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Abstract: The paper aims to analyse the relationship between the amount of global solar radiation
(GSR) reaching the Earth’s surface in Poland and the direction of air mass advection, using 72-h
backward trajectories (1986–2015). The study determined average daily sums of GSR related to
groups of trajectories with certain similarities in shape. It was found that the average daily sums of
GSR during air mass inflow from all the directions (clusters) identified were significantly different
from the average daily sum in the multi-year period. A significant increase in the amount of GSR over
Poland is accompanied by air mass inflow from the north and east. The frequency of these advection
directions is 27% of all days. The western directions of advection prompt different GSR sums: from
slightly increased during advection from the north-west, to significantly decreased during advection
from the west (from the central and western part of the North Atlantic). Special attention was given to
days with extremely large (above the 0.95 percentile) and with the largest (above the 0.99 percentile)
GSR sums. These are prompted by two main types of synoptic conditions: the Azores High ridge
covering Central and Southern Europe; and the high-pressure areas which appear in Northern and
Central Europe.

Keywords: global solar radiation; atmospheric circulation; backward trajectories; HYSPLIT; CM
SAF; Poland

1. Introduction

Incoming solar radiation is the most important factor shaping climate system on Earth
and the main element of the surface heat balance [1]. Approximately 1361 W·m−2 of the
Sun’s radiant energy [2] reaches the upper limit of the atmosphere every second. Thus,
conditions related to the latitude (and the resulting length of the day and the solar zenith
angle) are the most important to shape the amount of global solar radiation (GSR) reaching
the Earth’s surface in a given place throughout the year. However, the differences in GSR
sums received in the places located on the same latitude can be substantial. The reason for
this is the circulation of the atmosphere and the related changes in the amount of aerosols
contained in the atmosphere (which reduce the inflow of GSR), as well as the associated
cloudiness changes. Therefore, the circulation (movement) of the atmosphere, might be
considered as the key factor that affects the inflow of radiant energy to the Earth’s surface.

Moving air masses have certain characteristics—such as the content of water vapour
and aerosols (which affects the transparency of the mass) and the presence and size of cloud
cover—which directly affect the amount of radiant energy that reaches the Earth’s surface.
The relationship between cloud cover and atmospheric circulation have been described in
many studies [3–5]. But one should remember that cloud cover is very important, but not
the only element which influences the amount of GSR reaching the Earth’s surface. Analyses
of cloudless air masses have shown that Arctic air is responsible for the highest intensity of
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direct solar radiation in Europe, while tropical air prompts the lowest irradiance [6–9]. In
central Poland, on days with relative sunshine duration equalling more than 80% (meaning
when cloudiness has practically no impact on solar radiation), the amount of GSR reaching
the Earth’s surface depends greatly on the direction of air mass inflow. In winter, larger
GSR sums occur during air mass inflow from the E, N and NW directions, and smaller
sums occur during advection from the SW and S directions. In summer, larger GSR sums
are typically accompanied by advection from the N, NE and E directions, and smaller sums
occur during advection from the SE and NW directions (1971–2014) [10].

Moreover, the relation between atmospheric aerosols concentration (which is mea-
sured by aerosol optical depth, AOD) and atmospheric circulation have been analysed
in many papers [6,9,11–14]. But a comprehensive description of the influence of atmo-
spheric circulation on the amount of GSR reaching the Earth’s surface is presented in
few studies. To describe the relation between GSR and atmospheric circulation, different
classifications of atmospheric circulation types are used. In these classifications, individual
circulation types are determined based on the data on sea level atmospheric pressure or
on the geopotential height at 500, 700, 850 or 925 hPa. The circulation type on a given
day is often identified on the basis of synoptic conditions at 12:00 UTC. In Europe, the
following classifications are most frequently used to describe the relation between GSR and
atmospheric circulation: the German Grosswetterlagen classification [3,15,16], the British
Lamb classification [17] and the Polish Lityński classification [10,18]. The disadvantage to
circulation type classifications is that they only take the current state of the atmosphere
(for example at 12:00 UTC every day) into account, without analysing from where the air
flowed over a given area. Degirmendžić and Kożuchowski [19] pointed out that pressure
system over Poland and the resulting geostrophic wind vector (which serves as the basis
for determining circulation types in many numerical classifications) determined the origin
of air masses only in 45–61% of cases of the strongest advections. In fact, trajectories of air
mass movement have significant curvatures. As a result, the wind direction over Poland
has a weak correlation with the actual direction of air mass movement. For this reason,
backward trajectories of air masses seem to be a better basis for analysing the relations
between meteorological elements (such as GSR) and atmospheric circulation.

