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1 Introduction

The mountain topography of the study area significantly 
impacts the regional and local circulation regimes over 
Armenia resulting in formation of diverse boundary-layer 
processes, such as thermally induced mountain-valley 
winds, locally channeled strong valley winds, etc. During 
the summer (July–August), significant daytime heating 
over the Armenian Highland leads to formation of sub-
stantial temperature and pressure gradients between the 
Armenian Highland and low-elevated Kura–Araks plain 
and the Caspian Sea (Fig. 1). As a result, the well known 
plain–plateau circulation arises over the Armenian High-
land and South Caucasus region. Therefore, summertime 
wind regime of the study region is very much affected by 
the plain–plateau circulation. In particular, the sites such 
as valleys, mountain passes and Yerevan city, the capital of 
Armenia, are characterized by persistent strong wind events 
due to local funneling effects. Terrain channeling in these 
natural channels significantly enhances wind speed relative 
to that aloft, forcing surface winds to blow parallel to the 
local valley axis (Zhong et al. 2008).

Summertime winds in Armenia have been studying 
since the second half of the past century (Zoryan 1974; 
Mkhitaryan and Zoryan 1974; Gevorgyan and Melkonyan 
2014). The most recent study from Gevorgyan and Melkon-
yan (2014) considered a detailed analysis of plain–pla-
teau circulation impact on mean atmospheric conditions 
over the study region from the surface layer to the upper 
troposphere. The study indicated that both the large-scale 
circulations and regional factors play important role in the 
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origin of this thermally induced regional circulation. The 
influence of elevated heat source over the Armenian High-
land in the lower and middle troposphere was found as a 
major regional driver of plain–plateau circulation, while 
the strengthening of westerly subtropical jet in the upper 
troposphere was found as dominant large-scale wind forc-
ing factor.

This study further advanced work of Gevorgyan and 
Melkonyan (2014) investigating regional and local impacts 
of mountain-valley circulation on wind climate in Yere-
van. Analysis of climatological wind behavior in Yerevan 
is an important scientific issue, providing the meteoro-
logical basis for the assessment of social and economic 
impacts of severe winds in Yerevan. The negative impacts 
of severe winds are damages of buildings and communica-
tions, high fire hazard under dry and high temperature con-
ditions during the summer. Furthermore, the severe wind 
gusts obstruct the operational work of the main airport 
in Armenia during summer (Yerevan-Zvartnots Interna-
tional Airport). However, most of people of Yerevan expect 
very much evening valley winds, since these winds ven-
tilate the boundary-layer of Yerevan, bringing relatively 
fresh air into the city, after hot daytime temperatures. 
The second positive and important point of investigation 
of valley-wind systems is that the study has relevance 

for applications such as wind energy resource estimation 
and construction issues in Yerevan. Significant energy is 
wasted on cooling systems with the purpose to moderate 
hot daytime temperatures in buildings and offices. Rela-
tively long-lived and persistence high winds in summer 
season may be used for development of wind energy sector 
for Yerevan.

Mountain-valley wind systems affect the other moun-
tain regions of the world, e.g. Middle East, Alpine region 
in Europe, Tibetan plateau, Western United States (Li and 
Smith 2009; Schmidli and Rotunno 2010; Rucker et al. 
2008; Schmidli et al. 2011). Therefore, it is expected that 
the results from this study may be useful for other moun-
tain regions characterized by thermally driven plain–pla-
teau circulations.

2  Data and method

Wind climate analysis is based on observational data from 
Yerevan-Zvartnots station which is the weather station of 
Zvartnots International Airport, which provides weather 
information for aviation. Therefore, high quality obser-
vations coming from the airport are relevant to study the 
local wind climate in Yerevan. Yerevan-Zvartnots station is 

Fig. 1  The topography map of the study region (Armenian Highland and Southern Caucasus)
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located at height 854 m above sea level in a wide-open area 
(Fig. 2). The distance and the elevation difference between 
the centre of Yerevan and the station are very small (the 
station is located 10 km southwest from the city centre), 
which makes observation data from Yerevan-Zvartnots 
station suitable for climatological analysis for the highly 
populated parts of the city (downtown, 900–1000 m above 
sea level). 3-hourly observations of 10-min average wind 
speed and direction, maximum wind gusts considered as 
the maximum wind speed over the 3-h observing cycle, at 
the standard 10-m height, temperature, dewpoint tempera-
ture, surface pressure, daily maximum and minimum tem-
peratures, daily precipitation amounts have been processed 
for the period of 1992–2014. Additionally, 10-min-average 
wind speed and direction from 43 meteorological stations 
of Armenia (from all currently operating 48 stations) have 
been analyzed to examine the spatial pattern of mountain-
valley wind systems. The selected meteorological stations 
include high-mountain stations (Aragats mountain sta-
tion located at 3229 m above sea-level), stations located in 
mountain passes and low-elevated valley stations (Fig. 2). 
Apart from Yerevan-Zvartnots station, these stations 
include two other Yerevan stations, namely Yerevan-Agro 
and Yerevan-Arabkir stations located at 942 and 1113 m 

above sea level, respectively. The names of stations char-
acterized by specific wind regimes are indicated in Fig. 2. 
It can be also seen from Fig. 2 that the eight evenly distrib-
uted valley floor stations were used along Hrazdan River 
which plays significant role in forced channeling and local 
enhancement of valley winds in Yerevan. The two sources 
of observational data used in this study are the Armenian 
State Hydrometeorological and Monitoring Service and 
the “Zvartnots” Airmeteorological Center (the airport 
weather bureau). The observational data passed basic qual-
ity control and unreliable observations were identified and 
excluded from climatological analysis.

