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Abstract. The paper presents the analysis of the anemological conditions variability over Poland with
the usage of geostrophic wind vector as an objective (and homogenous) information concerning the
airflow over the area of research. The geostrophic wind vector components are calculated using SLP
and air temperature (at sigma 995 level) at selected gridpoints which were subsequently interpolat-
ed to a central point thus describing the average flow over the research area. The data originated
from NCEP/NCAR Reanalysis and its temporal range was 1951-2014. The analysis covers statistical
characteristics of the overall annual cycle as well as trend analysis of the airflow features over Po-
land: geostrophic wind vector module (V), and its zonal (u) and meridional (v) components. Aside
from general statistical characteristics for averages and extremes (quantiles 10% and 90%) GEV dis-
tribution was fitted to maximum annual/monthly geostrophic wind speed values which allowed the
estimation of return levels for selected return periods. For the period 1951-2014 average geostroph-
ic wind velocity over Poland equals 7.4 ms™ and the 99% quantile exceeds 21 ms™. Maximum speed
ever recorded equalled 37.6 ms™. Geostrophic wind vector module (V) and its components (u, v) ex-
hibit clear annual cycle with the highest V values in winter. Positive (westerly) u values dominate in
the colder part of the year. In spring the dominance of eastern advection appears and in summer the
prevalence of westerly flow is only minimal. There exists a distinctive variability of decadal directional
structure and this is clearly visible in the substantial increase in the share of western sector frequen-
cies in 1981-1990 and following decade. Monthly V averages do not exhibit (except October) statis-
tically significant trends whereas in spring and summer months as well as for annual averages of u
component trend is significant. There are virtually no significant changes in the v values. GEV anal-
ysis allowed the year to be divided into two parts. Warm one with relatively low return levels — for
many months not exceeding 20 ms™ even for 50y return period. On the other hand winter months
return level values exceed 30 ms™ even for relatively short return periods (20y) with upper estimates
for 100y return period closing to 40 ms™.
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Introduction

One of the ways to analyze the multiannual anemo-
logical conditions is the utilization of synthetic cir-
culation indices basing on other meteorological
variables. This is especially important in case of the
situation when the homogeneity of the data is doubt-
ful which in the case of the long term wind meas-

urements is very often true which was stressed in
the WASA (Waves and Storm in the North Atlantic)
project findings (Carretero et al. 1998). The prob-
lems with homogeneity may be caused by equip-
ment changes, station relocation or changes in the
environment surrounding the station. This poses a
serious impediment when analyzing the multiannu-
al series and deriving proper estimates of statistical
characteristics.
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Sea level pressure (SLP) field may serve as a var-
iable utilizable in the analysis of an air flow. The in-
dex that can be used in this case is a geostrophic
wind vector (Carretero et al. 1998). Its module and
components as well as the resulting wind direction
provide detailed information on the air flow at se-
lected location. This method was extensively used
in the climate research providing valuable infor-
mation on the airflow characteristic and was also
utilised in downscaling procedures (e.g. Thorndike
1982; Mietus 1993, 1994, 1995, 1996; Marosz 1999;
Kimura and Wakatsushi 2000). Earlier analysis of
geostrophic wind vector characteristics for Poland
(Marosz and Mietus 2012) utilised in situ measure-
ments from 14 stations and aimed at regionalisation
of Poland basing on geostrophic wind vector char-
acteristics. In present research the reanalysis data
with confirmed homogeneity, and higher tempo-
ral resolution were used. Also, Degirmendzi¢ et al.
(2004) analysed the geostrophic wind vector compo-
nent characteristics over Central Europe and linked
it with the air temperature and precipitation totals
variability in Poland.

The aim of the research was to investigate the
multiannual (1951-2014) anemological conditions
variability over Poland with the application of ge-
ostrophic wind vector as an objective (and homog-
enous) information describing the airflow over the
area of research (Fig. 1). The scope of the analytical
methods comprised monthly and annual statistical
characteristics of geostrophic wind vector compo-
nents (u - zonal, v — meridional), velocity (V) and
wind direction stability coefficient (1) together with
the analysis of wind directional structure. Also, 64-
year trend analysis of annual and monthly geo-
strophic wind vector characteristics was performed
together with the fitting of GEV (Generalized Ex-
treme Value) distribution (Coles 2001) to annual
and monthly maxima of wind speed (V__ ). This
provided further insight into the possibility of oc-
currence of wind speed at disastrous levels.