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model was
developed by the National Oceanic and Atmospheric Administration (NOAA) from the
United States [20]. It is one of the most widely used models in the world for tracking the
movement of air particles in the atmosphere and for analysing the dispersion of pollutants.
It was used in studies on the dispersion of pollutants and dust in such countries as the
United States [21], China [22], Iran [23] and Poland [24,25], as well as to forecast the
movement of volcanic ash [26,27]. Backward trajectories determined by the HYSPLIT
model are often used to describe the meteorological background of research (e.g., [28]), as
well as to analyse circulation conditions of different meteorological elements, such as high
precipitation sums [29,30] and heavy snowfall [31]. They have not been used in research on
GSR so far. When using HYSPLIT backward trajectories, the total error ranges from 15 to
30% of the travel distance [32,33]. Studies have shown that HYSPLIT backward trajectories
tend to differ with different input meteorological data, when air masses are passing through
areas with complex topography, diversified land use, or with complicated meteorological
pattern [34]. It should also be remembered that unlike atmospheric circulation types
determined by classifications, backward trajectories show where the air came from, but do
not identify the character of circulation (cyclonic/anticyclonic).

This paper aimed to analyse the relationship between the amount of GSR reaching
the Earth’s surface in Poland and the direction of air mass advection. The paths of air
mass inflow were identified using 72-h backward trajectories. This study determined
average daily sums of GSR related to groups of trajectories with certain similarities in
shape. Moreover, special attention was given to days with extremely large (above the
0.95 percentile) and with the largest (above the 0.99 percentile) GSR sums. Identifying the
causes of the variability in the most important element of the Earth’s energy balance, solar
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radiation, is particularly important in the context of the dynamic development of solar
energy, as well as the necessity of climate change adaptation and mitigation.

2. Data and Methods

Satellite-derived data prepared by European Organisation for the Exploitation of Me-
teorological Satellites (EUMETSAT)—Satellite Application Facility on Climate Monitoring
(CM SAF), concerning global solar radiation (SIS product—Surface Incoming Shortwave
Radiation) and originating from the Surface Solar Radiation Data Set—Heliosat, Edition
2 (SARAH-2 database) [35], are used in this paper, in order to calculate GSR sums over
Poland. SARAH-2 covers the period from 1983 to 2015 and provides data based on satel-
lite measurements made by Meteosat Visible and Infrared Imager (MVIRI) and Spinning
Enhanced Visible and Infrared Imager (SEVIRI) instruments which have been on board
Meteosat geostationary satellites [35], with a spatial resolution of 0.05◦ × 0.05◦. Pfeifroth
et al. [35] proved the high quality of SARAH-2 data in relation to ground-based measure-
ment data in Europe. The SIS product was additionally validated over Poland [36]. This
paper uses SIS product with a daily resolution for the 30-year period 1986–2015. Average
sums of GSR over Poland were calculated as area averages of all values in the grid points
0.05◦ × 0.05◦ within the borders of Poland.