Daily maximum wind gusts observed at Yerevan-
Zvartnots station were used to assess the impact of valley 
wind systems on weather regime in Yerevan presented in 
Sect. 3.2. The similar approach was used in the previous 
study by Gevorgyan and Melkonyan (2014) to assess the dif-
ferences in mean atmospheric conditions during days with 
enhanced and weak plain–plateau circulation over the study 
region. However, the procedure of defining the maximum 
gust speed thresholds for strong and weak wind gust events 
in Yerevan is slightly different in this study. First, the lower 
and upper quartiles of daily maximum gusts were estimated 
for July–August months over period of 1992–2014. In order 

Fig. 2  The distribution of the 
43 meteorological stations in 
Armenia
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to exclude high wind events associated with thunderstorm 
activity, the wet days, i.e. days with precipitation events and 
precipitation traces, were not considered. Finally, the strong 
gust events are considered the days when daily maximum 
gusts reach up to 17 m s−1 (upper quartile) and higher, while 
weak gust events are days when daily maximum gusts at 
Yerevan-Zvartnots station do not exceed 12 m s−1 (lower 
quartile). Overall, 311 and 341 days of weak and severe gust 
events in Yerevan were considered, respectively, for July–
August months over period of 1992–2014. The other sub-
set of 768 days being wet days or days with moderate gusts 
(when daily maximum gusts varied from 13 to 16 m s−1), as 
well as 6 days with missing data, were not considered in the 
climatological analysis.

Large number of days included in the both of groups 
of weak and strong gusts ensures statistically significant 
results of the wind climate. Nevertheless, a widely used 
Student’s test for assessing the statistical significance 
between mean values was applied (Wilks 2006) at 95 % 
confidence level, in order to further investigate the prin-
cipal differences in mean climate variables between days 
with strong and weak gusts in Yerevan.

Section 4 examines one of the most intriguing questions 
of this study, namely the ability of Numerical Weather Pre-
diction models (NWPs) to simulate mountain-valley wind 
systems in Armenia. Typically, General Circulation Models 
(GCMs) are not sufficiently accurate for assessment of the 
wind climate, distribution of precipitation amount, temper-
ature, especially over complex terrain like the study region 
(Gevorgyan 2012; Gevorgyan and Melkonyan 2014). On 
the other hand, an application of dynamically downscaled 
high resolution Limited Area Models (LAMs) may help to 
achieve a more adequate reproduction of spatial and tempo-
ral patterns of mesoscale wind systems influenced by sur-
face inhomogeneities (Chow et al. 2006).

In order to demonstrate the above, 18-h forecasts of 
the zonal and meridional wind speed components at 10 m 
above ground from one GCM and one LAM are analyzed 
in this paper. The ocean–atmosphere coupled model of 
European Centre for Medium Range Weather Forecasts 
Ensemble Prediction System (ECMWF EPS) was used 
as a GCM. ECMWF EPS model uses the global ensem-
ble system simulating initial uncertainties using singular 
vectors and model uncertainties based on physical param-
eterizations and a stochastic scheme (Buizza et al. 2007). 
ECMWF EPS is considered as an advanced GCM based on 
51 members with a quite high spatial and vertical resolution 
(T639 L91). The output data from the ECMWF EPS were 
downloaded through the THORPEX Interactive Grand 
Global Ensemble (TIGGE) Data Retrieval system (http://
apps.ecmwf.int/datasets/data/tigge/levtype=sfc/type=cf/). 
The data were bi-linearly interpolated to a 0.25° × 0.25° 
grid which is close to the model spatial resolution (~0.28°).

The Advanced Research Weather Research and Forecast 
(WRF-ARW) model was applied to simulate local-scale 
valley wind systems in Armenia. WRF is a non-hydrostatic 
next-generation mesoscale forecast model (Michalakes 
et al. 2004) using initial conditions from National Cent-
ers for Environmental Prediction Global Forecast System 
analysis (Whitaker et al. 2008) at 0.5°×0.5° horizontal 
resolution. The parent domain has a 18-km spatial resolu-
tion covering partly Europe and whole Caucasus and the 
Middle East regions, while the nested domain covers 
Armenia using 3-km spatial grid increment. There are 31 
vertical eta_levels, and the model was run from 0000 UTC 
GFS initial and boundary conditions. The applied version 
of WRF-ARW model includes the WRF Single Moment 
6-class scheme for cloud microphysics with ice, snow and 
graupel processes. Sub-grid parameterization of deep and 
shallow convection is based on the Kain–Fritsch scheme 
applying mass flux approach with downdrafts and CAPE 
removal time scale (Kain and Fritsch 1993). In this study 
the Mellor–Yamada–Janjic (MYJ) PBL scheme with Eta 
similarity surface layer was used (Mellor and Yamada 
1982). The rapid radiative transfer model (RRTM) scheme 
was used for longwave radiation, while shortwave radiation 
processes were represented by the Dudhia scheme. Imple-
mentation of WRF model was achieved using comput-
ing resources from Armenian national grid infrastructure 
(http://www.grid.am).

Finally, zonal (U) and meridional (V) components 
of 10 m wind forecasts derived from WRF-ARW and 
ECMWF EPS models outputs data were analyzed in this 
study. For the both of models 18-h wind forecasts from 
0000 UTC runs were considered to test abilities of the 
models to capture the spatial variability of surface wind 
pattern during mountain-valley circulation regime in Arme-
nia during July–August months in 2014.

In Sect. 4.1, the commonly used statistical scores of the 
root mean square error (RMSE), forecast bias and correla-
tion coefficient (Wilks 2006) are estimated for verification 
of WRF-ARW 18-h wind forecasts in Yerevan using obser-
vational data and wind forecasts derived from the nearest 
WRF grid-point considering both distance and altitude 
differences between the Yerevan-Zvartnots station and the 
selected WRF grid-point.

