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stretching along the Black and Caspian seas are charac-
terized by significant negative temperature differences. It 
should be noted that ERA-Interim reanalysis data strongly 
underestimate the significant negative differences in mean 
daytime temperatures over northeastern, southeastern parts 
of Armenia and over Sevan Lake basin found in observed 
data. The results suggest intensification of the plain–plateau 
circulation over the Armenian Highland induced by recent 
surface warming over the study region. Temperature projec-
tions over the study region for the twenty-first century show 
that the enhancement of the plain–plateau circulation can be 
expected under future climate conditions.

Keywords The Armenian Highland · Plain–plateau 
circulation · Severe wind gusts · Atmospheric boundary 
layer

1 Introduction

It has been recognized since the early days of meteorology 
(von Hann 1915) that plateaus induce a diurnal circulation. 
On a plateau, radiative heating or cooling of the ground and 
the ensuing turbulent heat fluxes act at a larger height than 
over the surrounding lowlands. Thus, the overlying atmos-
phere undergoes a larger diurnal temperature variation than 
the adjacent atmosphere over the lowlands. During the day, 
the air over the plateau is warmer than the surrounding free 
atmosphere so that the pressure decreases with height more 
slowly over the plateau than around it. This leads to the for-
mation of a thermally direct circulation with inflow at low 
levels, rising motion over the plateau, and outflow at higher 
levels.

The study region including the main part of the Arme-
nian Highland and Southern Caucasus region (Fig. 1) 

Abstract The heat-driven plain–plateau circulation pro-
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is characterised by complex geography and large-scale 
atmospheric circulations. The region contains several large 
water bodies and significant topography, including Cauca-
sus mountains in the north and north-east, mountain ranges 
and plateaus of the Armenian Highland stretching from 
west to east and the Kura-Araks plain located in the east. 
Because of its large size and its complex orography, the 
study region has a special influence on the weather systems 
coming from the outside and passing over it, but also pro-
duces its own systems with certain properties peculiar to 
the plateau. It was shown in previous works that the major 
mountain ranges acting as natural barriers play an impor-
tant role in regional and synoptic scale circulations of the 
study region redirecting the movement of cold fronts from 
the northwest and northeast and blocking northerly flows in 
the lower troposphere (Gevorgyan 2013; Tyrlis et al. 2013). 
These outside systems and the ones locally produced may 
interact with each other. All these processes make the sum-
mer circulation and the spatial distribution of precipita-
tion, temperature and wind quite complicated in this region 
(Gevorgyan 2012, 2013; Evans et al. 2004).

This study examines one of the regional processes, 
peculiar to the study region, namely the heat-driven plain–
plateau circulation which produces strong summertime 
winds in Yerevan. The mechanism of formation of the 

plain–plateau circulation over the considered region has 
been studying since 1950s (Selezneva 1958; Zoryan 1974; 
Elliott et al. 2003). The topography plays an important 
role on the considered regional-scale circulation through 
dynamical and thermo-dynamical effects. These effects 
are largest in midsummer, when heating on the central 
and southeastern parts of the Armenian Highland (Fig. 1) 
is greatest, producing a steep west-to-east temperature 
gradient between the Armenian Highland and the Kura-
Araks plain at lower troposphere. As a result, easterly 
winds blowing from the Caspian Sea are observed over the 
Kura-Araks plain and eastern regions of Armenia at lower 
troposphere, while the presence of westerly winds can be 
seen aloft. Such circulations are known to be strongest 
during the afternoon when daytime heating has produced 
a strong temperature contrast between the plateau-warmed 
atmosphere and free atmosphere over the plain. Mountain 
passes and valleys serve as regional and local wind cor-
ridors allowing for accelerated wind flow and producing 
strong local wind gusts at specific sites such as Yerevan. 
Despite some dangerous consequences of severe gusts, 
these winds are very expected by the population of Yere-
van. The afternoon (or evening) winds are significant to 
climate of the high-populated city (with population exceed-
ing one million) because they advect relatively cool air into 

Fig. 1  The physical map of the Armenian Highland and Southern Caucasus region (90 m digital elevation model obtained from United States 
Geological Survey (USGS, http://earthexplorer.usgs.gov) and ArcGIS software were used to obtain Fig. 1)

http://earthexplorer.usgs.gov
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Yerevan moderating summertime temperatures (equalling 
or exceeding 35 °C). Furthermore, these winds act to venti-
late the planetary boundary layer over Yerevan.

The heat-driven circulation over the Armenian High-
land and Southern Caucasus region is not unique. Major 
plateaus throughout the world are known to drive diurnal 
plain–plateau circulations. The heat-driven circulation has 
been studied over the Tibetan plateau (Ye 1981; Luo and 
Yanai 1984; Yang et al. 2004; Sato and Kimura 2005), 
Zagros plateau (Zarrin et al. 2011; Zaitchik et al. 2007), 
Bolivian plateau (Rao and Erdogan 1989), Alps (Hafner 
et al. 1987). It was found that the heating effect of Zagros 
Plateau stretching southern of Armenia (Fig. 1) drives sub-
stantial plain–plateau circulation that influences weather 
and the transport of atmospheric contaminants in Mesopo-
tamia (Zaitchik et al. 2007). Very interesting results have 
been obtained from recent works on the investigation of the 
tropospheric thermodynamic state over the eastern Mediter-
ranean and the Middle East (EMME) and its link between 
the summer Asian monsoon and EMME circulation (Tyrlis 
et al. 2013; Rizou et al. 2013; Ziv et al. 2004).