Moreover, 72-h backward trajectories, identified using the HYSPLIT model, were
analysed [20]. For this purpose, this study used data from the NCEP/NCAR reanalysis [37]
from the period 1985–2015 and the openair package [38] which was implemented in the R
computing environment. In the period 1986–2015 under consideration, the study identified
backward trajectories ending at 12:00 UTC every day which trace air mass movement
backwards in time, up to 72 h. The backward trajectories were determined for air masses
ending their movement at three levels: close to the Earth’s surface (500 m above ground
level), at the upper limit of the atmospheric boundary layer (1500 m above ground level)
and in the free troposphere (3000 m above ground level). The NCEP/NCAR reanalysis grid
point which is the closest to Warsaw (capital city, central Poland)—52.5◦ N, 20◦ E—was
taken as the end point of trajectories. The starting points of trajectories, meaning the places
from where the air flowed over Poland, were clustered using the k-means method [39].
In this method, k centroids (midpoints of k groups) are randomly chosen and then the
entire population (in this case all starting points of trajectories) is assigned to the nearest
centroids. To measure the distance between the points and centroids, this paper used
squared Euclidean distance, which is commonly used in studies concerning clustering
of backward trajectories [40,41]. Next, a new position of centroids was calculated as the
arithmetic mean of the positions of all observations assigned to a given group. In successive
iterations, the observations (starting points) were transferred between groups, and the
position of centroids was recalculated until the moment when the points stayed in the
same groups. This results in clusters that are as different from one another as possible, in
which the sum of within-group variance is the smallest. A certain limitation of the k-means
method is that the number of clusters into which all observations will be divided has to be
determined in advance. There are, however, methods for searching for an optimal number
of clusters, e.g., Bayesian Information Criterion (BIC) or Akaike Information Criterion
(AIC) [42,43]. Other procedures can also be applied, e.g., the silhouette statistic [44], or the
gap statistic [45]. In this study, after running simulations with different numbers of clusters,
the silhouette statistic was calculated. The maximum value of the silhouette statistic was
obtained when the observations were divided into 7 clusters. In the next step, the shape of
the backward trajectories assigned to a given cluster was averaged and the main paths of air
mass inflow over Poland were established in this way. The study examined the amount of
GSR reaching the Earth’s surface in Poland depending on the source area and the direction
of air mass inflow. The analyses were carried out for the year and the seasons (hereinafter
III-V refers to spring, VI-VIII to summer, IX-XI to autumn, and XII-II to winter) as well as
for days with extremely large sums of GSR (above the 0.95 percentile) in individual seasons
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of the year. In addition, backward trajectories were determined for days with the largest
GSR sums (above the 0.99 percentile), broken down by seasons of the year.

3. Results

The amount of GSR over Poland is related, among others, to the properties of the
air mass over the area of the country. Using 72-h backward trajectories, one can trace the
path travelled by air masses before they reach Poland. Averaged backward trajectories in
7 clusters ending at three levels: close to the Earth’s surface (500 m above ground level),
at the upper limit of the atmospheric boundary layer (1500 m above ground level) and in
the free troposphere (3000 m above ground level) have similar shapes, but they differ in
trajectory length (Figure 1). The air moving in the free troposphere, where the friction is
the lowest, moves faster than the air in lower layers, so within 72 h it can travel greater
distances. However, regardless of the height at which air masses end their movement, the
frequency of air mass inflow from each cluster is similar (Table 1). As a result, the average
daily sum of GSR in each cluster is similar. In almost all clusters, the average daily sum
is significantly different from the average daily sum in the multi-year period. Only air
inflow from the cluster covering Central and Southern Europe (A) ending at 500 and 1500 m
above ground level generates average GSR sums which do not differ significantly from the
average multi-year sum (Table 1). For this reason, and because the backward trajectories at
three levels provide similar information, only the backward trajectories at 3000 m above
ground level have been used for further analysis.