Data and methods

The data originated from NCEP/NCAR Reanalysis
(Kalnay et al. 1996) and comprised: Sea level pres-
sure (SLP) and air temperature at sigma 995 lev-
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Fig. 1. Location of triangles (shaded areas) used to calculate the ge-
ostrophic wind characteristics (crosshairs marking the central
points). A diamond indicates a central point for which an anal-
ysis of geostrophic wind is performed

el (t,,.) fields covering the period 1951-2014 (with
6h temporal resolution). The spatial extent covered
Central Europe (10.0°E-27.5°E, 47.5°N-57.5°N) and
individual grid point SLP and t,,, values have been
used to calculate geostrophic wind vector com-
ponents (Fig. 1) which were subsequently bi-line-
ary interpolated (Kreysig 1972) to a central point
(17.75°E, 52.08°N - marked with a diamond in Fig.
1) providing the data necessary to characterize gen-
eralised air flow conditions over Poland.
Geostrophic wind is a theoretical air movement

in the so called free atmosphere (without friction
force taken into account). Its speed (V) can be cal-
culated with the following equation:

__ 1

- 2Qpsin g dl
where:
¥ — geostrophic wind speed (ms™),
Q — Earth’s angular velocity — 7,2921-10°s™,
p — air density,

o — latitude,
dp/dl — horizontal SLP gradient.

This allows a relatively straightforward calcula-
tion of the geostrophic wind velocity (V) providing
the prior knowledge of horizontal SLP gradient (dp/
dl) and air density (p) (calculated on the basis of air
temperature and pressure). Nearly every textbook
on meteorology provides detailed description of the
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geostrophic flow theoretical foundations and some
practicalities concerning the calculations of the ge-
ostrophic wind speed and its components are also
presented by Mietus (1996) and Marosz and Migtus
(2012). For the sake of brevity only the basics of the
applied approach are covered herein.
The calculations base on solving of the set of
equations where the values of SLP are mathemati-
cally related with the coordinates of the vertices of
the triangle comprising the area of interest. The ver-
tices’ coordinates are given in kilometres in Carte-
sian framework (orthographic projection) with the
central point located at the tangential point of the
projection plane. This point is, at the same time, the
origin of the geostrophic wind vector. The equation
is as follows:
SLP, = ax, + by, +¢c
SLP, = ax, + by, +c
SLP, =ax, + by, +c

where:

SLP — sea level pressure,

X, y — triangle vertices coordinates,

a, b, ¢ — equation coefficients,
1, 2, 3 — vertices.

Solving above equation yields an overall formula
describing linear changes of SLP within the trian-
gle ie:

SLP =ax+by+c

This provides the information on the SLP gra-
dient in x and y axes directions (and locally W-E
and N-S axes respectively) and thus directly yields
the horizontal SLP gradient dp/dl=V(a?+b?) and its
direction (via arctan function). It allows the geo-
strophic wind speed (V) calculations with the above
presented formula. The calculations assume the lin-
ear changes of SLP within the triangle and the V
value is adjusted to air density which is calculated
via the utilization of interpolated SLP and t,,, val-
ues at the tangential point.

The calculations for the period 1951-2014 with the
temporal resolution of 6 hours provided over 90 000
values of V, u and v. Such sample size - even for
individual months (>100 observations) and years
(>1200 observations) allows effective estimation of
statistical characteristics.

Overall annual cycle of geostrophic wind vec-
tor characteristics was described with averages and

quantiles: 1% and 99% which allowed additional in-
sight into the seasonal structure of extreme values.
Also, the coefficient of wind direction stability (1)
was calculated with the utilization of the following
formula:

where:

7 - coefficient of wind direction stability,

u - average value of zonal geostrophic wind component,

v - average value of meridional geostrophic wind component,
V - average value of geostrophic wind speed.

Above analysis was further aided by the direc-
tional structure analysis for the whole period as well
as individual decades. Multiannual variability analy-
sis comprised the trend analysis of monthly averages
of V, u and v together with their monthly quan-
tiles (10% and 90%). The difference from the over-
all annual cycle analysis (performed with 1% and
99% quantiles) stems from the fact that the num-
ber of cases in individual months varies from 112
to 124 and the utilization of such extreme quan-
tiles might have led to unsatisfactory estimation of
desired characteristics. Thus, it was decided that in
the case of multiannual trend analysis less extreme
(10% and 90%) quantiles will be used as a measure
of temporal variability of extreme values - also rec-
ommended by IPCC in SREX report as a measures
of occurrence of climate/weather extremes (IPCC
2012). All trend equations were tested for signifi-
cance at a=0.05 significance level with the F-Sne-
decor test.

Analysis of extremes also comprised the appli-
cation of GEV (Generalized Extreme Value) distri-
bution. It was fitted to maximum annual/monthly
values of wind speed (V__ ) adopting the block max-
ima approach. GEV distribution can be defined
with following formulas (Coles 2001; Gilleland and
Katz 2014).

GEV PDF (Probability Density Function):

f(x,y,o-,.f) = it(x).,‘ﬂ e,/(x)
o

-1/E .
xX—u 1f§¢0

()= [”( = ij
e (-l if£=0

where:

U - location parameter,
0 - scale parameter,

& - shape parameter.
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and GEV CDF (Cumulative Distribution Function)

with:
F(x;uo,é)= exp{— [1 + f(u)] 3}
o
where:

U - location parameter,
0 - scale parameter,
& - shape parameter.