The influence of annual and diurnal heat sources from 
elevated surfaces, such as plateaus, basins and mountain 
ranges, on meteorological fields is of considerable interest 
to climatology and to dynamic meteorology. Building on 
the results of both previous and recent studies we attempt 
to examine the atmospheric conditions of formation of 
plain–plateau circulation over the study region, stressing 
the regional impact of the Armenian Highland as an ele-
vated heat source, through a climatological approach.

2  Data and method

The regional climate models (RCMs) are often used for 
the process studies of regional climate system. The advan-
tages to use them are the higher spatial resolution and an 
ability to carry out the idealized sensitivity studies. Some 
interesting and important results based on performing 
sensitivity studies with RCMs have been obtained on the 
analysis of atmospheric impacts of heat-driven circula-
tions over Zagros plateau (Zarrin et al. 2011; Zaitchik 
et al. 2007). However, with the absence of available high 
resolution RCMs for the study region, we used magnitudes 
of daily maximum wind gust speeds recorded at Yerevan-
Zvartnots station a as a key indicator of the strength and 
intensity of plain–plateau circulation. Yerevan-Zvartnots 
station is located at the Zvartnots International Airport and 
this station is one of the main sources of weather informa-
tion for flights. The latter ensures the high quality of sur-
face wind data, as well as, the other observed meteorologi-
cal elements obtained from this station. Daily maximum 
gust speeds at 10 m above the surface were derived from 

3-hourly observations for the period of 1992–2007. Only 
July–August months have been considered in this study 
since the peak of the thermal circulation influence is gen-
erally in these warm months. To examine mean atmos-
pheric conditions of the plain–plateau circulation, as well 
as to examine differences in mean atmospheric conditions 
between days with severe and weak plain–plateau circula-
tion, over the study region each day has been categorized 
into days with severe wind gust events and weak wind gust 
events. Severe wind gust events and weak wind gust events 
have been defined as days with daily maximum gust speeds 
exceeding or equaling 15 m s−1 (Zoryan 1974) and not 
exceeding 10 m s−1, correspondingly (recorded at Yerevan-
Zvartnots station). It should be noted that severe wind gusts 
in Yerevan may be related to convective thunderstorms or 
the passage of cold atmospheric fronts (Gevorgyan 2013). 
In order to exclude these events we did not consider both 
wet days (days with precipitation) and cold days (days 
with maximum temperatures that were lower than the cor-
responding monthly mean maximum temperature by 3 °C 
and more) recorded at Yerevan-Zvartnots station. The 
weather conditions and temperature regime in Yerevan are 
highly persistent during the summer season, particularly in 
July–August. The standard deviations of daily maximum 
temperatures for July and August at Yerevan-Zvartnots sta-
tion consist of 2.83 and 2.73 °C, respectively, over 1992–
2007. Thus, deviation of maximum daily temperatures 
from monthly mean maximum temperatures by −3 °C and 
more is quite acceptable to define cold days both for July 
and August.

As a result, the subset of 161 days, being cold or wet, 
was excluded from the analysis. In particular, 102 days 
were as wet days and only 59 days were as pure cold days. 
The other subset of 296 days with moderate gusts (with 
gusts varying from 11 to 14 m s−1) was also excluded from 
the analysis. Finally, subsets of 416 and 119 days with 
severe wind gust events and weak wind gust events, corre-
spondingly, over 1992–2007 period have been considered.

In this study, ERA-Interim reanalysis data (Dee et al. 
2011; Berrisford et al. 2011) from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) is used to 
describe large-scale and regional-scale atmospheric con-
ditions. The dataset has a horizontal resolution of T255 
(on a 0.75° × 0.75° grid). The ability of ERA-Interim 
data to represent regional-scale and synoptic-scale circu-
lations over the study region has been tested previously 
(Gevorgyan 2013). It was shown that the ERA-Interim 
data captures key features of the regional circulation over 
Armenia and Southern Caucasus. Large scale fields of 
ERA-Interim daytime potential temperature, air tempera-
ture, wind, northward and eastward wind components, 
geopotential height at 300 hPa, eastward heat flux and 
vertical velocity at 300 hPa were considered. Regional 
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variables of daytime sea-level pressure (SLP), skin tem-
perature, surface temperature and pressure, air tempera-
ture wind, geopotential height at different pressure levels 
(at 850, 700, 500 hPa), vertical velocity at 700 hPa were 
used from ERA-Interim reanalysis data. Furthermore, 3-h 
forecasts of boundary layer height obtained from ERA-
Interim model have been used. To further examine sur-
face differential heating caused by the elevation changes 
within Armenia maximum ground temperatures, maxi-
mum air temperatures and surface pressure at 1200 UTC 
(at 1700 Armenian local time) obtained from 39 mete-
orological stations of Armenia have been used. The full 
dataset from the selected stations was quality controlled. 
Suspicious data have been identified and checked through 
a pairwise comparison between highly correlated neigh-
bor stations. Wrong data have been excluded from further 
analysis.