Averaged trajectory in cluster A shows the path of air masses that start over the central
part of Southern Europe, but the area of air mass inflow in this cluster is much larger
(Figure 2). It includes air masses coming from Central and Southern Europe, as well as from
the Mediterranean Sea and North Africa. In cluster A, the air travels the shortest distance
of all the clusters, so it moves relatively slowly. The frequency of air inflow from this cluster
is more than 17%, and the average daily sum of GSR during the inflow of air masses from
cluster A is similar to the multi-year mean and amounts to 10.29 MJ·m−2·day−1 (Table 1).
Cluster B contains starting points of trajectories of air masses coming from the western
part of Europe (British Isles, Spain, Portugal), as well as from western Algeria, Morocco
and the eastern part of the Atlantic Ocean. The air that reaches Poland in 72 h travels a
fairly short distance, but this cluster contains the largest number of trajectories of all the
clusters (Table 1). In this area, mid-latitude lows are often forming at the polar front and
moving later to north-eastern Europe, affecting the weather in Poland, among others [46,47].
Cluster C contains the air flowing from the central part of the Atlantic Ocean. Moist air
masses coming from the regions spreading from the Azores to the south coast of Greenland
travel over sea areas most of the time. They move quite quickly and can, therefore, retain
maritime characteristics for a long time after reaching the European continent. They often
bring clouds and relatively low air transparency. This is why the average daily sum of
GSR when the air flows from cluster C is significantly lower than the average multi-year
sum and amounts to 9.31 MJ·m−2·day−1. The longest distance within 72 h is covered by
air masses that start their movement in the eastern part of North America (cluster D). Air
masses usually move from west to east so quickly during a positive phase of the North
Atlantic Oscillation. This happens more often in winter than in summer and causes strong
wind, heavy rainfall and high cloudiness. Therefore, the average daily sum of GSR is the
smallest in cluster D and amounts only to 6.37 MJ·m−2·day−1. It should also be noted that
this cluster contains the smallest number of trajectories of all the clusters: the frequency of
air mass inflow from this area is less than 8%. Cluster E contains the air flowing from the
central and northern part of the Atlantic Ocean. Cool air masses that start their movement
in the area of Iceland and the east and north-east coast of Greenland prompt significantly
increased daily sums of GSR over Poland, amounting, on average, to 11.42 MJ·m−2·day−1.
Cluster F consists of trajectories of air masses flowing over Poland from the north and
north-west, that is from the North Sea, Scandinavia and the European Arctic. Arctic air
which often flows from this area is usually dry and highly transparent. This is why the
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average daily sum of GSR is high in this case and amounts to 12.08 MJ·m−2·day−1. The
last cluster, G, contains trajectories of air masses starting their movement to the east of
Poland, from Arctic areas in the north-east, through Eastern Europe and Transuralia, to
Transcaucasia in the south-east. Even though it is certainly the largest cluster in terms of
area, the frequency of air inflow from this cluster (10.0%) is much lower than the frequency
of air mass inflow from all ‘western’ clusters. The eastern advection direction is related to
weather conditions with small cloudiness which prompt large sums of GSR over Poland.
The average daily sum of GSR in cluster G is the largest of all the clusters and amounts to
12.74 MJ·m−2·day−1.
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Table 1. The average daily sum of GSR, a (MJ·m-2·day-1), over Poland during air inflow from
individual clusters and the frequency, f (%), of air inflow from individual clusters during the period
1986–2015. Values that are statistically significantly different from the average daily sum in the
multi-year period 1986–2015 are in bold type (α = 0.05). The letters indicating the clusters correspond
to Figure 1.

Height above Ground Level
Cluster

A B C D E F G

3000
a (MJ·m−2·day−1) 10.29 11.33 9.31 6.37 11.42 12.08 12.74

f (%) 17.2 19.0 17.8 7.6 14.6 13.7 10.0

1500
a (MJ·m−2·day−1) 10.41 11.60 9.03 6.09 11.49 12.21 11.96

f (%) 17.1 20.5 15.6 7.9 13.7 13.9 11.3

500
a (MJ·m−2·day−1) 10.81 11.00 9.15 6.58 11.43 12.70 11.09

f (%) 17.5 20.9 14.2 7.8 12.2 14.1 13.3
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The division into clusters and averaged air mass inflow paths over Poland in individual
seasons of the year are very similar to the division into clusters of data from the entire
multi-year period. However, it should be noted that in summer the air moves slower,
and the starting points of backward trajectories are more concentrated geographically:
most of them are located between meridians 70◦ W and 50◦ E (Figure 3). On the other
hand, in winter a positive phase of the North Atlantic Oscillation occurs more often and
strengthens zonal circulation [48,49], which results in the air flowing over Poland from
very distant locations: the starting points of backward trajectories are located between
meridians 100◦ W and 100◦ E.