3  Results

3.1  Seasonal variability of winds in Yerevan

The results of wind speed and direction climatology in 
Yerevan are described in this section. Monthly mean and 
maximum wind speeds and monthly maximum gusts over 
period of 1992–2014 are shown in Fig. 3. The annual cycle 

http://apps.ecmwf.int/datasets/data/tigge/levtype=sfc/type=cf/
http://apps.ecmwf.int/datasets/data/tigge/levtype=sfc/type=cf/
http://www.grid.am
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of wind speeds and gusts in Fig. 3 are very similar and 
highly correlated. Winter season (from December to Feb-
ruary) is characterized by relatively calm wind conditions 
with monthly mean wind speed, maximum wind speed and 
maximum gusts varying from 0.8 to 1.2 m s−1, from 2 to 
3 m s−1 and from 4 to 6 m s−1, respectively. During the 
spring (from March to May) wind speed increases, which 
is associated with the strengthening of frontal, cyclonic and 
thunderstorm activities in the study region. Monthly mean 
and maximum wind speeds and maximum gusts vary from 
2.0 to 2.3 m s−1, from 4 to 5 m s−1 and from 9 to 11 m s−1, 
respectively. The well-defined maximum in monthly wind 
speeds at Yerevan-Zvartnots station is observed during the 
summer, in July–August months, when the thermal circu-
lation and valley winds influence the study region. Annual 
maximum values of wind speeds during period of July–
August reach up to 3.5, 8 and 14.7 m s−1, for mean, maxi-
mum wind speeds and for maximum gusts, respectively. 
During the autumn season wind speeds in Yerevan show 
steady decrease, with elevated wind speeds in September 
(maximum wind speed and gust are 5.0 and 10.8 m s−1 
respectively), when the influence of thermally induced cir-
culation still exists, and with low wind speeds at the end of 
the season (in November maximum wind speed and gust 
are 3.0 and 5.0 m s−1, respectively).

The estimated standard deviations (the colour bars in 
Fig. 3) indicate the highly variable nature of wind speeds 

during the transition months in wind regime of Yerevan, 
namely in March, June and September. By contrast, rela-
tively calm months of December, January and February 
are characterized by low standard deviations and year-to-
year variability in wind speeds. Relatively low values of 
standard deviations of wind speed during the period of 
July–August suggest that these months are characterized 
by persistent high wind events in Yerevan. The constancy of 
high winds in July–August is explained by development of 
plain–plateau thermal circulation which is the main driver 
of wind climate variability during this period.

Monthly mean and maximum wind directions are pre-
sented in Fig. 4. The estimates of monthly maximum 
wind directions were derived from directions of daily 
maximum wind speeds. 90°, 180°, 270° and 360° cor-
respond to the east, the south, the west and the north, 
respectively. Figure 4 shows that during the most of year 
winds from the southeast quadrant dominate in Yerevan. 
Monthly directions for mean wind speeds do not change 
significantly from March to October varying from 107° to 
126°. Mean wind speeds directions are slightly different 
in winter months showing the predominance of easterly 
and northeasterly winds which may be result of formation 
of surface temperature inversions and local drainage flows 
over low elevated parts of Ararat valley and at Yerevan-
Zvartnots station under anticyclonic circulation (Gevorg-
yan 2014).

Fig. 3  Monthly mean wind 
speeds (lines, m s−1) and stand-
ard deviations (bars, m s−1) at 
Yerevan-Zvartnots station for 
period 1992–2014. Mean wind 
speed is indicated with red, 
maximum wind speed is indi-
cated with blue, maximum wind 
gust is indicated with orange

Fig. 4  Monthly wind directions 
(lines, deg.) and standard devia-
tions (bars, deg.) at Yerevan-
Zvartnots station for mean (red) 
and maximum (blue) wind 
speeds over period 1992–2014
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Figure 4 shows that the annual cycle of maximum wind 
speed direction (blue line) is quite different from that for 
mean wind speed. In general southeasterly to southerly 
winds prevail in most of year with maximum wind direc-
tions ranging from 130° to 170°. The strongest wind direc-
tion changes occur in June and September months which 
are considered as transition months indicating the begin-
ning and the end, respectively, of the period with specific 
wind regime in Yerevan. It is worth noting that monthly 
maximum wind speed directions for July and August 
months characterized by high wind speeds (Fig. 3) are 
almost the same (60° and 59°) dominated by northeasterly 
quadrant. Enhancement of northeastern maximum winds 
in July–August is explained by existence of valley winds 
blowing parallel to the local northeast-southwest oriented 
valley axis of Hrazdan River (Fig. 2). Thus, local topogra-
phy affects the wind direction and wind speed in Yerevan 
due to forced channeling effects. Standard deviations of 
wind directions (colour bars in Fig. 4) are quite high for 
both monthly mean and maximum wind speeds indicat-
ing highly variable nature of wind direction. However, 
it is worth noting significantly lower values of standard 
deviations and low interannual variability of maximum 
wind speeds directions during July–August (from 67° to 
71°) leading to dominance of wind with a northeasterly 
component.