Monthly outputs for mean 2 m maximum tempera-
ture from Community Climate System Model 4 (CCSM4, 
National Center for Atmospheric Research) up to the end of 
twenty-first century is used in this study (Sect. 5). Changes 
in mean 2 m maximum temperature over the Armenian 
Highland and neighboring regions may influence the tem-
perature contrast under future climate conditions that 
underlies the heat-induced circulations described in this 
study. CCSM4 is considered as high resolution model from 
Coupled Model Intercomparison Project Five (CMIP5) 
General Circulation Models (GCMs) including new physi-
cal parameterizations (cumulus convection scheme, a high 
accuracy radiation scheme), new land models and aerosol 
effects on clouds (Gent et al. 2011). CCSM4 was used in 
several recent studies (Wang and Chen 2013; Meleshko and 
Govorkova 2013; Sporyshev and Govorkova 2013; Pavlova 
and Kattsov 2013; Chen et al 2013). Meleshko and Govork-
ova (2013) and Sporyshev and Govorkova (2013) employed 
34 models out of CMIP5 to investigate model-performance 
error over Northern Hemisphere and Russia quantified by 
the root-mean-square error and correlation coefficient, and 
CCSM4 was among the ten successful models in terms of 
temperature and precipitation representation over the men-
tioned areas. CCSM4 was selected for preparation of Third 
National Communication on Climate Change in Armenia 
(Gevorgyan et al 2014; Melkonyan et al 2014). The RCP4.5 
scenario for future greenhouse gas emissions is used in 
this study as defined in Moss et al. (2010), where RCP4.5 
assumes middle emissions. In addition, only one ensemble 
member is chosen for this study identified as r1i1p1 for 
CCSM4 though multiple ensemble members are accessible.

A common two-sided Student’s t-test at 95 % level 
(Wilks 2006) was used to assess the statistical signifi-
cance of differences in mean ERA-Interim and observed 
fields between days with severe and weak wind gusts in 
Yerevan.

3  Results

3.1  The impact of large-scale atmospheric circulation

Of course, any hypothesis regarding locally induced 
dynamics must be nested in an understanding of the large-
scale atmospheric circulations that influence the region. In 
this section the impact of large-scale atmospheric circula-
tion on the regional-scale plain–plateau circulation over the 
Armenian Highland and Southern Caucasus is considered.

Figure 2a, b show mean large-scale fields of 1200 UTC 
potential temperature (θ, K) over 1992–2007 period (July–
August) for days with severe and weak wind gust events 
in Yerevan, respectively. Analysed fields of potential tem-
perature are produced on the “PV = ±2 PVU” surface on 
which the potential vorticity takes the value +2 PVU (1 
PVU = 10−6 m2s−1 K kg−1) in the Northern Hemisphere 
and −2 PVU in the Southern Hemisphere, provided such 
a surface can be found searching downwards from the 
model level close to 96 hPa (Berrisford et al. 2011). It can 
be seen from Fig. 2a, b that polar and arctic colder air-
masses (north of 45°N) are characterized by low potential 
temperatures (lower than 338 K), while tropical airmasses 
(from 25 to 35°N) are characterized by significantly higher 
potential temperatures (exceeding 370 K). The transitional 
zone between these colder and warmer airmasses stretches 
from the west to the east in the mid-latitudes of the North-
ern Hemisphere (from 35 to 45°N). The transitional zone 
is characterized by steep north–south potential temperature 
gradient giving rise to upper-level frontal zone over the 
Armenian Highland and further to the east. During days 
with severe wind gust events in Yerevan, there are two well-
defined warm centers with potential temperatures exceed-
ing 374 K located south of Armenia, over Zagros Plateau 
and to the north-west of India, respectively (Fig. 2a), while 
these warm centers disappear during days with weak wind 
gust events (Fig. 2b).

Figures 2c, d show mean 300 hPa geopotential height 
and wind at 1200 UTC over period 1992–2007 for days 
with severe and weak wind gusts in Yerevan, respectively. 
Comparison of Fig. 2c, d reveals the following important 
features:

First, at 300 hPa there are two upper level anticyclonic 
centers (976 dam isoheights, Fig. 2c) during days with 
severe wind gusts in Yerevan located to the south of the 
study region, over the Middle East, known as Iran anti-
cyclone, and further to the east, respectively. It should be 
noted that these anticyclonic centers are in good agree-
ment with the warm centers characterized by high poten-
tial temperatures (Fig. 2a). The subtropical Iran anticyclone 
is one of the main features of the summer circulation over 
the Middle East in the upper troposphere (Zaitchik et al. 
2007; Tyrlis et al. 2013; Rizou et al. 2013). The region lies 
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at the northern edge of the Hadley cell subsidence zone 
and the formation of Iran anticyclone is the result of the 
sinking air in the subsidence arm of the Hadley cell. Sec-
ond, it is possible that subsidence in the Middle East is the 
product of a dynamic link with monsoon regions in Asia 
and Africa. Rodwell and Hoskins (1996) proposed a plau-
sible mechanism by which condensational heating in Asia 
may contribute to subsidence in the Middle East, while Ziv 
et al. (2004) present evidence of a closed circulation that 
links rising motion in Asia and Africa to descending motion 
over the Middle East. On the other hand, these upper level 
anticyclonic centers can not be seen during days with weak 
wind gusts in Yerevan (Fig. 2d) which is consistent with the 
vanishing of the warm centers in Fig. 2b. Therefore, these 
remote drivers may have significant influence on formation 
of Iran upper anticyclone and strengthening of plain–pla-
teau circulation over the study region.