Average daily GSR sums during air inflow from individual clusters show some diver-
sity (Table 2). In spring, the average daily sum of GSR amounts to 14.05 MJ·m−2·day−1.
The average daily sums in clusters A and B are significantly smaller than that. These
clusters contain air mass inflow from Central and Western Europe, as well as from the
Central Atlantic. Atmospheric circulation over Poland in spring is also characterised by
a relatively large share of Arctic air in May [7] which prompts a significantly increased
average daily sum in cluster F. In summer, the starting points of backward trajectories are
not only more concentrated geographically, but also the frequency of air mass inflow from
individual clusters is less diversified. This season is characterised by a relatively large
share (up to 12%) of air mass inflow from Eastern Europe and Asia (cluster G), compared
to all seasons of the year. In summer, the average daily sum of GSR when the air flows
from cluster G is significantly higher than the average daily sum in this season of the year
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which amounts to 18.61 MJ·m−2·day−1. A significantly higher average daily sum of GSR
can also be observed when the air flows from the Central and North Atlantic (cluster C and
E). In autumn, usually meridional circulation develops (and zonal circulation weakens),
which results in a statistically significant increase in the average daily sum of GSR during
air mass inflow from the north (cluster F) and north-east (cluster G). The air inflow from
cluster G, which is often related to the anticyclonic distribution of pressure in European
Russia, prompts a particularly large GSR sum. On the other hand, the average daily sum
of GSR is significantly decreased during the advection of air masses coming from Canada
(cluster D), as well as from Central and Southern Europe and North Africa (cluster A).
Interestingly, the air mass coming from Africa, even though it often contains a lot of dust,
brings sunny and cloudless weather over Poland in autumn. However, cluster A contains
mostly trajectories of air masses coming from nearby locations in Central and Southern
Europe, which can cause smog and subsidence inversion in autumn. The strongest western
circulation occurs in winter. In this season, a significantly decreased average daily sum of
GSR is accompanied by advection from Canada (cluster D). On the other hand, dry, highly
transparent air coming from European Russia and Asia (cluster G) prompts a significantly
increased average daily sum of GSR.

Table 2. The average daily sum of GSR, a (MJ·m−2·day−1), over Poland during air inflow from
individual clusters and the frequency, f (%), of air inflow from individual clusters in individual
seasons of the year (III-V refers to spring, VI-VIII to summer, IX-XI to autumn, and XII-II to winter)
during the period 1986–2015. Values that are statistically significantly different from the seasonal
average of daily sums in the multi-year period 1986–2015 are in bold type (α = 0.05). The letters
indicating the clusters correspond to Figure 3.