GEV CDF allows the estimation of so called re-
turn level (zp) which can be defined as the value
that will be exceeded every 1/p periods where 1-p
is the assigned probability associated with the GEV
distribution quantile (Gilleland and Katz 2014). We
search for the values Z, that F(xp)zl-p. If we as-
sume that ¥,= -1/In(1-p) then z, equals (Gilleland
and Katz 2014):

o[ TifE£0
z, = H+ E [y p]
u+olny, if £=0

The GEV analysis was performed with the usage
of R statistical computing software and ,,extRemes
2.0” package. In the GEV parameters estimation
MLE (maximum likelihood estimation) method was
utilised (Gilleland and Katz 2014).

Results

Overall statistics and annual cycle

Annual average of geostrophic wind speed (V)
equals 7.4 ms* with the value of 99% quantile at
21.0 ms” (Table 1). Average zonal (u) and meridi-
onal (v) components equal 1.8 ms™ and 0.7 ms™ re-
spectively. Overall extremes (1% and 99% quantiles)
equalled -11.9 ms (u) and -11.9 ms™ (v) and 19.2
ms” (u) and 13.9 ms" (v) respectively. Maximum
recorded value was 37.6 ms™! (135.4 kmh™) and oc-
curred 12th Feb 1962 at 12:00UTC.

V and geostrophic wind vector components’ (u,
v) characteristics exhibit a distinctive annual cycle
(Table 1). In case of velocity the monthly averag-
es range from 5.2 ms* (August) to 9.9 ms” (Janu-
ary) and only slightly less in December (9.7 ms™).
Generally, from November to January the average
monthly geostrophic wind speed exceeds 9 ms™.

In spring (March/April) there occurs a substantial
drop in V by 1.7 ms™ (from 8.5 ms” to 6.8 ms™).
During summer months V is the lowest in an an-
nual course with values slightly exceeding 5 ms™.
In autumn there is an increase as V exceeds 9 ms™
again though this increase is not as rapid as in the
case of the spring decrease. Extreme values of ge-
ostrophic wind velocity (99% quantile) range from
13.3 ms" (July) to 24.6 ms” (January). From April
until September V__ values are lower or only slight-
ly exceed 25 ms™. This part of the year clearly di-
verges from the remaining months.

Zonal component of geostrophic wind vector (u)
ranges from -1.2 ms™’ (May) to 5.1 ms" (December).
Generally, from April until June the negative val-
ues of u indicate the prevalence of eastern advection
over the area of research whereas the rest of the year
is dominated by westerly flow, though during July
and August this domination is not clearly marked
with the u averages at only 0.7 ms™.

Extreme values of zonal component (u) range
from -14.1 ms” in March to -9.0 ms"' in August
(1% quantile) and from 10.4 ms"' in May to 23.1
ms™ in January (99% quantile).

Meridional component of geostrophic wind vec-
tor (v) exhibits much lower variability and it ranges
from -1.1 ms* (June) to 2.2 ms! (November). From
May until August negative values indicate the av-
erage advection from the northern sector. Extreme
values range from -13.9 ms™ in January to -9.0 ms™
in August (1% quantile) and from 7.2 ms™ in July
to 16.2 ms™ in January (99% quantile).

The monthly course of average wind direction
stability (n) also reveals annual cycle. The highest
values are recorded in January and December (ex-
ceeding 0.50) whereas the lowest in April (0.10)
and August (0.14). Generally spring and summer
months exhibit the lowest values not exceeding
0.25. Average annual 1 equals 0.26.

When inspecting the seasonal variability of the
geostrophic wind vector components (u, v) there is
an apparent difference in overall shape of their joint
distribution (Fig. 2). In winter the variability is the
greatest with the IQR (Inter Quantile Range - cov-
ering mid 50% of variability) at 10.5 ms™ (u) and
8.6 ms™ (v). Those values drop in spring to 8.1 ms™
and 6.7 ms™ respectively. Further drop is record-
ed in summer when the IQR values are nearly half
of the of winter ones reaching 6.2 ms™ (u) and 5.2
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Table 1. Monthly and annual characteristics (ave — average, q,, — 1% quantile, q,, — 99% quantile, max - maximum) of geostrophic wind vec-
tor components (u — zonal, v — meridional) and velocity (V), 1 — wind direction stability coefficient, 1951-2014

Chagg:‘::;é tics Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  YEAR
ave 9.9 8.9 8.5 6.8 5.8 5.3 5.3 5.2 6.5 7.9 9.3 9.7 1.4