Second prominent features in Fig. 2c, d are the west-
erly subtropical jet (with wind speeds exceeding 20 m s−1). 
During days with severe wind gusts in Yerevan the westerly 

subtropical jet zone appears zonally in mid-latitudes of 
the Northern Hemisphere (consistent with the upper-level 
frontal zone, Fig. 2a) and extends from the Eastern Medi-
terraenan to Central Asia and further eastwards, up to 
100°E. However, the subtropical jet is much weaker and 
the area with strong winds (exceeding 20 m s−1) is signifi-
cantly reduced during days with weak wind gusts in Yere-
van (Fig. 2d). Strong westerlies can be seen only over the 
Armenian Highland and further to the east, over China, 
while wind speed does not exceed 20 m s−1 over eastern 
Caspian Sea and further to the east.

In order to better understand the large-scale dynamic 
factors leading to amplification of the westerly subtropi-
cal jet during days with severe wind gusts in Yerevan, we 
examined large-scale differences in the mean daytime 
potential temperature, air temperature and wind compo-
nents (meridional and zonal) at 300 hPa between severe and 
weak wind gust events in Yerevan (Fig. 3a–d). Figure 3a, b 
show the large-scale fields of differences in mean potential 
temperature and 300 hPa air temperature, respectively. It 

Fig. 2  Mean 1200 UTC potential temperature (θ, K) for days with 
severe (a) and weak (b) gust events in Yerevan. Mean 1200 UTC geo-
potential height (dam, contours) and wind (m s−1, vectors) at 300 hPa 
for days with severe (c) and weak (d) wind gust events in Yerevan 

(for illustration purposes vectors are plotted every fourth column or 
row of grid points). The large-scale fields are averaged over period 
1992–2007 (July–August). The Armenian state border is indicated 
with black
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can be seen from both Fig. 3a, b that the Anatolian plateau 
and the Armenian Highland represent a ‘hot spot’ and the 
warming takes the form of a eastward spreading significant 
positive temperature differences up to the Caspian Sea and 
to its east. The temperature increase in 300 hPa temperature 
and potential temperature consists of from 2.5 to 3.0 °C and 
from 6.0 to 8.0 °C, respectively, over Anatolian plateau and 
the Armenian Highland during days with severe wind gusts 
in Yerevan. Significant positive temperature differences can 
also be seen further to the east, over Eastern Asia. On the 
other hand, significant negative temperature differences 
can be seen to the north of the Caspian Sea with temper-
ature decrease in 300 hPa temperature and potential tem-
perature from −1.0 to −0.5 °C and from −5.0 to −4.0 °C, 
respectively. These significant temperature differences of 
opposite sign strengthen temperature gradient in the upper-
level frontal zone in days with severe wind gusts in Yere-
van (Fig. 2a) leading to the enhancement of the westerly 
subtropical jet over the Caspian Sea and further to the east 
(Fig. 2c). It should be noted that this region of strong wind 

shear is also a hot spot of cross-tropopause mixing (Traub 
and Lelieveld 2003).

Figure 3c, d show large-scale fields of mean differences 
in 1200 UTC meridional and zonal wind components at 
300 hPa, respectively. Figure 3c shows significant nega-
tive differences in northward wind component at 300 hPa 
north of the Black Sea (lower than −7 m s−1) suggesting 
that this region is characterized by a stronger northerly 
winds in days with severe wind gusts in Yerevan. The oppo-
site occurs to the south-west of this region. The area with 
significant positive differences in northward wind compo-
nent can be seen over Eastern Mediterranean (exceeding 
3 m s−1) showing amplification of southerly winds over 
this region in days with severe wind gusts in Yerevan. It 
seems, that the significant positive (negative) anomalies 
found in mean potential temperature and 300 hPa tem-
perature (Fig. 3a, b) are due to the positive (negative) dif-
ferences in northward wind component over these region. 
However, the areas of positive (negative) anomalies in 
northward wind component (Fig. 3c) are shifted to the west 

Fig. 3  Differences in mean 1200 UTC potential temperature (a) and 
300 hPa air temperature (b) between days with severe and weak wind 
gusts in Yerevan (°C). Differences in mean 1200 UTC northward (c) 
and eastward (d) wind components at 300 hPa (m s−1) between days 

with severe and weak wind gusts in Yerevan. The large-scale fields 
are averaged over period 1992–2007 (July–August). Shaded regions 
indicate significant positive (negative) differences at the 95 % signifi-
cance level according to Student’s t-test
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relative to those in mean potential temperature and 300 hPa 
temperature (Fig. 3a, b). It is worth noting that the strong-
est positive differences in northward wind component can 
be seen over Central Europe (exceeding 6 m s−1). This area 
of significant positive differences is counterbalanced by the 
significant negative differences over the Eastern Europe 
and European part of Russia. The latter suggests the ampli-
fication of meridional large-scale circulation over Europe 
and Russia (north of 40°N) in days with severe wind gusts 
in Yerevan.

