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Abstract. Monthly time series of mean and maximum wind speed over the period
1961–2018 from 104 weather stations evenly distributed over Romania (spatially and
elevation-wise) were tested for trends with the Mann-Kendall nonparametric test. The
monthly mean wind speed is decreasing at about half of the stations, while increasing
trends are between 5% (November) and 28% (September). The maximum wind speed
presents decreasing trends in all months at the vast majority of stations – between 75%
and 88.5%.
Key words: wind speed, trend analysis, terrestrial stilling, monthly data, East Atlantic
Pattern, Scandinavian Pattern, South-Eastern Europe.

1. INTRODUCTION

The study of the long-term changes of terrestrial near-surface wind speed is
important for assessing the effects of both anthropogenic activities and natural
climatic changes.
Long-term changes in wind speed influence water vapor evaporation and
implicitly the hydrological cycle at regional scale [1]. They also have implications
in wind energy production, [2], wind erosion, transport of pollen and seeds,
pollution spreading and its related impact on health [1, 3]. Multiple studies on
regional or global basis found a decreasing trend in wind speed over land referred
as stilling [4]. Possible reasons of the terrestrial stilling include the increase in land
surface roughness in some areas [5], the increasing water demand for irrigation [6]
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and increasing aerosol emission [7], which alters the chemical composition of
precipitation [8–11].
Climatic changes over Romania are well documented. Recent studies from
observational data show increases in rain shower frequency [12, 13], regional
warming [14–17] and decreasing snow pack [18, 19]. These changes were proved to
affect the natural streamflow regime [20–22], the meteorological and hydrological
drought [23, 24], the forest ecosystems [25, 26], and the human comfort [27]. Also,
the decrease of thermal contrast between tropical and polar regions as effect of
polar amplification process could explain the overall reduction of zonal wind speed
in the temperate zone [28].
Previous studies on wind speed have found decreasing trends over 1961–
2003 [29] and 1961–2010 [30] at annual and seasonal time scale – for the mean
wind speed.
This paper presents an up-to-date, 58-year analysis of monthly trends in mean
and maximum wind speed in Romania, using high-quality observational data from
104 weather stations. Linkages with large-scale atmospheric circulation are also
investigated.
2. DATA AND PERIOD OF STUDY

The data used in this study belongs to Meteo Romania (National Meteorological
Administration). The time series consist in quality-controlled data, most of them
presenting continuous records over the period of study (1961–2018). The dataset
does not include any reconstructed record – e.g., missing values or extensions that
were filled using statistical or stochastic methods. For all stations, all months /
seasons / years involved in the analysis have full data records. If a given station had
missing value(s) during a month / season / year, the respective record was not taken
into account. In order to obtain a better spatial coverage, stations with less than
10% missing data have also been included in the analysis.
We used monthly values of five standardized Northern Hemisphere teleconnection
indices provided by National Oceanic and Atmospheric Administration (NOAA) /
National Weather Service / Climate Prediction Center (https://www.cpc.ncep.noaa.
gov/), namely: North Atlantic Oscillation (NAO), East Atlantic Pattern (EA), East
Atlantic / West Russia Pattern (EA/WR), Scandinavia Pattern (SCA), Polar / Eurasia
Pattern (POL).
The analysis was conducted over the period 1961–2018, on monthly and
annual basis.
3. METHODOLOGY

The trend significance was analysed with the nonparametric Mann-Kendall (MK)
test for the monthly mean and maximum wind speed. The MK test is a rank-based
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procedure, particularly suitable for non-normally distributed data, data containing
outliers and non-linear trends [31]. The null and the alternative hypothesis of the
MK test for trend in the random variable x are:
H 0 : Pr( x j  x i )  0.5 , j  i
.

H A : Pr( x j  x i )  0.5 , (two - sided test)

(1)

The MK statistic S is calculated as:
n 1

S 

n

 sgn( x

k 1 j  k 1

j

 xk ) ,

(2)

where xj and xk are the data values in years j and k, respectively, with j > k, n is the
total number of years and sgn() is the sign function:
 1 , if x j  x k  0

sgn( x j  x k )   0 , if x j  x k  0 .