Season of the Year
Cluster

A B C D E F G

III-V
a (MJ·m−2·day−1) 13.73 13.73 13.42 11.51 14.57 15.39 15.93

f (%) 17.3 21.7 17.2 7.4 15.8 14.0 6.6

VI-VIII
a (MJ·m−2·day−1) 17.05 18.46 19.14 18.66 18.98 19.29 18.93

f (%) 14.5 21.5 14.9 10.0 14.4 12.8 11.9

IX-XI
a (MJ·m−2·day−1) 6.30 6.83 6.43 6.10 7.19 7.60 9.47

f (%) 17.3 17.3 19.2 8.5 14.8 12.6 10.4

XII-II
a (MJ·m−2·day−1) 2.92 2.78 2.68 2.68 2.87 3.01 3.56

f (%) 17.7 18.4 22.7 9.3 12.9 13.7 5.3

The analysis of backward trajectories on days with extremely large GSR sums (above
the 0.95 percentile) leads to interesting observations. In this case, none of the average
daily GSR sums in individual clusters differs significantly from average daily GSR sums
in corresponding seasons of the year (Table 3). In other words, in a given season average
daily sums on days with extremely large GSR are similar in all clusters. Yet, it is interesting
to analyse the frequencies of individual clusters. In spring, extreme GSR sums occur most
frequently during air mass inflow from the Atlantic Ocean, from clusters B, C and D. This
accounts in total for over 63% of all cases (Figure 4, Table 3). The characteristic curve of
average air inflow paths, visible in particular in cluster D, is related to the anticyclonic
movement of air masses flowing over Poland. Within 72 h, the air coming from the area of
Iceland makes a curve and flows over Poland directly from the north or even north-east,
which is particularly visible on maps that show backward trajectories on days with GSR
sums exceeding the 0.99 percentile (Figure 5). Interestingly, in spring the air coming from the
far north, over the Arctic Ocean (cluster F), which is most often associated with extremely
high transparency and the largest GSR sums, not only very rarely causes extremely large
GSR sums (its frequency is less than 3%), but also does not prompt GSR sums exceeding
the 0.99 percentile (this is why in Figure 5 in spring there is no light blue colour which
indicates cluster F). In summer, extremely large sums of GSR are most often related to air
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inflow from clusters B, E and F: this accounts for over 57% of all cases in total (Table 3).
The trajectory of air masses, similarly as in cluster D in spring, indicates the anticyclonic
movement of air masses which within 72 h flow from the Atlantic and reach Poland from
the north or north-west (orange, yellow and light blue trajectories respectively in Figure 5
in summer). Extreme GSR sums are slightly less often (30.4% of all cases) related to air mass
inflow from the Central Atlantic (cluster C and D). On these days, such high GSR is caused
by the largely expanded Azores High which prompts sunny weather in Europe, mainly
in the south. Similarly to summer, in autumn extremely large GSR sums are most often
related to air inflow from the eastern part of the Atlantic Ocean (clusters B and E). This
accounts for over 40% of all cases in total (Table 3). In autumn, cluster G (which represents
air inflow from the east, from European Russia) has the biggest share of all seasons (almost
12% of all cases). This is related to a high-pressure system, when the high-pressure area
is centred east of Poland and the air flows to Poland from the south-east (this is visible
in autumn in Figure 5 which shows trajectories on days with GSR sums exceeding the
0.99 percentile—dark red trajectories indicate cluster G). It is also worth noting that among
autumn days with extremely large GSR sums, there are no trajectories that start over Africa.
As mentioned above, tropical air that flows in autumn from North Africa often contains a
lot of dust, which is why it is not accompanied by GSR sums exceeding the 0.95 percentile.
In winter, air masses most often flow from cluster A, from Central Europe. This accounts
for over 25% of all cases (Table 3). In this case, the air moves very slowly, and large GSR
sums may be caused by the strengthening of a high-pressure area over Poland. As in other
seasons of the year, clusters C, D and E occur often—their total frequency is over 48%. In
these clusters, the air often flows from the west, makes a huge curve and reaches Poland
from the north, north-east or east. It is worth noting that extremely large GSR sums are
rarely related to air inflow from the east (cluster G), even though the air coming from
Eastern Europe is most often associated with cloudless weather and high air transparency.
Among backward trajectories that precede days with the largest GSR sums (above the
0.99 percentile), there is no air inflow from the east (in Figure 5 in winter there is no dark
red trajectory which indicates cluster G).

Table 3. The average daily sum of GSR, a (MJ·m−2·day−1), over Poland during air inflow from
individual clusters and the frequency, f (%), of air inflow from individual clusters on days with
extremely large solar radiation sums (above the 0.95 percentile), broken down by seasons of the
year (III-V refers to spring, VI-VIII to summer, IX-XI to autumn, and XII-II to winter), during the
period 1986–2015. All values are statistically insignificant (α = 0.05). The letters indicating the clusters
correspond to Figure 4.