The prominent feature in Fig. 3d is the existence of lati-
tudinally-extended area centred over the Caspian Sea with 
significant positive differences in mean 1200 UTC east-
ward wind component at 300 hPa (exceeding 5 m s−1). This 
area lies at the transitional zone between the two anomaly 
fields in the upper tropospheric temperature of opposite 
sign (Fig. 3a, b) giving rise to a very steep temperature 
gradient over it (Fig. 2a). The latter is the main reason for 
significant enhancement of eastward wind component and 
the westerly subtropical jet over the Armenia, Caspian Sea 
and further to the east (Figs. 3d, 2c) in days with severe 
wind gusts in Yerevan. As we can see later, this area of sig-
nificantly enhanced eastward wind component (over the 
Caspian Sea and to the east of Armenia) is characterized by 
stronger easterly winds at 850 hPa.

In order to study the evolution of thermodynamic state 
of the troposphere we examined mean large-scale field of 
1200 UTC eastward heat flux and its change during days 
with severe gusts in Yerevan presented as online supple-
mentary material (Supplemental Figures 1a and 1b). The 
results show that the westerly subtropical jet is character-
ized by strong eastward heat flux exceeding 2e+10Wm−1 
(Supplemental Figure 1a). It is evident that these strong 
westerlies transport huge amount of heat and energy from 
west to east. The large-scale patterns of the differences in 
mean 1200 UTC eastward heat flux (Supplemental Fig-
ure 1b) and the eastward wind components at 300 hPa 
(Fig. 3d) are quite similar. An envelope region of signifi-
cant positive differences in mean 1200 UTC eastward heat 
flux can be seen over the area extending from the Cas-
pian Sea to Aral Sea with maximum difference exceeding 
5e+9 W m−1. It should be noted that the similar large-scale 
pattern has been obtained also for the differences in mean 
1200 UTC eastward kinetic energy flux (not shown) with 
maximum difference located to the east of the Caspian Sea 
exceeding 0.015e+9 W m−1.

3.2  The remote monsoon effect

The connection between the heat-driven plain–plateau 
circulation over the Armenian Highland and the Asian 
(Indian) monsoon is addressed in this section. Previ-
ous works showed that the Asian summer monsoon has 

significant influence on the Middle East summer circula-
tion, and in particular on the summertime descent over sub-
tropical desert regions (Tyrlis et al. 2013; Rizou et al. 2013; 
Ziv et al. 2004; Rodwell and Hoskins 1996). The implied 
remote monsoon effect may be viewed as a ‘chain reaction’ 
between the Asian and African monsoons, via the subsiding 
flow over the Middle East. An intensification of the Asian 
monsoon is assumed to enhance the large-scale circulation 
connecting it with the Middle East, including the subsid-
ence over this region and its implied warming in the upper 
and middle troposphere. Deep convection over the tropical 
region can also excite equatorially trapped and westward 
propagating Gill-type Rossby waves and eastward-moving 
Kelvin waves (Rodwell and Hoskins 1996).

In order to study monsoon influence on the plain–plateau 
circulation over the Armenian Highland we examined the 
mean large-scale field of 1200 UTC vertical velocity (ω) in 
the free troposphere away from diabatic heating sources (at 
300 hPa) for days with severe gusts in Yerevan (Fig. 4a). 
The prominent features in the 300 hPa ω field, Fig. 4a, 
are a pronounced upward motion centres in southern Asia 
and Central Africa, representing the major monsoon sys-
tems. Widespread monsoon induced ascent is observed to 
the east of 70°E, which is strongest over the Bay of Ben-
gal (lower than −0.1 Pa s−1). The ascending flow can be 
seen above the intertropical convergence zone (or the Afri-
can monsoon) at 0–15°N with vertical velocity lower than 
−0.15 Pa s−1. An envelope area of subsidence extends over 
the central and eastern Mediterranean with vertical veloc-
ity exceeding 0.05 Pa s−1. Rodwell and Hoskins (1996) 
attributed this subsidence pattern to the persistence of the 
Asian monsoon. A second area of intense subsidence is evi-
dent to the east of the Caspian Sea, over Turkmenistan and 
Afghanistan with vertical velocity exceeding 0.05 Pa s−1. 
The other subsidence area of similar strength neighbor-
ing the African monsoon system can be seen over eastern 
Africa. It should be noted that the Armenian Highland 
and Southern Caucasus region are characterized by weak 
ascending flow with vertical velocity varying from −0.05 
to 0 Pa s−1.