3.2  Impact of valley wind systems on diurnal cycle 
of weather regime in Yerevan

The results from previous section show significant impact 
of valley wind systems on wind climate of Yerevan, par-
ticularly during the period of July–August when the influ-
ence of the thermally induced mountain-valley circula-
tion is at its peak. This section aims at understanding how 
valley wind systems affect local climate conditions in 
Yerevan, with the strongest impact expected within plan-
etary boundary-layer (PBL). To this end, sub-daily varia-
tions of surface wind, temperature, pressure and humidity 
in days with strong and weak wind gusts in Yerevan (as it 
was defined in Sect. 2) are analyzed for 1992–2014 (July–
August). Figure 5 shows mean diurnal cycle of wind speed 
and direction in Yerevan based on 3-hourly observations. 
It should be noted that observational times are presented 
in Coordinated Universal Time (UTC), while local civil 
time (LCT) in Armenia is four hours ahead (UTC + 4 h). 
Figure 5 highlights the well-defined diurnal cycle in wind 
conditions in Yerevan, particularly, in days with strong 
wind gusts (red lines). Wind conditions during morning and 
daytime hours (from 0600 to 1200 UTC) are very similar 
both in days with strong and weak gusts. During this calm 
hours-period, southeasterly to southerly winds are observed 
with mean values of 10-min wind speeds and 3-hourly 

wind gusts varying from 1.9 to 2.7 m s−1 and from 4.5 to 
6.5 m s−1, respectively. The dominance of southeasterly 
to southerly winds in Yerevan is due to the influence of 
the Persian thermal trough propagating from the south to 
Armenia in the lower and middle troposphere (Gevorgyan 
and Melkonyan 2014). The strongest changes in both wind 
direction and wind speed are observed in evening hours 
at 1500 UTC (1900 LCT) in days with severe wind gusts 
(the red lines and bars in Fig. 5). Sustained northeasterly 
surface winds begin in the evenings and maintain up to the 
beginning of night (from 1500 to 2100 UTC). These are 
so-called local valley winds in Yerevan with wind direction 
and speed significantly affected by the northeast-to-south-
west oriented valley of Hrazdan river (Fig. 2). Maximum 
wind speeds and gusts are observed at 1800 UTC exceed-
ing 9 and 17 m s−1, respectively. By contrast, much calmer 
wind regime is observed in the evening hours in Yerevan 
in days with weak wind gusts (the blue lines and bars in 
Fig. 5). First, there is a 3-h delay in arrival of valley winds 
occurring at 1800 UTC (2200 LCT). Second, the changes 
in both wind speed and direction are much gentler, and the 
maximum gusts at 1800 UTC is quite low slightly exceed-
ing 8 m s−1. Thus, wind speed changes around 1500 UTC 
can be considered as a key indicator of developing and 
nowcasting of evening-hours valley wind systems in Yere-
van. However, it should be noted that the highest wind 
speed variability was obtained for the times of significant 
shifts in wind regime, i.e. at 1800 and 1500 UTC for days 
with weak and severe wind gusts, respectively. Thus, 1500 
UTC standard deviations of mean wind speeds and maxi-
mum gusts for days with strong gust events constitute 2.8 
and 4.4 m s−1, respectively.

Furthermore, the results of Student’s t test showed 
that mean values of wind speeds and wind gusts are sig-
nificantly higher during the days with strong wind gusts at 

Fig. 5  Mean diurnal cycle of 10-min mean wind speed (solid lines, 
m s−1) and direction (colour bars, deg.), and 3-hourly maximum 
wind gusts (dotted lines, m s−1) observed at Yerevan-Zvartnots station 
in July–August months (1992–2014) for days with strong (red) and 
weak (blue) gusts
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most of observation times, except at 0600 UTC for 10-min-
average wind speed. Mean wind direction differences are 
statistically significant only for evening hours when the 
influence of valley wind systems in Yerevan is at its peak 
(at 1500, 1800 and 2100 UTC).

It is pertinent to examine the impact of valley wind sys-
tems on sub-daily variability of air temperature, humidity 
and pressure in Yerevan. Figure 6a–c illustrate mean diur-
nal cycle of 2-m temperature, dew-point deficit and sur-
face pressure at Yerevan-Zvartnots station during July and 
August months for days with strong and weak wind gusts. 
Dew-point deficit considered as a measure of humidity is 
derived from simple difference between air temperature 
and dew-point temperature. Figure 6a indicates a strong 
diurnal cycle in surface temperature in Yerevan. Mean 
afternoon temperatures rise up to 34 °C at 1200 UTC (1600 
LCT), while temperature at sunrise is as low as 19 °C. On 
average, temperatures are higher during most of the day 
in Yerevan in days with strong valley winds. The posi-
tive temperature differences vary from 0.9 to 1.2 °C dur-
ing midday and afternoon (from 0600 to 1200 UTC). The 
higher daytime temperatures are mainly result of influence 
of regional-scale factors such as enhancement of warm 
air advection from the southeast and south through Per-
sian trough and heating effect of the Armenian Highland 
(Gevorgyan and Melkonyan 2014).

It is worth noting significantly higher nocturnal and 
morning temperatures in Yerevan during days with strong 
gusts with positive temperature differences as high as 
2.2 °C. The latter is due to one of the local impacts of val-
ley winds on temperature. Stronger wind speeds and wind 
gusts during nighttime hours (Fig. 5) maintain turbulent 
mixing of boundary layer, hereby preventing strong surface 

cooling and temperature drop in nighttime and morning 
hours during days with stronger valley winds. On the other 
hand, during the days with weak gusts in Yerevan stable 
nocturnal boundary layer develops leading to decoupling 
the near-surface air from layers aloft, formation of surface 
temperature inversion and stronger temperature decrease.

The second important local impact of valley winds on 
sub-daily variation of air temperature in Yerevan can be 
seen at 1500 UTC (1900 LCT). This is the only time when 
mean temperature in days with strong wind gusts is lower 
than that in days with weak gusts in Yerevan by 0.9 °C 
(Fig. 6a). The down valley winds start to blow at 1500 
UTC (the red lines in Fig. 5), advecting relatively cool air 
into Yerevan along the Hrazdan River from the north-east. 
These valley winds produce episodic temperature drop in 
Yerevan, while with the absence of (or weak) valley winds 
temperature drop at 1500 UTC is gentler (the blue line in 
Fig. 6a).