Vv gg 24.6 23.0 21.2 17.0 13.5 13.6 133 13.5 16.9 19.8 22.6 245 21.0
max 36.0 37.6 28.8 254 20.9 18.0 23.1 23.9 25.4 31.0 32,5 344 376

g 23.1 21.4 19.3 14.1 10.4 1.1 11.6 11.6 15.0 17.9 21.6 229 19.2

u ave 4.8 2.8 1.5 -0.5 -1.2 -0.1 0.7 0.7 1.7 2.7 3.8 5.1 1.8
oy -12.1 -12.6 -14.1 -13.0 -11.5 -10.4 -10.1 -9.0 -10.3 -11.6 -12.0 -12.1 -11.9

gg 16.2 15.4 14.4 12.2 9.1 7.5 7.2 8.6 11.2 15.2 16.0 14.9 13.9

v ave 1.5 1.3 1.1 0.5 -0.1 -1.1 -1.0 -0.1 0.4 1.7 2.2 1.6 0.7
yy -13.9 -13.1 -13.0 -12.0 -9.6 -10.0 -9.2 -9.0 -1 -11.8 -13.3 -13.0  -11.9

n 0.51 0.35 0.22 0.10 0.21 0.21 0.23 0.14 0.27 0.40 0.47 0.55 0.26

ms” (v). This is also clearly depicted in the values
of joint probability distribution. In autumn the IQR
values do not deviate far from the spring ones. Win-
ter median values indicate greater share of western
advection with values 4.1 ms™ (u) and slight prev-
alence of southern indicated by 1.4 ms' median
value for v. In spring this changes as the u medi-
an is slightly negative (-0.4 ms™). In summer the
u median is positive but the value is much lower

than in winter (0.3 ms™). This is accompanied by
the change of sign in the case of v median which
turns to negative (-0.8 ms™). In autumn there is an
increase of the u median values (2.4 ms') whereas
for the v component the value is even greater than
in winter (1.5 ms™) clearly indicating the prevalence
of the advection from the southern sector.

Figure 3 reveals clear annual cycle in the geo-
strophic wind directional structure over Poland.

20 | pJF

20 | mAM

u(ms™)

Fig. 2. Seasonal scatter plots of geostrophic wind vector components (u, v) over Poland with probability density values. Solid vertical/horizon-
tal lines — median, dashed vertical/horizontal lines — 25% and 75% quantiles, dotted vertical/horizontal lines — 1% and 99% quantiles.

Velocity circles at: 2, 5, 10, 15 and 20 ms™ 1951-2014
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From September to February there is a marked
dominance of advection from the western sector
with the frequencies (for individual directions) ex-
ceeding 10%. In total sector from SW to NW com-
prises 57% of all cases in December, 55% in January
and 46% in November. Other sectors’ frequencies
rarely exceed 5%. Such structure changes quite rap-
idly in spring when there occurs a significant shift
towards the prevalence of the eastern sectors with
direction frequencies around 10% in April and May.
This feature continues toward summer months
however in July western (WNW and NW) sectors
start to constitute a greater share in the overall di-
rectional structure. In general, July and August are
the months of relative balance between the easterly
and westerly advection (this is also reflected in the
values of wind direction stability during this part
of the year). During summer the increased share of
easterly directions gradually diminishes and from
September the westerly advection dominance is
re-established.

Characteristics for the 1951-2014 period pro-
vide only the most general view of the directional
structure of the airflow over Poland. When investi-
gating in decadal scale (Fig. 4) differences are ev-
ident showing that the structure is not stable. In
comparison with 1951-2014 decade 1951-1960 ex-
hibited greater share of eastern sector directions in
spring and early summer with the differences ex-
ceeding (+4%) in June and April. Also, there is

30 40 36 43 48 70 61 46 44 33 25 27 N
24 29 29 47 56 72 66 46 35 26 20 16 NNE
18 29 26 60 86 82 71 53 40 22 15 16 NE
80 105 88 83 7.1 46 25 22 25 ENE
39 50 62 92 95 7.9 58 65 48 42 34 37 E
38 56 83 87 79 57 48 65 54 44 38 36 ESE

25 33 42

45 67 67 67 67 47 40 57 56 52 51 34 SE é
45 60 67 67 60 37 39 50 55 70 6.8 43 SSE §
68 69 71 64 50 40 35 51 62 83 95 61 S g
72 77 68 67 52 47 46 58 7.7 95 Ssw §
100 80 7.3 62 54 48 54 68 84 sw

89 81 53 46 52 66 7.3 83 Wsw

101 85 59 49 59 82 75 83 w

88 52 54 72 88 80 88 WNW
74 71 75 56 50 7.6 89 82 82 69 62 7 NW
45 46 46 45 49 75 73 60 63 44 38 43 NNW
5353853353823
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Fig. 3. Monthly structure of geostrophic wind directions frequencies
(%) over Poland 1951-2014