To investigate how much the variations in the inten-
sity of the both Asian and African monsoon control heat-
driven circulation over the study region we examined the 
large-scale field of mean differences in 1200 UTC vertical 
velocity between days with severe and weak wind gusts 
in Yerevan over period 1992–2007 (Fig. 4b). Figure 4b 
shows great heterogeneity in the large-scale field of verti-
cal velocity differences with regions of both positive and 
negative differences. Most importantly, there is no evidence 
for a uniform amplification of subsidence over the Middle 
East or eastern Mediterranean that is driven by strengthen-
ing monsoon ascent over South Asia in days with severe 
gusts in Yerevan. However, there are some areas with 
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significant negative differences in vertical velocity (less 
than −0.02 Pa s−1) over north-west of India and the inter-
tropical convergence zone showing enhancement of Indian 
and African major monsoon systems. Armenia and the 
Kura-Araks plain are also characterized by enhanced ascent 
with significant negative differences in vertical velocity 
(less than −0.02 Pa s−1). However, the most prominent fea-
ture in the 300 hPa ω difference field is the area character-
ized by a pronounced amplification of subsidence, centred 
over the Aral Sea (45°N, 35°E) with significant positive dif-
ferences exceeding 0.06 Pa s−1. This area located between 
the two opposite anomaly fields in the upper tropospheric 
temperature (Fig. 3a, b) is characterized by a stronger 
northerly winds at 300 hPa (Fig. 3c) and great baroclinity 
(Fig. 2a, c).

3.3  The atmospheric heat source over the Armenian 
highland

Thus far we focused on the large-scale upper tropo-
spheric circulation processes. Here, we discuss the influ-
ence of topography and elevated surface heating over 
the high terrain across the region which introduces sig-
nificant low and mid level circulations superimposed 
onto the large scale background pattern. The thermal and 
dynamic structures of the atmospheric boundary layer 
(ABL) over the Armenian Highland is considered in this 
section.

The distribution of mean 1200 UTC SLP obtained for 
days with severe wind gust events in Yerevan is presented 
in Fig. 5. Figure 5 shows that the Persian trough (1,000 hPa 
isobar) is extended from the Persian gulf to further north-
west up to the Armenian Highland. There are several heat 

lows located over Iraq and to the north of Persian gulf 
(995 hPa closed isobars). This Persian trough is a promi-
nent climatological feature of the study region during the 
warmer months (July–August) when insolation is at its 
peak. Negative differences in SLP (lower than −1.8 hPa) 
between days with severe and weak wind gusts over the 
Armenian Highland and the Zagros Plateau show that the 
Persian heat trough is strengthened during days with severe 

Fig. 4  Mean 1200 UTC vertical velocity at 300 hPa (ω, Pa s−1) for 
days with severe wind gust events in Yerevan (a) and differences in 
mean 1200 UTC vertical velocity at 300 hPa (Pa s−1) between days 
with severe and weak wind gusts in Yerevan (b). The large-scale 

fields are averaged over period 1992–2007 (July–August). Shaded 
regions indicate significant positive (negative) differences at the 95 % 
significance level according to Student’s t -test

Fig. 5  Mean 1200 UTC SLP (hPa) over 1992–2007 (July–August) 
for days with severe wind gust events in Yerevan. Thickened solid 
contours are isobars, solid contours and dotted contours are isolines 
of average differences in SLP between days with severe and weak 
wind gusts in Yerevan with positive (or zero) and with negative values 
correspondingly
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wind gusts. By contrast, a large-scale anticyclonic circu-
lation dominates over the area located to the north of the 
study region (European part of Russia). This area is char-
acterized by higher mean SLP (exceeding 1,010 hPa) and 
positive differences in SLP (exceeding 2.4 hPa) during 
days with severe wind gusts in Yerevan. As a result, a sharp 
northeast-southwest pressure gradient builds up over the 
Armenian Highland.

Figure 6a, b show mean 1200 UTC geopotential height 
and wind at 850 hPa and 700 hPa, respectively, for days 
with severe gust events in Yerevan. It can be seen from 
Fig. 6a that the Persian trough is extended from the 
south-east to the north-west up to the Armenian High-
land (146 dam isoheight), while the eastern part of the 
study region is characterized by the ridge of high geo-
potential height extended from the north-west (150 dam 

Fig. 6  Mean 1200 UTC geo-
potential height (dam, contours) 
and wind (m s−1, vectors) at 
850 hPa (a) and 700 hPa (b) 
for days with severe wind gust 
events in Yerevan (green circles 
highlight the leeside conver-
gence zones). Mean 500 hPa 
geopotential height (dam, con-
tours) and wind (m s−1, vectors) 
for days with severe wind gust 
events in Yerevan at 1200 UTC 
(c) and 0600 UTC (d). The 
regional-scale fields are aver-
aged over period 1992–2007 
(July–August). The Armenian 
state border is indicated with 
red
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isoheight). The predominant feature on mean 850 hPa 
winds (Fig. 6a) is presence of significant easterly winds 
with wind speed exceeding 5 m s−1 (indicated with blue 
wind vectors) over the Kura-Araks plain (Fig. 1). These 
easterly winds, being a simple response to temperature 
and geopotential height gradients in the lower tropo-
sphere, transport relatively cold and humid air from the 
Caspian Sea to west into to the Kura-Araks plain and 
northeastern regions of Armenia. In particular, these 
easterly winds are accelerated and funnelled through 
two natural channels, the Kura valley and the Araks val-
ley (Fig. 1). The significant change in wind direction 
(from easterly to southeasterly direction) associated with 
the influence of valley of Kura river can be seen east-
ern and northeastern of Armenia (Fig. 6a). The feature 
of the particular interest in Fig. 6a, b is the existence of 
the leeside convergence zones at 850 and 700 hPa to the 
south-west of Armenia (these zones are highlighted with 
green circles). When the upslope regime is active during 
the morning and afternoon hours, the east-facing slopes 
of the Armenian Highland are a region where upslope 
winds with an easterly (at 850 hPa, Fig. 6a) or southeast-
erly (at 700 hPa, Fig. 6b) component meet with convec-
tively-mixed winds with a southwesterly component. The 
region of confrontation between the two wind regimes is 
a line of convergence, and as pointed out earlier the line 
propagates down the slope (Banta 1984).