The general shapes of curves in Fig. 6b showing diurnal 
cycle of dew-point deficits in Yerevan, unsurprisingly, are 
very similar to those for air temperature in Fig. 6a, since 
dew-point deficits are partly derived from air temperature 
observations. The diurnal distributions of dew-point deficits 
show a single afternoon peak (exceeding 20 °C) indicating 
very hot and dry air conditions in Yerevan during days with 
both strong and weak gusts. On the other hand relatively 
cooler nighttime and morning hours are characterized by 
lower dew-point deficits (only 7–8 °C at 0300 UTC) and 
higher humidity. The prominent feature in Fig. 6b is sig-
nificantly stronger drop of dew-point deficit at 1500 UTC 
in days with strong valley winds in Yerevan (the red line 
in Fig. 6b). Again, this is due to the local effect of val-
ley winds starting to blow in evening hours in Yerevan. 
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However, the difference between dew point deficits in 
days with strong and weak gusts at 1500 UTC (−1.7 °C) 
is higher than that between air temperatures (−0.9 °C, 
Fig. 6a), suggesting that northeasterly down valley winds 
advect not only relatively cool but also relatively humid air 
into Yerevan.

The results of Student’s test showed that the differences 
in mean 3-hourly temperatures in Yerevan (Fig. 6a) are 
all statistically significant, while the differences in mean 
3-hourly dew-point deficits (Fig. 6b) are statistically sig-
nificant only at 0000, 0300 and 1500 UTC.

Figure 6c shows that the diurnal distribution of surface 
pressure at Yerevan-Zvartnots station in days with strong 
gusts is in good agreement with that in days with weak 
gusts. Pressure increases in morning hours and the daily 
maximum pressure is observed at 0600 UTC (1000 LCT) 
equal to 913.7 and 914.8 hPa in days with strong and weak 
valley winds, respectively. Decrease in surface pressure 
starts in afternoon and lasts until the evening with mini-
mum surface pressure at 1500 UTC (1900 LCT) equal to 
909.6 and 910.8 hPa in days with strong and weak valley 
winds, respectively. It should be noted that, surface pres-
sure is significantly lower (on average from 1.1 to 1.4 hPa) 
at all observational times (except for 1800 and 2100 UTC) 
during days with strong valley winds. As discussed above 
this is due to both dynamical (enhanced influence of the 
Persian trough) and thermal (stronger surface heating over 
the Armenian Highland) factors. However, it is worth not-
ing strong pressure increase in late evening and night hours 
in days with strong valley winds (the red line in Fig. 6c) 
with a rate exceeding 1.6 and 1.2 hPa within 3 h at 1800 
and 2100 UTC, respectively. The latter is likely due to local 
dynamical effect of valley winds.

In addition to 3-hourly temperature observations, 
July–August daily maximum and minimum tempera-
tures at Yerevan-Zvartnots have been analyzed for period 
1992–2014 in days with strong and weak wind gusts. Two 
widely used extreme temperature indices were selected in 
this study, namely tx90p and tn90p. Tx90p (tn90p) is per-
centage of days with daily maximum (minimum) tempera-
tures exceeding the 90th percentile data. These extreme 

temperature indices are of great importance for human 
health issues, particularly, for highly populated city of 
Yerevan characterized by hot summers. Firstly, 90th per-
centiles of daily maximum and minimum temperatures in 
Yerevan were estimated for July and August months using 
data for period 1992–2014 (Fig. 7). It can be seen from 
Fig. 7 that the 90th percentiles of both daily maximum and 
minimum temperatures in Yerevan are quite high, exceed-
ing 36 °C and 20 °C, respectively, in most of July–August. 
The peak of 90th percentiles of daily maximum and mini-
mum temperatures is observed during the period between 
the end of July and the beginning of August, when the daily 
maximum and minimum temperature estimates reach up to 
40 and 25 °C, respectively.

Based on the daily threshold values presented in Fig. 7, 
July–August tx90p and tn90p indices are estimated for 
Yerevan-Zvartnots station during the days with strong and 
weak gusts (Fig. 8). Extremely high daytime temperatures 
are observed in 9 and 11 % of days (tx90p) with strong and 
weak gusts in Yerevan, respectively. Thus, there is no sig-
nificant impact from valley winds on daytime temperature 
increase in Yerevan and on tx90p. The latter is not surpris-
ing, since the valley winds start to blow in Yerevan in the 
evening hours (at 1500 UTC or at 1900 LCT, Fig. 5) fol-
lowing high daytime temperatures. By contrast, strong val-
ley winds impact daily minimum temperatures leading to 
significantly higher frequency in occurrence of warm nights 

Fig. 7  The 90th percentile 
estimates of daily maximum 
(the red line, in the left axis) 
and minimum (the blue line, in 
the right axis) temperatures (°C) 
in July and August months at 
Yerevan-Zvartnots station over 
period 1992–2014
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in Yerevan. During days with strong valley winds in Yere-
van tn90p is three times higher (15 %) than in days with 
weak valley winds (5 %). The influence of valley winds on 
nighttime and morning temperature regime in Yerevan was 
discussed above (Fig. 6a).

Finally, mean wind roses for maximum and mean daily 
wind speeds and directions in July–August months in Yere-
van for days with strong and weak gust events are analyzed. 
To this end, wind directions were grouped into 8 sectors of 
45° each, and relative frequencies of days with different 
wind direction categories are presented in terms of wind 
roses (Fig. 9a, b).