a frequency drop (by over 3%) in March and No-
vember (for the SW-WNW sector). In this decade
the dominance of western sectors in colder part of
the year is not so strongly marked as in the 1951-
2014 period. Next decade (1961-1970) agrees with
the overall characteristics with only minor diver-
sions from the multiannual directional structure
- increased share of eastern sector in summer and
slightly decreased share of WNW and W sectors in
December and January. 70-ties (1971-1980) clearly
show increased share of SSE-SSW sector (+4%) in
January and February with simultaneous drop by
over 4% in the W-WNW share. In spring (April)
there is a decrease in the S sector and at the same
time increase in ENE sector’s share. In winter (No-
vember and December) there is a visible increase
in the western sector directions frequencies with the
anomaly exceeding +7% (W in November). Dur-
ing 1981-1990 decade there is a considerable in-
crease in the western sector frequencies in winter
months. For NW it is also present in summer. In
case of other months and sectors the anomalies do
not exceed 3% except separated increases in March
(SW, WSW), June (W), September and October
(W). What strikes is the general negative anoma-
ly during spring months for the eastern sector. The
last decade of 20th century exhibits an increase in
the western sector during winter months (January,
February) with anomalies exceeding +7% in Febru-
ary (W). First decade of 21st century is quite simi-
lar to 1951-2014 period and only individual month/
sectors frequencies anomalies exceed +3%. What is
visible though, is a slightly increased share of west-
ern sector in March with accompanying decrease in
eastern sector. Also, there is an increase in SW share
in summer (exceeding +2%). Above mentioned pat-
terns are also reflected in Figure 8 presenting the
multiannual variability of monthly u and v com-
ponents. The dominance of westerly sectors in 80s
and 90s clearly reflects the variability of atmospher-
ic circulation in a broader spatial scale - NAO in-
dex and its positive phase. On the other hand 50s
and 60s with their greater share of eastern advection
and drop in western sectors share also coincide with
NAO negative phase at this time (BAAC II 2015).
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Fig. 4. Directional structure (%) for geostrophic wind over Poland in selected decades 1951-2010
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Temporal variability

Multiannual variability of geostrophic wind and
its components reveals some statistically signif-
icant trends (Table 2, Fig. 5). All trend equations
were tested for significance at a=0.05 level with the
F-Snedecor test. Only statistically significant chang-
es are referred to as trend. In other cases tendency
is mentioned. In case of annual averages/character-
istics there is a significant positive trend (at a=0.05
level) in V 90% quantile value and geostrophic wind
zonal component u (0.13 ms'/10y and 0.29 ms
/10y respectively). The trend coefficient for v com-
ponent annual averages equals 7.58-10-5 ms'/10y
(hence 0.00 in Table 2) and is not statistically sig-
nificant. Trend coefficients of annual characteristics
of geostrophic wind vector components are similar
to the ones provided by Degirmendzi¢ et al. (2004)
(0.17 ms?/10y for u and 0.02 ms'/10y for v) and
calculated for Central Europe. When inspecting the
course of average annual V values (Fig. 5) there is
only slight year-to-year variability with the range
from 6.77 ms™ (1952) to 8.06 ms™! (1998). Extreme
values (90% quantile) range from 11.86 ms™ (1960)
to 14.94 ms™ (1993) and only slightly less in 2007
(14.88 ms') with, as mentioned above, significant
positive long term changes. The trend coefficient of
annual Vmax values (0.33 ms'/10y) is not statisti-
cally significant.

For geostrophic wind components the variability
of annual averages is higher (Fig. 6). As mentioned
before in case of zonal component there is a signif-
icant positive trend and the highest u values were
recorded in the mid 80-ties until late 90-ties which
coincides with strong zonal flow over the continent

T T T T T T T
1950 1960 1970 1980 1990 2000 2010

Fig. 5. Course of annual average (soIiYcTIrine) and 90% quantile (dashed
line) values of geostrophic wind speed (ms”) over Poland
1951-2014

expressed by e.g. NAO index (BACC II 2015). Also,

the course of u is to large extent concordant with

the results of Degirmendzi¢ et al. (2004) for broad-
er spatial. From the last significantly marked maxi-
mum in 1998 (3.70 ms™) there is a visible downward
tendency in the annual u vales however this peri-
od is also marked with high year-to-year variabili-
ty. Overall, the range of the annual average u values
equals 4.58 ms"' with the highest value 3.95 ms

(1983) and the lowest -0.64 ms™” (1963). Very low

annual value was also reached in 1996 (-0.06 ms™).

Annual extremes (10% and 90% quantiles) for the

u component exhibit significant trends with coefhi-

cient 0.33 ms'/10y (10% quantile) and 0.29 ms™/10y

(90% quantile). This indicates nearly the same pace

for annual averages as well as extremes thus means

the constant variability despite the overall increase
in the u values.