The northerly to northwesterly winds with elevated 
wind speed (exceeding 5 m s−1) are evident across the 
Anatolian Plateau and the Middle East Plain at 850 and 
700 hPa. In the Eastern Mediterranean these are known 
as the Etesian winds (Zaitchik et al. 2007). It can be seen 
from Fig. 6a, b that winds over the Armenian highland (to 
the west of Armenia) are significantly weaker (not exceed-
ing 2–3 m s−1) than those over the other parts of the study 
region. The latter is because of frictional influence of the 
earth’s surface with mountainous topography.

Figure 6c, d show mean 500 hPa geopotential height 
and wind over period 1992–2007 for days with severe wind 
gusts in Yerevan at 1200 UTC (at 1700 in Armenian local 
time) and at 0600 UTC (at 1100 in Armenian local time) 
accordingly. At 500 hPa, there is the mid-level ridge over 
the study region aligned from the south to the north and 
subtropical westerlies over the study region. It can be seen 
from Fig. 6c, d that these westerly winds assume anticy-
clonic curvature as they approach the plateau heat dome (to 
the west of Armenia). A similar feature is observed over the 
Zagros Plateau and Saudi Arabian Desert, as a result of the 
extremely deep planetary boundary layer that develops over 
these elevated heat sources in summer and the decrease 
in absolute vorticity associated with vertical compression 
(Zaitchik et al. 2007). The latter suggests that mountains 
can have strong dynamical influence on the circulation 

through blocking of the westerly flow and leading to more 
complex circulation patterns.

The second feature of the particular interest in Fig. 6c 
is the amplification of westerly winds over Armenia and to 
the east of Armenia in afternoon (with wind speeds exceed-
ing 10 m s−1). On the other hand, this area with relatively 
stronger winds is significantly reduced during midmorn-
ing hours (at 0600 UTC, Fig. 6d). This is result of daytime 
boundary layer influence over the Armenian Highland. By 
1200 UTC there is a deep, convective boundary layer that 
extends beyond 4,000 m above mean sea level over the 
Armenian Highland weakening westerly winds. On the 
other hand, the boundary layer is much shallower to the 
east of Armenia, over the Caspian Sea and Kura-Araks 
plain. Thus, in the absence of local heating, the Caspian 
Sea and Kura-Araks plain develop a stable, shallow bound-
ary layer, allowing background winds to pass over these 
regions with higher speeds and true gradient winds exist 
only above these parts of the study region during afternoon 
hours. However, there are still stronger westerly winds 
over the Caspian Sea (exceeding 10 m s−1) at 0600 UTC, 
Fig. 6d, which can be explained by large-scale factors dis-
cussed in 3.1 Section.

Figure 7 shows mean daytime 850 hPa air temperature 
over 1992–2007 (July–August) for days with severe wind 
gust events in Yerevan. The diabatic heating pattern in mean 
daytime 850 hPa air temperature can be clearly seen in 
Fig. 7. The area of high temperatures (exceeding 29 °C) is 
extended from the south-east to the north-west and covers 
the southern and southeastern part of the Armenian High-
land including lakes of Van and Urmia and northern part of 
Zagros plateau (Fig. 1). The Persian trough associated with 
this heated air is clearly recognizable feature in the lower 
troposphere (Figs. 5, 6a). The second area with relatively 
high temperatures (exceeding 21 °C) can be seen over the 
elongated Caucasian mountain range stretching from the 
Black Sea to the Caspian Sea (north of Armenia). By con-
trast, the Black Sea, the Caspian Sea and eastern part of 
the study region are characterized by significantly lower 
temperatures. The north-south aligned tongue of cold air 
(with temperatures lower than 19 °C) can be seen over the 
Caspian Sea and Kura-Araks plain. It is worth noting that 
the temperature distribution over the Kura-Araks plain is 
controlled by local topography (Fig. 1). The valley of Kura 
river serves as a corridor allowing for relatively cold air-
masses penetrate further north-west (north-east and east of 
Armenia, Fig. 6a). As a result, there is a steep south-west-
to-north-east temperature and geopotential height gradient 
between southeastern part of the Armenian Highland and 
the Kura-Araks plain. This temperature and geopotential 
height contrast in the lower troposphere, exceeding 10 °C 
and 4 dam, correspondingly, drives plain–plateau circula-
tion over the study region. The lowest temperatures can be 
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seen further to the north of Caucasian range and over the 
Black Sea with mean daytime temperatures not exceeding 
16 °C.