Season of the Year
Cluster

A B C D E F G

III-V
a (MJ·m−2·day−1) 26.09 26.60 26.44 26.60 26.32 26.29 26.15

f (%) 10.9 21.0 21.7 20.3 15.2 2.9 8.0

VI-VIII
a (MJ·m−2·day−1) 28.31 28.40 28.65 28.42 28.40 28.40 28.22

f (%) 8.0 18.1 14.5 15.9 21.0 18.1 4.4

IX-XI
a (MJ·m−2·day−1) 17.98 17.16 17.10 17.67 17.56 17.74 17.81

f (%) 16.9 19.8 10.3 14.7 20.6 5.9 11.8

XII-II
a (MJ·m−2·day−1) 8.01 7.88 8.21 8.06 8.07 8.48 7.31

f (%) 25.2 15.6 17.0 18.5 12.6 7.4 3.7
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Figure 3. Averaged 72-h backward trajectories in 7 clusters ending at the grid point 52.5◦ N, 20◦ E
at 12:00 UTC at 3000 m above ground level, in individual seasons of the year during the period
1986–2015 and clustered starting points of all backward trajectories in individual seasons of the year
in the period 1986–2015.
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Figure 4. Averaged 72-h backward trajectories in 7 clusters ending at the grid point 52.5◦ N, 20◦ E at
12:00 UTC at 3000 m above ground level, on days with extremely large sums of global solar radiation
(above the 0.95 percentile) over Poland, broken down by seasons of the year during the period
1986–2015 and clustered starting points of all backward trajectories on days with extremely large
sums of global solar radiation in individual seasons of the year in the period 1986–2015.
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Figure 5. 72-h backward trajectories ending at the grid point 52.5◦ N, 20◦ E at 12:00 UTC at 3000 m
above ground level on days with the largest sums of global solar radiation (above the 0.99 percentile)
over Poland, broken down by seasons of the year in the period 1986–2015. The colours of the
trajectories correspond to the colours of the clusters in Figure 4.
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4. Discussion and Conclusions

The main aim of this paper was to determine the impact of the direction of air mass
advection on the amount of GSR reaching the Earth’s surface in Poland. The analysis was
based on source material from the period 1986–2015.

72-h HYSPLIT backward trajectories seem to be a good tool for analysing circulation
conditions of GSR reaching the Earth’s surface. However, they have some limitations that
should be noticed. The accuracy of an individual trajectory is limited by i.e., temporal
and spatial resolution of input meteorological data, measurement errors and simplifying
assumptions used in the trajectory model [34,40]. As mentioned before, the total error of a
trajectory can amount up to 30% of the travel distance [32,33]. In this study the relatively
coarse resolution of input meteorological data was used (2.5◦ × 2.5◦), leading to possible
uncertainties in the resulting trajectories. Yet, analysing trajectories over a relatively long
period of time (in this case 30-years of daily trajectories) can compensate this problem,
as generally, the confidence in the cluster analysis results increases with the number of
trajectories analysed [41].

Choosing the right end point is also an important issue, because even small perturba-
tions in final coordinates may result in different trajectories. Although HYSPLIT enables
computing the matrix of end points, that could cover the whole area of Poland, in this work
only one end point (close to Warsaw, central Poland) was used. That was because the GSR
values were averaged within the area of Poland, and as such had to be assigned to one
point. On the contrary, using many end points would require many different GSR sums. As
a result, each end point should be analysed separately. This would constitute an interesting
research question: whether the relationship between GSR and direction of the air masses
differs spatially. In order to fully understand such problem a further research is needed.

The characteristics of the certain air mass depend on the place of its formation (here
the starting point of the trajectory), but also on its transformation along the way. In this
study only the starting points were taken to explain the observed GSR values. This might
also be the source of minor uncertainty, especially in the case of slowly moving air masses.
In order to reduce this potential uncertainty, only the air masses fast moving in in the free
troposphere were taken (i.e., trajectories ending and 3000 m above ground level).