The general shapes of the wind roses produced for daily 
maximum wind speeds in days with strong and weak val-
ley winds in Yerevan are similar (Fig. 9a). Observed daily 
maximum winds are very much dominated by the northeast 
sector which is result of local topography influence on the 
wind direction. As was discussed above, thermally driven 
strong winds blow down valley, parallel to the local axis 
of Hrazdan River valley oriented from the northeast to the 
southwest. However, the wind direction distribution for 
strong wind events (the red line in Fig. 9a) is narrower than 
that for weak wind events (the blue line in Fig. 9a), with the 
relative frequencies of northeasterly down valley winds of 
90 and 73 %, respectively.

Figure 9b indicates that the wind roses for daily mean 
wind speeds are quite different from those in Fig. 9a, and 
the influence of local valley winds on the wind direction 
in Yerevan is not identified in this case. The wind direction 
regime of daily mean wind speed is mainly explained by 
regional-scale circulation. Figure 9b shows the similar-
looking wind roses for days with strong and weak wind 
gusts in Yerevan indicating that observed daily mean winds 
are mainly dominated by the east and southeast sectors. As 
discussed above, the dominance of easterly and southeast-
erly winds in Yerevan in July–August months is related to 

the influence of northern sector of the Persian trough. It is 
these sustained easterly and southeasterly winds that lead 
to formation of persistent hot and dry weather conditions in 
Yerevan and in low-elevated valley regions of Armenia dur-
ing most of July–August months.

4  Spatial pattern of valley wind systems 
in Armenia: observations and simulations

The present section focuses on the spatial variations of 
surface wind speeds and directions over the territory of 
Armenia, particularly, assessing the impact of local val-
ley winds on spatial pattern of winds during July–August 
months. In addition to observed winds, simulated wind 
fields from global ECMWF EPS and regional WRF-ARW 
models are examined in this section. Current LAMs have 
progressed dramatically in recent decades with respect 
to models resolution and physics. However, a little work 
has been done on assessment of the added value in wind 
simulations due to application of dynamical downscaling 
obtained from LAMs with respect to the coarser resolu-
tion GCMs (García-Díez et al. 2015). It is therefore of high 
importance to assess the performance and abilities of high 
resolution LAMs in simulating complex mountain bound-
ary layer processes such as thermally induced strong valley 
wind system in Armenia. With this aim, mean wind obser-
vations derived from all meteorological stations of Armenia 
(Fig. 2), 18-h wind forecasts derived from ECMWF EPS 
and WRF-ARW models are analyzed in July and August 
months in 2014. Wind data at only 1800 UTC (2200 LCT) 
observational time are considered, since the peak of the 
valley wind influence is generally at this time (Fig. 5). 
Here, only 1 year (2014) is considered instead of the whole 
period of 1992–2014 used in wind climate analysis in Yere-
van in the previous sections. There are two main reasons 
for that. First, due to limited computational resources, it 
was not possible to run high-resolution WRF-ARW model 
for multiple years. Second, it was problematic to involve 
wind observations from significant number of stations 
because of the shortness of records of wind observations 
and suspect observational data in previous years associated 
with instrumental issues. Many weather stations in Arme-
nia were closed at the beginning of the 1990s, and most of 
those stations were not operational up to the beginning of 
the 2000s (Vardanyan et al. 2013). It should be noted that 
in July and August months of 2014, totally, 54 days were 
considered, since the other 8 days were excluded as wet 
days, while 24 and 8 days were characterized by strong and 
weak wind gusts, respectively.

Mean 1800 UTC spatial distribution of 10-m winds in 
Armenia obtained from observations and WRF-ARW 
18-h wind forecasts for July–August months of 2014 is 
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presented in Fig. 10a–f. In order to better understand a 
topographical generation of local valley winds in Arme-
nia observed winds and topography are superimposed in 
Fig. 10a, c and e. The main feature of the spatial distribu-
tion of July–August mean winds in Fig. 10a is consider-
ably enhanced northeasterly winds along Hrazdan River. 
The forced channeling occurs within the narrow valley 
of Hrazdan River, which aligns the surface wind direc-
tion by the valley axis significantly enhancing the wind 
speeds. However, there is a considerable variation in wind 
speeds along the valley. Valley winds are weak at the valley 
entrance, originating from the north-western part of Sevan 
Lake, with mean wind speed varying from 2 to 4 m s−1. 
Winds rapidly strengthen and maximize in the middle flows 
of Hrazdan River, near the Yerevan, with mean wind speeds 
reaching up to 8 m s−1. However, valley winds abruptly 
decay once entering into the relatively flat and open area 
of Ararat plain. Thus, mean winds do not exceed 2 m s−1 
in the western (station Armavir, Fig. 2) and southeastern 
(stations Artashat and Ararat, Fig. 2) low-elevated parts 
of Ararat plain. Furthermore, Fig. 10a shows that there 
are other windy stations located at the mountain passes. 
Mountain passes are sites of enhanced winds because of 
their altitude and forced channeling of winds. Particularly, 
Pushkin-pass and Vorotan-pass stations located in the north 
and southeast of Armenia (Fig. 2) are characterized by 
strong easterly winds with wind speed varying from 5 to 
8 m s−1. Observed mean wind speeds at the other stations 
of Armenia generally do not exceed 2–3 m s−1. During the 
days with strong wind gusts in Yerevan, northeasterly val-
ley winds along Hrazdan River are significantly enhanced 
(Fig. 10c) and maximum wind speeds reach up to 9 m s−1 
in the middle flows of river. High winds are observed at the 
stations located at the mountain passes. Figure 10e shows 
that valley wind systems are significantly reduced in days 
with weak wind gusts in Yerevan. The spatial pattern of 
valley winds along Hrazadan River is not as clear as in 
Fig. 10a and 10c, with maximum wind speed in the middle 
flows of the valley not exceeding 6 m s−1. Again, increased 
wind speeds can be seen in the other windy stations.