The v component varies from -0.65 (1963) to
2.14 (1951) with the range of 2.79 ms'. Also in
2014 the value of v was one of the highest and dif-
fers considerably from the ones recorded in the first
decade of 21* century. The recorded trends of annu-

Table 2. Trend coefficients (ms?/10y) of annual and monthly averages and quantiles (10% and 90%) of geostrophic wind vector components
(u — zonal, v -meridional) and velocity (V) and stability coefficient (n/100y") 1951-2014. Values significant at oe=0.05 were bolded

\ZI\ :i:g:/e Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov  Dec  Year

v average 0.20 0.14 0.00 -0.09 -0.08 -0.02 -0.01 -0.02 0.07 0.18 -0.04 0.15 0.04
q90 034 015 011 -0.14 -0.12 0.02 008 -0.03 0.05 0.34 -0.23 032 0.3

q10 013 045 036 022 030 049 014 034 0.02 0.19 038 031 0.29

u average 0.21 040 048 014 035 051 019 0.30 0.03 0.33 029 029 0.29
q90 025 041 053 004 040 053 021 017 0.09 0.46 -0.02 035 033

q10 -0.19 -0.21 -0.41 -001 0.07 -004 017 016  0.09 0.15 013 -0.03 -0.02

v average -0.10 -0.12 -0.28 0.02 0.09 -0.05 0.16 0.10 0.07 0.19 -0.03 -0.05 0.00
q90 -0.02 -0.19 -0.27 -0.12 0.08 -0.01 0.11 0.07 0.12 0.42 -0.31  0.06 -0.04

n 012 0.01 -004 -016 -039 -0.12 -0.02 0.18  0.09 0.09 022 0.08 0.12
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Fig. 6. Course of annual averages (ms") of geostrophic wind vector
components: u — zonal: dashed line, v — meridional: dotted
line, over Poland 1951-2014

al v values are not significant in case of all analyzed
characteristics (averages and quantiles).

Course of monthly averages of the geostrophic
wind speed seems relatively stable with the high-
est values recorded from November until March. In
some cases V exceeds 15 ms™ (e.g. 2007) and on
multiple occasions is higher than 10 ms™ especially
in December and January (Fig. 7). The month with
the highest recorded average geostrophic flow over
Poland is January 2007 (15.3 ms™). Generally from
December until March the average monthly values
of V over Poland exceed 6 ms™* with the exception
of February (1980, 1982) with 5.8 ms. January is a
month with the highest overall variability with the
overall values from 6.7 to 15.1 ms™. The range of V
values for November and December is only slightly
lower (7.0 ms™, 7.9 ms™ respectively). In March the

average monthly values of V are still above 6.0 ms™
but the range of variability is reduced to 4.8 ms™. In
April there is a continuation of the drop in monthly
average V values together with the range dropping
again to 3.3 ms" which indicates the beginning of
the part of the year when the overall V range is be-
low 4 ms™ (April - August) and the maximum re-
corded monthly averages do not exceed 8 ms™ (May
— August). Generally, in summer the V monthly av-
erages vary from 3.3 to 7.2 ms” but 80% of mid
variability range (difference between 90% quantile
and 10% quantile) is below 2 ms™* with the lowest
values in June (1.7 ms™) and only slightly higher
on July and August (1.8 and 1.9 ms™ respectively).
In autumn there is a gradual return to the winter
regime. In September there occurs an increase in
overall variability with the range at 4.2 ms with the
maximum closing to 9 ms” (8.8 ms™ in 1978). As we
approach winter the increase in the overall variabil-
ity is even more visible with the V range values ex-
ceeding 6 ms™ (6.4 ms™ and 7.0 ms™ in October and
November respectively). Maximum monthly aver-
age values exceed 10 ms™ (October and November)
and the absolute maxima were recorded in Novem-
ber 1973 (13.1 ms*) and October 1999 (12.2 ms™).

Monthly stability coefficients values exhibit large
variability (Fig. 7). This is reflected in the range of
the monthly values and results in an annual cycle
with values from 0.65 (April) to 0.80 (October).
When the mid 80% of variability (90% quantile —

Jan 16
Mar
B Apr 12

May
Jun a

0.8
0.6
0.4

0.2

Fig. 7. Monthly averages (ms™) of geostrophic wind vector module (V) (a), and geostrophic wind direction stability coefficient 1 (b) over Po-

land, 1951-2014

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0001 13



Variability of geostrophic airflow over Poland, 1951-2014

M. Marosz

Jan
Feb
Mar
Apr
May 5

Jun b
Jul

Aug 0
Sep

Oct

Nov -5
Dec

Fig. 8. Monthly averages (ms”) of geostrophic wind vector components: u (a), v (b) over Poland, 1951-2014

10% quantile) is considered, with values between
0.40 (December) to 0.53 (February), there is no
distinguished annual cycle. This is well exhibited
in Figure 7b. Overall structure is characterized by
the prevalence of higher 1 values in the colder part
of the year with the maxima exceeding 0.9 (0.92
in November 2000, 0.91 in January 1989) and the
minima with values below 0.05 recorded in spring
and summer (0.02 in July 2000, 0.03 in April 1987,
May 1997 and August 2005).

Analysis of the course of V monthly averages
and extremes does not reveal significant trends (Ta-
ble 2) with the exception of October when there is a
significant positive trend in both: average (0.18 ms™
/10y) and 90% quantile of V (0.39 ms'/10y). Such
discrepancy in the pace indicates increasing vari-
ance and resulting range of recorded values. From
April until August there are negative V tendencies
but the pace does not exceed 0.1 ms'/10y. Such sit-
uation is also present in November.