Using 72-h backward trajectories, it was found that the average daily sum of GSR during
air mass inflow from all the directions (clusters) identified was significantly different from
the average daily sum in the multi-year period. Throughout the year, a significant increase in
the amount of GSR over Poland is accompanied by air mass inflow from the north and east.
The frequency of these advection directions is not high. In total, they occur on 27% of all days.
On most days, incoming air masses have a western component. The western direction of
advection prompts different GSR sums: from slightly increased (in relation to the multi-year
average) during advection from the north-west, to significantly decreased during advection
from the west (from the central and western part of the North Atlantic).

Extremely large (above the 0.95 percentile) and the largest (above the 0.99 percentile)
daily sums of GSR are usually related to air inflow from the Atlantic Ocean. The shape
of backward trajectories on these days indicates the anticyclonic character of circulation.
Days with extremely large and the largest sums of GSR are prompted by two main types of
synoptic conditions. The first one is the Azores High ridge covering Central and Southern
Europe which generates air mass inflow from the central part of the North Atlantic. The
second type of conditions involves high-pressure areas which appear in Northern and
Central Europe in spring, summer and autumn in particular. At that time of the year, air
mass inflow over Poland follows trajectories with anticyclonic curvatures which often make
a huge curve over the northern part of Europe and enter the territory of Poland from the
NW-N-NE directions.

In general, in the period 1986–2015 the direction of air mass advection influenced
strongly GSR sums in Poland. Similar conclusion concerning the influence of atmospheric
circulation on the amount of solar radiation reaching the ground in Poland can be found in
our previous works [18,50]. However, using backward trajectories in this paper, a method
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which is rarely used, leads to objectifying the results. Unlike methods that analyse only
the current “state of the atmosphere” (e.g., most circulation type classifications), backward
trajectories allow to examine from where the air actually flowed. For this reason, backward
trajectories of air masses seem to be a very good basis for analysing the relations between
any meteorological elements (solar radiation in this case) and atmospheric circulation.

Funding: This research was funded by the Faculty of Geography and Regional Studies of the
University of Warsaw, grant number SOP-I-117/19.

Data Availability Statement: Publicly available datasets were analyzed in this study. The data on
backward trajectories can be found here: https://www.ready.noaa.gov/HYSPLIT.php. The data
on GSR in Poland can be found here: https://danepubliczne.imgw.pl/data/dane_pomiarowo_
obserwacyjne/ (accessed on 28 November 2022).

Acknowledgments: This paper is based on a doctoral dissertation which was written under the
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13. Ponczkowska, A.; Zieliński, T.; Petelski, T.; Markowicz, K.; Chourdakis, G.; Georgoussis, G. Aerosol Optical Depth Measured at
Different Coastal Boundary Layers and Its Links with Synoptic-Scale Features. Remote Sens. 2009, 1, 557–576. [CrossRef]

14. Power, H.C.; Sheridan, S.C.; Senkbeil, J.C. Synoptic climatological influences on the spatial and temporal variability of aerosols
over North America. Int. J. Climatol. 2006, 26, 723–741. [CrossRef]

15. Panziera, L.; Giovannini, L.; Laiti, L.; Zardi, D. The relation between circulation types and regional Alpine climate. Part I: Synoptic
climatology of Trentino. Int. J. Climatol. 2015, 35, 4655–4672. [CrossRef]

16. Parding, K.M.; Liepert, B.G.; Hinkelman, L.M.; Ackerman, T.P.; Dagestad, K.-F.; Olseth, J.A. Influence of Synoptic Weather
Patterns on Solar Irradiance Variability in Northern Europe. J. Clim. 2016, 29, 4229–4250. [CrossRef]

17. Lawrence, E.N. Solar radiation trends and weather patterns. Weather 1972, 27, 320. [CrossRef]
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