Figure 10b, d, e show that WRF wind forecasts clearly 
capture the main pattern of northeastern topographically 
channeled valley wind systems along Hrazdan River. 
Generally, the spatial confinement of valley winds along 
Hrazdan River, i.e. strengthening winds in the middle 
flows and abrupt break down of valley winds in the lower 
flows of Hrazdan River, over flat and open terrain of Ara-
rat plain, are successfully reproduced by WRF model. 
Furthermore, strengthening and weakening of valley wind 
systems during days with strong and weak wind gusts in 
Yerevan, respectively, are simulated successfully as well 
(Fig. 10d, e). However, after visual comparison of observed 
and simulated valley winds, it can be seen that WRF model 

overestimates wind speeds along the whole Hrazdan River 
valley. Forecasted mean wind speeds in Fig. 10b, d exceed 
10 m s−1 in the middle flows of Hrazdan River where the 
impact of terrain channeling is at its maximum. There are 
also forecasts of much stronger than observed valley winds 
during the days with weak wind gusts in Yerevan. However, 
it can be seen from Fig. 10b, d and f that strong winds at 
Pushkin-pass and Vorotan-pass windy stations are not cap-
tured by the WRF model which is likely due to the inad-
equate representation of model topography for those par-
ticular stations.

Another prominent feature of the spatial patterns of 
surface winds in Armenia which can be seen both in the 
observed and WRF-simulated winds is the existence of 
circular winds or wind curls around the slopes of Aragats 
mountain massif (Figs. 2, 10a–f). Aragats mountain acts 
as a natural barrier significantly redirecting and modify-
ing boundary-layer easterly winds in the vicinity of the 
mountain massif. On the other hand, relatively weak south-
westerly winds (wind speeds do not exceed 4 m s−1) are 
observed above boundary-layer, at Aragats mountain sta-
tion located at 3229 m above sea-level (Fig. 10a, c, e).

The spatial distribution of ECMWF EPS 18-h surface 
wind forecasts for July–August months of 2014 in Armenia 
is presented in Fig. 10a–c. The ECMWF mean wind fields 
provide very general and smooth picture of spatial distribu-
tion of surface winds over Armenia, and the model fails to 
reproduce spatial variations of winds in Armenia associated 
with influence of topography, i.e. forced channeling, wind 
curl, etc. The ECMWF simulated mean winds are strongly 
underestimated and vary within very narrow range over the 
entire Armenia, mainly between 0 and 2 m s−1. However, 
it is worth nothing slightly enhanced northeasterly winds 
exceeding 2 m s−1 in the south-east of Armenia during 
the days with strong wind gusts in Yerevan (Fig. 11b). The 
above, once again, underscores the importance of appli-
cation of regional climate models (RCMs) over Armenia 
characterized by mountain topography leading to various 
local and mesoscale circulations such as thermally induced 
valley wind systems.

4.1  Verification of WRF‑ARW wind forecasts 
in Yerevan

The previous section clearly showed that WRF-ARW 
model produces significant added value relative to 
ECMWF EPS global model in simulating key features of 
the spatial pattern of mesoscale and local winds over Arme-
nia, i.e. terrain channeling, wind curl, etc. Considering 
the substantial spatial resolution difference between WRF 
(~3 km) and the ECMWF (~28 km) this added value was 
expected. However, it was noted that WRF wind forecasts 
overestimate observed valley winds in Yerevan. In order to 
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Fig. 10  Mean 1800 UTC 
spatial distribution of 10-m 
winds in Armenia obtained from 
observations (a, c, e) and WRF-
ARW 18-h wind forecasts (b, 
d, f) for July–August months of 
2014. Wind data are averaged 
for the entire period of July–
August in a and b, for days with 
strong wind gusts in Yerevan in 
c and d, and for days with weak 
wind gusts in Yerevan in e and 
f. For illustration purposes wind 
vectors in b, d and f are plotted 
every fourth column or row of 
grid points, i.e. every 12 km
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further examine this issue, verification of WRF-ARW 18-h 
wind speed forecasts at Yerevan-Zvartnots station for the 
entire period of July–August months of 2014 is performed 
through comparison of observational wind data at Yerevan-
Zvartnots station and wind forecasts derived from the near-
est WRF grid-point.

Time series of 1800 UTC observed and WRF-ARW 
simulated surface winds at Yerevan-Zvartnots station and 
the mean estimates of verification of wind forecasts are 
presented in Fig. 12 and Table 1, respectively. Verification 
results confirm that WRF model overestimates observed 
wind speeds in Yerevan on average by 1.8 m s−1 (Bias, 

Table 1). Furthermore, Fig. 12 and Table 1 show that WRF 
model fails to capture temporal (day-to-day) variability of 
surface winds in Yerevan resulting in relatively low cor-
relation coefficient between observed and 18-h forecasted 
winds (r = 0.4) and quite high RMSE of wind forecasts 
(3.6 m s−1).

There are several factors that might contribute to both 
the overestimation of valley winds in the model and sub-
stantial forecast errors. These include model resolution 
and the appropriateness of PBL physical parameterization 
schemes. In particular, simulation of the boundary-layer 
turbulence, the impact of the terrain-induced channeling 
on valley wind systems, as well as, the surface roughness 
impacts might be misrepresented in WRF model. In addi-
tion to the local factors, there might be influence from 
large-scale factors as well.