 1 , if x j  x k  0

(3)

For large n, the distribution of S can be well approximated by a normal
distribution with mean zero and standard deviation given by:
m
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(4)

The standard deviation of S from Equation (4) includes a correction for tied
values, ti denoting the number of ties of extent i. Then, for hypothesis testing, the
standard normal variate ZS is used.
 S 1
if S  0
s
S

Z S   0 if S  0 .
S 1

if S  0
 s S

(5)

The null hypothesis is rejected at significance level  if |Z| > Zα/2 (nondirectional test), where Zα/2 is the value of the standard normal distribution with an
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exceedance probability . In the present analysis we fixed the trend significance
level at 90%, i.e., p-value < 0.1 (two-tailed).
The trend magnitude was calculated with the nonparametric Theil–Sen estimator
(also known as Sen’s slope estimator or Kendall–Theil robust line), which is
suitable for quasi-linear trends in the variable x and is less affected by non-normal
data and outliers [32]. The slope is computed between all pairs i of the variable x:

i 

x j  xk
jk

, cu j > k;

j = 2,…, n; k = 1,...,n – 1,

(6)

where i = 1...N. For n values in the time series x this will result in N = n(n – 1) / 2
values of βi. The slope estimate b is the median of βi, i = 1...N.
The correlations with large-scale atmospheric circulation were investigated
with Pearson’s r – also known as the linear correlation coefficient, which is the
most widely-used measure of the linear association between two variables [32].
4. RESULTS AND DISCUSSION

The Mann-Kendall trend test applied to monthly data series revealed
considerable changes in both mean and maximum wind speed. The monthly mean
wind speed is decreasing at about half of the stations, while increasing trends are
between 5% in November and 28% in September (Fig. 1). The maximum wind
speed presents decreasing trends at the vast majority of stations (75–88.5%). It is
worth mentioning that the highest decreases are recorded in April, which is the
month with the highest wind speed in Romania, and November, which record
normally a secondary peak in annual run of mean wind speed. As well, the most
pronounced increase is observed for the months with the lowest wind speed at
annual level (August–October). The combined effect of increasing and decreasing
trend should lead toward a levelling of annual run of wind speed.
The spatial distribution of trends in mean annual wind speed is shown in
Fig. 2 – together with the trend magnitude. 71% of stations present downward trends,
most of them significant at 99% level (p-value < 0.01). The median decrease in
wind speed (computed with Theil–Sen method) is of –0.187 m/s per decade.
The trends in average monthly wind speed (Fig. 3) present similar spatial
patterns for all months. Compared to the results reported for the 1961–2010 period
[30], the present study also shows upward trends; they are most present in
September and October, in particular in more orographic sheltered area within the
intra-Carpathian area and over the western part of the Romanian Plain. Recent
studies indicate changes in wind speed trends in the past few years [33],
highlighting increases in surface wind speeds in regions of Asia [34, 35].
September is the month with highest number of stations showing increasing
trends for both maximum (although for few stations) and mean monthly wind
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speed, while for downward trends, late spring months (April and May) and November
prove highest frequencies.
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Fig. 1 – Relative frequency [%] of stations showing statistically significant trends in mean (a)
and maximum (b) monthly wind speed.

Fig. 2 – Trends in mean annual wind speed. The statistical significance level is 10% (two-tail test).
Downward blue triangles denote decreasing trends, upward red triangles symbolize
increasing trends; circles represent stations with no trend.