In the case of zonal geostrophic wind compo-
nent (u) there is a marked domination of positive
monthly trend coeflicients and when it comes to
averages there are statistically significant positive
trends in March, May, June, August and October.
Trend coeflicients’ values range from 0.03 ms'/10y
(September) to 0.51 ms'/10y (June). Only slight-
ly lower values are noted in March (0.48 ms™/10y).

In case of 10% quantile of zonal component (u)
significant trends (also positive) are recorded only

in three months: May, June and July with values
0.30, 0.49 and 0.34 ms™/10y respectively. In case of
90% quantile of u the situation is quite similar with
positive trends in March, May and June as well as
October. Highest values are recorded in March and
June (0.53 ms'/10y). The overall shape of u varia-
bility suggests the shift towards the stronger western
sector advection during almost the whole year. This
may have a special significance for spring months
which are usually associated with easterly flow.
Here, the shape of long term variability suggest a
gradual change in character of an air flow.

Meridional component (v) does not reveal as
many significant trends (for individual months) as
it was in the case of zonal component. Monthly av-
erages exhibit significant trend only in July with the
positive coefficient at 0.16 ms'/10y. Generally, ten-
dencies range from -0.28 ms'/10y in March to afore-
mentioned 0.16 ms'/10y in July. V 10% quantile
trend is significant only in March (-0.41 ms™ /10y)
and in the case of v 90% quantile statistically sig-
nificant positive trends are recorded only in Octo-
ber (0.42 ms'/10y).

Stability coefficient reveals clear annual cycle
of trend coefficients with positive values from Au-
gust until February and negative in the remaining
months (March-July). However, only in May and
November trends are statistically significant reach-
ing at the same time the highest absolute values:
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-0.39/100y and +0.22/100y in May and November
respectively.

GEV analysis

One of the most important applicative aspects in
the wind speed analysis is the analysis of extreme
values. Figure 9 presents the course of annual ge-
ostrophic wind speed maxima (V__ ). They range
from just above 20 ms™ (1952) to over 35 ms
(1962, 2007). There is no significant trend in the
recorded annual maxima course (trend coeflicient
equals 0.33 ms?'/10y). Stationary GEV was fitted
(block maxima approach) allowing the estimation
of return levels (RL) values for desired return peri-
od together with the 95% confidence range. Despite
the fact that there seems to be a trend in the annual
V__ values the calculated trend coefficient is insig-
nificant (at 0.=0.05 level). Still, there appears to be a
difference in the overall level of V__during sub-pe-
riods: 1951-1980 and 1981-2014. This is somehow
confirmed in Figure 10 - quantile-quantile plot for
the aforementioned periods thus allowing the direct
comparison of their V__distributions. The results
show that in the case of lower V_  quantiles there
is a steady (along the distribution) difference of ap-
prox 2 ms”. This is most visible in the mid quan-
tiles of the distribution and diminishes towards the
upper tail. Still, the overall stationarity of the se-
ries allowed the fitting of stationary GEV. With ref-
erence to annual maxima results (Fig. 11) of GEV
fitting show that for 10 year return period expected
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Fig. 9. Course of annual maxima of geostrophic wind speed (ms™)
over Poland, 1951-2014
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Fig 10. QQ-plot of maximum annual geostrophic wind velocity over
Poland for sub periods: 1951-1980 and 1981-2010

(the one that shall be exceeded) RL value is 32 ms!
with a range of uncertainty between 30 and 34 ms™.
For 100 year return period the estimated RL val-
ue equals 37 ms” with the range from 33 ms” to
39 ms™.

Additionally, individual months Vmax values
were analyzed with respect to the existence of sta-
tistically significant trends. Except from October
none of the months exhibits statistically significant
trends. This allowed the further GEV analysis pro-
viding insight into the annual structure of the re-
turn period values together with the estimation of
uncertainty at 95% confidence level (Table 3).

From November until February even for 2y re-
turn periods RL values exceed 20 ms™ with the up-
per estimation reaching nearly 25 ms™. For longer
return periods values rise significantly and in the
case of 50y and 100y return periods estimation of
RL for those months exceeds 30 ms™” with the up-
per 95% confidence boundary exceeding 38 ms™ in
January and being only slightly lower in December
and February (36.9 ms"' and 37.6 ms respectively).
Return levels drop significantly in the warmer part
of the year. In April only return levels for over 10y
return periods exceed 20 ms"' and from May until
August only for 50y and 100y return levels the val-
ues are higher than 20 ms” with maximum in July
(21.8 ms™! for 100y return period). Even when look-
ing into upper estimates (at 0.95 confidence level)
only in July (for 100y return period) they exceed
25 ms™. This clearly shows that there is a significant
division of the annual cycle with respect to return
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Fig. 11. GEV distributions diagnostic plots for annual maximum geostrophic wind speed based on fitted distribution parameters, 1951-2014

levels and in the overall picture the winter season
values dominate in the shaping of Vmax GEV dis-
tribution.