5  Discussion and conclusions

The study is the first attempt that provides a detailed analy-
sis of summertime wind climate in Yerevan with particular 
focus given to the impact of thermally driven valley wind 
systems. 1992–2014 wind climatology analysis showed 
that significantly high and sustained northeasterly winds 
in Yerevan are observed during July–August months, when 
the thermal circulation influence is at its peak.

The impact of valley wind systems was quantified 
through definition of days with strong and weak wind 
gusts in Yerevan. It was shown that valley winds signifi-
cantly impact near-surface wind, temperature and humid-
ity regimes in Yerevan. It was found that earlier develop-
ment of valley winds systems (at 1500 UTC or at 1900 
LCT) results in significantly stronger winds and gusts in 

Fig. 11  Mean 1800 UTC spatial distribution of 10-m winds in Arme-
nia obtained from ECMWF EPS 18-h wind forecasts for July–August 
months of 2014. Wind data are averaged for the entire period of July–

August in a, for days with strong wind gusts in Yerevan in b, and for 
days with weak wind gusts in Yerevan in c. The same colour bar is 
used for wind vectors as in Fig. 10

Fig. 12  Time-series of 1800 UTC observed (blue curve) and WRF-
simulated (red curve) surface wind speeds (m s−1) at Yerevan-Zvart-
nots station for the entire period of July–August of 2014

Table 1  Mean statistical scores of verification of WRF-ARW 18-h 
wind forecasts at Yerevan-Zvartnots station for the entire 54-days 
period of July–August months, 2014

Bias (m s−1) RMSE (m s−1) R

1.8 3.6 0.4
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the late evening, at 1800 UTC (2200 LCT) in Yerevan. Val-
ley winds are very much dominated by the northeast sec-
tor, parallel to the local northeast-southwest oriented val-
ley axis of Hrazdan River. By contrast, the days with the 
delayed onset of the valley winds (around 1800 UTC or 
2200 LCT) are characterized by relatively calm wind con-
ditions and weaker gusts in Yerevan. Therefore, wind speed 
changes around 1500 UTC can be used as a key predictor 
for nowcasting of strong evening wind gusts in Yerevan and 
at Zvartnots International Airport. This is a simple way of 
improvement of severe wind and gusts forecasts at Zvart-
nots International Airport which is expected to contribute 
to the issue of terminal aerodrome forecasts and safer air-
traffic operations.

On average, hot and dry weather dominates in Yerevan 
in July–August months. During afternoon hours (around 
1200 UTC), temperatures in Yerevan reach up to 34 °C, 
while dew-point deficits exceed 20 °C. Northeasterly valley 
winds advect relatively cool and humid air into Yerevan in 
evening hours leading to lower temperatures and dew-point 
deficits at 1500 UTC (1900 LCT). This local impact of val-
ley winds is of great importance for highly populated city 
of Yerevan, since it moderates health issues caused by hot 
and dry weather. On the other hand, valley winds result in 
significantly higher nocturnal temperatures and more fre-
quent occurrence of warm nights (tn90p) in Yerevan due 
to stronger turbulent mixing of boundary layer preventing 
strong surface cooling and moderating temperature drop in 
nighttime and morning hours.

The spatial distribution of surface winds over the terri-
tory of Armenia was examined to assess the impact of val-
ley wind systems on the spatial pattern of winds in Armenia 
during July–August months. The most prominent feature of 
the spatial pattern of July–August 1800 UTC mean winds 
is the existence of high northeasterly winds along Hrazdan 
River. Forced channeling of the surface winds plays impor-
tant role in the enhancement of along valley wind speeds 
in the middle flows of Hrazdan River and over Yerevan. 
However, there is a strong spatial confinement of impact 
of valley winds. Wind bursts span only 20–30 km along 
the middle flows of Hrazdan River reaching up to Yerevan, 
where the impact of terrain channeling is strongest. Further 
to the south-west of Yerevan, valley winds rapidly break 
down due to strong divergence of surface winds over flat 
and open terrain of Ararat plain, in the south-west of Arme-
nia. Furthermore, mountain passes are highlighted as sites 
of enhanced winds, while wind curl is observed over the 
slopes of mountain massive of Aragats.

In this study the ability of NWP models to simulate the 
spatial pattern of surface winds in Armenia is tested using 
18-h wind forecasts from WRF-ARW LAM and ECMWF 
EPS GCM models for July–August months. It was shown 
that WRF-ARW model is able to successfully produce key 

features of the spatial pattern of mesoscale valley winds 
over Armenia, e.g. terrain channeling, wind curl, etc. By 
contrast, ECMWF EPS coarse model fails to simulate the 
spatial pattern of surface winds in Armenia adequately.

Overall, current and earlier studies highlight the impor-
tance of application of high-resolution regional climate 
models (RCMs) over mountain areas like Armenia and 
South Caucasus region. Thermally induced mountain-val-
ley wind systems, topographical generation of clouds and 
precipitation events, etc., are considered as significant fea-
tures of the study region (Gevorgyan 2012, 2013; Gevorg-
yan and Melkonyan 2014). However, the complexity of sur-
face winds poses a challenge to any model including WRF 
model applied in this study. The results of statistical verifi-
cation of surface winds in Yerevan showed that substantial 
biases and errors are present in WRF 18-h wind forecasts. 
Overestimation of WRF wind forecasts may be because of 
a lack of representation of PBL over finescale valley orog-
raphy leading to unresolved influences from surface rough-
ness and surface drag in WRF model. Therefore, sensitiv-
ity studies on testing various parameterizations schemes of 
PBL physics should be considered in future works with the 
aim to improve simulation of valley wind systems in Arme-
nia. Moreover, statistical downscaling methods should be 
applied to further correct biases of WRF wind forecasts in 
Yerevan.
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