The majority of stations in the Carpathians show decreasing trends in all
months. This may indicate a height dependency of wind speed trends. However,
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faster decrease in wind speed was observed at higher elevations [36], which should
be put in relation with the hemispheric decrease of wind speed in altitude [28]. As
well, this observed decrease of wind speed in altitude could indicate that the
decrease of wind speed in Romania is not a residual effect of the recent suburbanization of weather stations position. Furthermore, it seems that most stations
in the eastern and south-eastern parts of the country (Dobrogea and the Moldavian
Plateau) show a downward trend, both areas being of high interest for wind energy
production in Romania. For such purposes, a decrease in low wind speeds may
prove even more problematic than the decrease in maximum values [37].
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Fig. 3 – Trends in mean monthly wind speed. The statistical significance level is 10% (two-tail test).
Downward blue triangles denote decreasing trends, upward red triangles symbolize increasing trends;
circles represent stations with no trend.
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Regarding the maximum monthly wind speed (Fig. 4), our results indicate a
consistent country-wide decrease, which is significant in all months, and more
pronounced in extra-Carpathian regions.
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Fig. 4 – Trends in maximum monthly wind speed. The statistical significance level is 10% (two-tail
test). Downward blue triangles denote decreasing trends, upward red triangles symbolize increasing
trends; circles represent stations with no trend.

Our findings are similar with the vast majority of recent studies on wind
speed, which confirm an overall tendency towards terrestrial stilling over Eurasia
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[38]. They are also in agreement with recent trends in actual evapotranspiration
over Romania [39, 40].
Statistically significant negative correlations (p-value < 0.05) between monthly
wind speed and the East Atlantic Pattern (EA) were found at 52% of the weather
stations (Fig. 5). EA pattern is the second prominent mode of low-frequency
variability over the North Atlantic (appearing as a leading mode in all months), and
is structurally similar to NAO: it consists of a North-South dipole of anomaly
centers spanning the North Atlantic from East to West. The anomaly centers of the
EA pattern are displaced southeastward to the approximate nodal lines of the NAO
pattern [41]. Hence, EA could be considered a southward-shifted NAO pattern
(source: https://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml). The negative correlation between the wind speed over Romania and the EA should indicate an
increase of high-pressure conditions over the continent, which is a marker of EA’s
positive phase. On the other hand, large-scale circulation indices are harder to
quantify in variability of wind speed over Europe. Still, previous studies show a
decrease in the cyclonic circulations in the last decades over central and southern
Europe, while an increase in frequency can be observed over Iceland [42].

East Atlantic (EA)

Scandinavian Pattern (SCA)

Fig. 5 – Correlation between mean monthly wind speed and EA (left) and SCA (right). Positive
(negative) statistically significant correlations are in red (blue). Lighter colors denote a significance
level of 95% (p-value < 0.05) and darker colors, of 99% (p-value < 0.01).

Scandinavian Pattern (SCA), another mode of low-frequency variability with
an important impact on climate variables in Northern Hemisphere [43] is positively
correlated with wind speed in Romania. This indicates that the positive phase of
this pattern – characterized by the development of high-pressure centers over
Scandinavia – contribute to the occurrence of low wind speed values in Romania.
In fact, both correlations with EA and SCA indicate the same aforementioned
large-scale circulation mechanism – consisting in an increase of high-pressure
conditions over Europe, which leads toward the observed stilling.
The higher number of weather stations presenting significant increasing /
decreasing trends of wind speed than the number of weather stations with
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significant correlations between wind speed and EA / SCA suggests that the
observed trends are just partly explained by large scale circulation mechanisms.
Besides this, the local factors should be taken in consideration when trying to
explain the observed changes in wind speed.
5. CONCLUSIONS

We presented a 58-year (1961–2018) trend analysis of monthly mean and
maximum wind speed in Romania, using high-quality observational data from 104
weather stations. The main conclusions of this study are:
(1) The monthly mean wind speed is decreasing at about half of the stations;
the percentage of increasing trends ranges between 5% in November and 28% in
September.
(2) The maximum wind speed presents decreasing trends in all months at
most of the stations (75%–88.5%). The decrease in more pronounced during the
months with the highest wind speed, while the increase characterizes the stillest
month (September and October).
(3) The monthly EA pattern is negatively correlated with the mean monthly
wind speed at 52% of the locations. According to this finding the decrease of the
wind speed in Romania is the effect of the increase in high pressure conditions over
the continent.
Our results indicate not only a tendency towards terrestrial stilling over
Romania, but also a country-wide decline in variability between months.
Acknowledgements. This study was realized within the framework of the UEFISCDI “Nucleu
2018” program: “Re-evaluating the regions of provenance for forest tree species under climate
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