest SS values occurred during northerly advection (NWa and NEc averaging 9.5 h a day).
The influence of AC on Ti has mainly been analysed in three regions of Spitsbergen. For the Kaffiøyra area, a number of works exist, including: Wójcik et al., 1992; Araźny 1998; Przybylak and Araźny 2006; Przybylak and Maszewski 2012; Przybylak et al., 2012a, Przybylak et al., 2018; Kejna and Sobota 2019. For Calypsobyen and Petuniabukta in the central part of the island, works include: Gluza and Piasecki 1989; Gluza and Siwek 2012; Kendzierski et al., 2018. And in the Hornsund fjord area, works include: Niedźwiedź 1987, Przybylak 1992; Niedźwiedź 1993, Niedźwiedź 2007, Araźny et al., 2010, Niedźwiedź 2013b; Araźny et al., 2018; Araźny 2019. Circulation conditions relative to air thermics have been studied for all of Spitsbergen by, e.g., Bednorz (2010), Isaksen et al. (2016), and Kejna and Sobota (2019). Most authors found a significant dependence of Ti on AC. The first such research for the summer seasons in the Kaffiøyra area was based on data from 1975 to 89 and carried out by Wójcik et al. (1992). They found Ti to be higher in high-pressure systems (4.8°C) than low-pressure systems (4.3°C). The analysis of data from 1975 to 2015 showed a similar relationship (the difference between macrotypes was 0.5°C), but, as a result of climate warming, the temperature was higher under the anticyclonic macrotype (5.3°C) than the cyclonic type (4.8°C). Wójcik et al. (1992), too, noted that summertime thermal relations depended mainly on direction of advection, and to a lesser extent on type of baric regime. These dependencies have been confirmed by Araźny (1998); Przybylak and Araźny (2006); Przybylak and Maszewski (2012); Przybylak et al. (2012a), Przybylak et al. (2018). Przybylak et al. (2012a) found, based on analysis of 2005–10 data, that the largest positive summer Ti anomalies occurred with the influx of masses from the S–E sector. These dependencies are further confirmed by the results of this study. In advection from this sector, the positive anomalies reached 1.0°C–1.6°C, with type of baric regime being less significant. There were also summer seasons, e.g., 2011, when the highest mean Ti was associated with the Ea + SEa type, e.g., 2011 (Przybylak and Maszewski 2012), which resulted from foehn phenomena during the inflow of air masses over Spitsbergen. Similar dependencies on direction of advection and foehn phenomena have been described for various parts of Spitsbergen, incl. Niedźwiedź (2007), Gluza and Siwek (2012) and Niedźwiedź (2013a). The influence of AC is also marked on glaciers. For the Waldemar Glacier (site at the glacier front and its firn part) in the summer seasons (July 21–August 31) in the period 1975–2014, Przybylak and Araźny (2016) found that anticyclonic and cyclonic types respectively raise and lower the air temperature on the Waldemar Glacier. As the frequency of the anticyclonic and cyclonic types did not change significantly in the summer, it can be assumed that atmospheric circulation was not the reason for the summer temperature increase of recent decades in NW Spitsbergen. Przybylak et al. (2018) investigated the effect of AC on Ti over the annual cycle. Based on 2010–13 data for the Forland Strait area (NW Spitsbergen), they showed that the influence of AC on the distribution of Ti was not uniform across the area. There were differences between coastal and inland stations (on mountains and glaciers). The influence was much smaller in summer than in winter. For Calypsobyen in the central part of Spitsbergen, et al. (2012) analysed data from 2006 to 09 and 2011. They showed that temperatures were highest for the Ea + SEa and Sa + SWa + Wa types, i.e., in anticyclonic conditions. In Hornsund in the south of Spitsbergen, the highest summer temperatures occur for the high-pressure S + SWa type, while the coldest occur for low-pressure N + NEc and W + NWc tyypes (Niedźwiedź 1987; Przybylak 1992). Niedźwiedź (2007) states that, for the period 1978–2006, mean August Ti in Hornsund was 5.2°C and 5.0°C for SEc and Sa, respectively, and 2.8°C for NEa. This was confirmed by Araźny et al. (2010), who for the periods Jun–Sept of 2007 and 2008 found that the largest positive temperature deviations under Sa + SWa + Wa high-pressure circulation reached 1.1°C, and the largest negative ones were of −0.5°C for NWc + Nc + NEc. In another study, covering the period 2014–15, Araźny et al. (2018) showed that mean summer differences in Ti between the Fugleberget peak and the Hornsund station were related to the Sa + SWa + Wa type and amounted to 2.0°C. These are the types that bring the warmest air masses in summer (Niedźwiedź 2013a).
Research by Łupikasza et al. (2021) showed that there were warmer and cooler periods on Spitsbergen in the years 1920–2018. The trend was especially marked in summer and spring. Ti was strongly dependent on southern AC, except in spring, when zonal circulation had the greatest influence.
In Spitsbergen, the highest RH values are associated with cyclonic air advection from the S–SW (e.g., Baranowski and Głowacki 1975; Przybylak 1992). In the 21st century, this has been confirmed by studies from Hornsund, where the highest mean RH occurred for types SWc and SWa, and the lowest for NEa/Na and NEc/Nc during the influx of Arctic air masses (Araźny et al., 2010; Araźny et al., 2018; Araźny 2019). Conversely, in the Kaffiøyra region, according to Araźny et al. (2011) in the summer seasons of 1975–2009, on average, the highest RH value occurred for SWa (94%) and SWc (93%), and the lowest for NEc (83%). These relationships occurred in other years, e.g., in 2010 and 2011 (Araźny et al., 2011; Przybylak and Maszewski 2012). Meanwhile, Przybylak et al. (2014) showed that, over the annual cycle, the air was most humid for types Sc + SWc + Wc and Sa + SWa + Wa (positive anomalies of 7%–9%) and driest for air mass inflows from the E sector, regardless of type of baric regime (negative anomalies of 6%–9%).
On Spitsbergen, the highest P sums occur during air advection from the S and W sectors (Niedźwiedź and Ustrnul 1988; Przybylak and Marciniak 1992; Wójcik et al., 1992; Niedźwiedź 2002; Łupikasza and Niedźwiedź 2002; Łupikasza 2007; Przybylak et al., 2012b). Such a situation results, as reported by Niedźwiedź (2002), from the significant transport of moisture with warmer air masses from above the Atlantic Ocean. Generally, greater sums of precipitation are associated with cyclonic situations more than anticyclonic. Such relationships were found in Hornsund by Łupikasza and Niedźwiedź (2002), and in the Forlandsund by Przybylak and Araźny (2016). In Kaffiøyra, according to Przybylak et al. (2009), the highest diurnal sums of P in the summers of 1980–2008 were recorded during the inflow of air from the S and SW sectors. We obtained similar results in this study. The fact that the lowest p values occurred during the influx of air masses from the N and E was also confirmed, as reported by, inter alia, Przybylak and Marciniak (1992) and Łupikasza and Niedźwiedź (2002).
SUMMARY
The research results confirm the relationship between meteorological conditions and atmospheric circulation. In this study, the impact of AC on average and extreme meteorological conditions in NW Spitsbergen (Svalbard Archipelago) was analysed based on Kaffiøyra data for summer seasons (July 21–August 31) in 1975–2015. The research led to the following conclusions:
• In the studied summer seasons, there was a balanced frequency of anticyclonic and cyclonic macrotypes, and the most frequent synoptic types in the Kaffioyra region were anticyclonic wedge (15.5%) and cyclonic trough (7.5%).
• Circulation factors greatly determined meteorological conditions in the summer seasons in NW Spitsbergen. Direction of advection played the greatest role in determining the type and properties of inflowing air masses, while type of baric regime was less important.
• Extremes and positive anomalies of the analysed weather parameters (including nephological, dynamic, thermal, humidity and precipitation) were strongly favoured by the inflow of air masses from south-western and southern sectors. The highest positive and negative thermal and humidity anomalies were nonetheless associated with the presence of foehn blowing from the island’s interior. Large negative anomalies of all the meteorological parameters (except for SS) were associated with the influx of air masses from the north-east and north.
The results in this study are important to a better understanding of the influence that atmospheric circulation has on meteorological conditions in a time of very dynamic climate change in the Norwegian Arctic. Our results confirm the fact that the role of atmospheric circulation in the shaping of weather and climate conditions in the Arctic is greatest on the Svalbard Archipelago (Przybylak 2002; Przybylak 2016).
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Variable C(0-10)  SS (hours) SS (%) Tmax Tmax Ti('C) Tmin Tmin DTR(C) WV(ms™) RH[%] vp(Pa) P[mm]