Summary

It was confirmed that geostrophic wind vector can
serve as an objective measure of the airflow charac-
teristics over Poland. It provides detailed informa-
tion about air flow intensity and direction which
in conjunction with well documented homogeneity
and availability of long time series of SLP in many
areas allows multiannual analysis which in turn as-
sures greater confidence in the estimation of the

statistics. What must be stressed here is the fact
that V is the theoretical wind speed not account-
ing for friction and the in-situ wind speed values
might be lower depending on the surface rough-
ness. The same applies to the flow direction which
in the northern hemisphere will be diverted coun-
ter clockwise in comparison with geostrophic wind
vector. Still, while taking this into consideration ge-
ostrophic wind may serve as a reliable measure of
air flow which was exemplified in the aforemen-
tioned publications. For the period 1951-2014 av-
erage geostrophic wind velocity over Poland equals
7.4 ms' and the 99% quantile exceeds 21 ms™.
Maximum speed ever recorded equalled 37.6 ms™.
Geostrophic wind vector module (V) and its com-
ponents (u, v) exhibit clear annual cycle with the

16 Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0001



M. Marosz

Variability of geostrophic airflow over Poland, 1951-2014

Table 3. Monthly return levels (RL) (ms™) of Vmax over Poland together with upper (U) and lower (L) boundaries of 95% return level confidence

intervals, 1951- 2014

Month Jan Feb Mar Apr May Jun

Return

period L RL ] L RL U L RL U L RL ] L RL U L RL U

(years)
2 225 237 249 202 213 224 191 203 215 159 166 173 124 13.0 135 122 128 134
5 262 276 29.0 23.8 253 267 225 238 250 182 191 20.1 142 150 157 140 147 154
10 282 298 314 258 276 294 242 256 27.0 194 207 219 152 162 172 149 158 16.7
20 296 31.6 336 275 29.7 319 253 271 289 204 220 237 160 173 187 154 168 182
50 309 336 364 291 321 351 259 286 313 212 237 262 168 187 207 157 180 202
100 315 349 383 300 338 376 261 296 331 216 249 282 171 197 223 157 188 219

Month Jul Aug Sep Oct Nov Dec
2 11.8 126 133 120 126 132 146 153 161 186 195 203 204 214 225 222 235 248
5 142 152 162 141 149 158 171 182 193 215 22,6 238 23.8 251 264 262 276 289
10 156 169 182 153 164 17.6 185 201 21.6 23.1 246 260 256 273 289 282 297 312
20 166 184 202 163 17.8 194 196 219 241 244 263 282 27.0 292 314 296 314 331
50 17.7 204 231 173 19.6 219 206 242 278 257 283 31.0 283 315 346 308 33.1 354
100 183 218 253 179 209 23.8 21.0 259 309 264 29.8 331 29.0 33.0 370 314 342 369

highest V values in winter. Positive (westerly) u
values dominate in the colder part of the year. In
spring the dominance of eastern advection appears
and in summer the prevalence of westerly flow is
only minimal. Multiannual directional structure is
not stable which is evident in the decadal analy-
sis. In some cases the frequency anomalies exceed
+5% in individual sectors (and over 15% in adja-
cent multi-sector totals), what strikes in this case is
the substantial increase in the share of western sec-
tor in the 1981-1990 decade. This is especially visi-
ble in winter and is continued at even greater scale
during the next decade.

The analysis of extreme values of geostrophic
wind speed, despite the fact that annual and month-
ly (with the exception of October) V__ values do
not exhibit significant trends, revealed slight posi-
tive shift in the compound distribution during the
second part of the analysis period (1981-2014) in
comparison with the first thirty years of analysis
(1951-1980). The shift is apparent along the near-
ly whole V_ distribution. GEV distribution al-
lowed the estimation of return levels of geostrophic
wind speed. The year can be divided into two parts.
Warm part with relatively low return levels - for
many months not exceeding 20 ms™ even for 50y
return period. On the other hand winter months
return level values exceed 30 ms™ even for relative-
ly short return periods (20y) with upper estimates

for 100y return period closing to 40 ms™. This in-
dicates relatively frequent possibility of occurrence
of extremely strong winds which results might be
devastating to both population and infrastructure.
Despite non existence (except from October) of
statistically significant trends in the monthly aver-
ages course of geostrophic wind speed annual V
averages exhibit positive trend with the coefficient
0.13 ms'/10y. V trends for extremes are not signif-
icant - both: 90% V quantile and annual V__ with
tendencies at 0.13 ms'/10y and 0.33 ms'/10y re-
spectively. In the case of zonal component there is
a significant positive change in the annual averag-
es but also in annual extremes. What strikes is the
same pace of change which indicates no change in
the overall variability. This is accompanied by pos-
itive tendencies in all months. Spring (Mar, May)
and summer (Jun, Aug) months exhibit significant
positive trends in both averages and V 90% quantile
but yet again the pace of changes does not diverge
from each other. There are virtually no significant
changes in the meridional component values indi-
cating the lack of change towards neither southern
or northern advection.
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