abs (C)  (C) (C) abs(C)

1975 87 1129 115 1.5 6.7 49 33 14 34 43 90 78 66.5
1977 8.7 146.6 169 13.5 7.0 5.0 35 06 35 32 89 7.8 44.4
1978 88 1199 124 10.0 6.3 47 31 07 32 46 89 b 4 44.2
1979 73 2819 29.0 189 6.6 45 25 -05 4.1 5.0 89 7.6 17.7
1980 21 90.9 9.1 125 5.6 4.1 26 -08 30 55 88 73 108.0
1982 838 91.3 9.2 104 48 33 18 -42 30 42 88 68 545
1985 7.2 3005 322 16.0 6.9 54 4.0 09 29 32 89 8.1 139
1989 83 2030 205 1.5 5.5 4.0 27 -36 28 5.0 90 74 27.0
1997 8.4 165.0 16.8 10.8 5.4 42 27 -02 27 5.4 90 75 1225
1998 91 935 95 14.0 7.6 6.3 50 18 26 40 91 87 16.0
1999 89 150.1 152 10.3 6.4 49 35 0.0 29 38 85 7.3 58.4
2000 e 2133 216 88 59 39 22 -36 37 46 88 72 201

2005 9.1 1494 154 121 75 58 41 14 34 38 87 8.1 49.9
2006 83 1588 16.0 19 70 52 39 10 31 49 91 8.1 250
2007 87 1320 133 149 74 55 40 -13 36 37 85 78 12.3
2008 89 1317 133 12.4 6.1 45 29 -08 32 5.4 88 75 22
2009 79 2200 222 127 79 6.1 43 09 35 31 87 8.2 125
2010 82 2199 220 10.8 6.1 41 aF -06 34 5.8 87 I 85

2011 79 2000 202 16.8 79 57 41 1.0 38 50 89 8.1 281

2012 84 1856 18.8 138 72 52 35 05 37 6.1 86 7.7 439
2013 88 675 68 155 80 6.1 41 -12 40 49 87 8.2 141.4
2014 74 2609 26.4 12.0 7.3 53 37 =10 36 5.0 84 75 121

2015 7.9 2007 204 159 88 6.4 49 03 40 38 88 85 404

1975-2015 83 169.8 17.3 18.9 6.8 5.0 34 -42 34 45 88 77 434

Explanations: C, cloudiness; S, sunshine duration; T, air temperature parameters; DTR, diumal temperature range, vp, water vapour pressure; WV, wind velocity; RH, relative humidity; P,
precipitation.
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