In order to understand the thermal forcing of the Arme-
nian Highland and to get more insight into the main factors 
controlling the excess heat distribution over the highlands 
we analyzed differences in the mean daytime temperature 
and geopotential height between severe and weak wind gust 
events in Yerevan from the ground surface to the middle 
troposphere. Figure 8a shows the mean differences in 1200 
UTC skin temperature. The skin layer represents the vege-
tation layer, the top layer of the bare soil, or the top layer of 
the snow pack, has no heat capacity and therefore responds 
instantaneously to changes in e.g. radiative forcing. The 
surface energy balance is satisfied independently for the 
tiles by calculating the skin temperature for each tile. In 
order to calculate the skin temperature, the surface energy 
balance equation is linearized for each tile leading to an 
expression for the skin temperature (http://www.ecmwf.
int/research/ifsdocs/CY25r1/Physics/Physics-04-06.html). 
Figure 8b–e illustrate mean differences in 1200 UTC air 
temperature, pressure and geopotential height at 2 m 850, 
700 and 500 hPa between days with severe and weak wind 
gusts in Yerevan over 1992–2007.

It should be noted that the distribution patterns of tem-
perature differences over the study region are very similar 
from surface ground to 700 hPa (Fig. 8a–d). In particular, 
the existence of intense heat source over the southeastern 
and southern Armenian Highland is evident in days with 
severe gusts in Yerevan (Fig. 8a–d). Maximum heating 
occurs at the ground surface with the significant positive 
differences in skin temperature exceeding 2.1 °C over lakes 

of Van and Urmia and surrounding plateaus. The warm 
center over the lake of Van and further to the south-west 
is maintained through 700 hPa level (Fig. 8b–d). However, 
the signal of local heating significantly reduces and weak-
ens with altitude. The warm center is characterized by sig-
nificant positive temperature differences exceeding 1.5 °C 
and by negative differences in pressure (less than −1.5 hPa 
at 2 m) and geopotential height (less than −1.2 dam at 
850 hPa) in the lower troposphere.

By contrast, the other part of the study region is char-
acterized by significant negative temperature differences. 
Figure 8a–d show three well-defined elongated areas with 
significant negative temperature differences over exposed 
mountain ranges stretching along south-eastern cost of the 
Black Sea (to the north-west of Armenia), over the Cau-
casian range stretching from the Black Sea to the Caspian 
Sea (to the north-east of Armenia) and over the windward 
east-facing slopes of the northern part of Zagros mountains 
(to the south-east of Armenia), respectively. The two cold 
areas located to the north-east and south-east of Armenia 
are characterized by stronger easterly winds at 850 hPa 
blowing from the Caspian Sea in days with severe wind 
gusts in Armenia, while the other one located to the north-
west from Armenia is characterized by stronger northerly 
winds at 850 hPa blowing from the Black Sea (Fig. 6a). 
These easterly and northerly winds yield a continual cool 
advection from the large water bodies to the windward 
slopes of exposed mountain ranges stretching along the 
Caspian Sea and the Black Sea costs. These colder air 
masses further experience forced lifting and in significant 
cases (depending on supply of moist air at low levels) this 
orographic uplift produces low-level stratiform clouds, fog 

Fig. 7  Mean 1200 UTC air 
temperature at 850 hPa (°C) 
over 1992–2007 (July–August) 
for days with severe wind gust 
events in Yerevan

http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-04-06.html
http://www.ecmwf.int/research/ifsdocs/CY25r1/Physics/Physics-04-06.html
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Fig. 8  Differences in mean 1200 UTC temperature (°C, colours) 
and geopotential height (dam, contours) between days with severe 
and weak wind gusts in Yerevan over 1992–2007 (July–August). a 
for skin temperature; b for 2 m air temperature and pressure (hPa); 
c for air temperature and geopotential height at 850 hPa; d for air 

temperature and geopotential height at 700 hPa; e for air tempera-
ture and geopotential height at 500 hPa. Grid points with statistically 
significant differences from zero above the 95 % confidence level are 
denoted with “+” symbols
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and precipitation on the windward slopes of the mountain 
ranges. The combination of these two factors leads to a sig-
nificant drop in daytime temperature over these areas dur-
ing days with severe wind gusts in Yerevan. It should be 
noted that the strongest temperature decrease can be seen 
at 850 hPa with areas of significant negative temperature 
differences lower than −1.8 °C (Fig. 8c). In particular, the 
areas with negative temperature differences can be mainly 
seen over land at the ground surface and at 2 meter (Fig. 8a, 
b), while those at 850 and 700 hPa expand over south-east 
of the Black Sea and the Caspian Sea (Fig. 8c, d). Armenia 
is also characterized by negative temperature differences 
which are stronger at 850 hPa (from −1.8 to −0.9 °C). The 
areas of cold advection are characterized by positive differ-
ences in pressure (exceeding 2.0 hPa at 2 m to the north-
east of Armenia) and geopotential height (exceeding 1.5 
dam at 850 hPa to the north-east of Armenia) suggesting 
that anticyclonic circulation dominates over these area in 
the lower troposphere.

At 500 hPa level, there is no significant pattern in the 
distribution of differences in the mean daytime temperature 
indicating the influence of mountain topography (Fig. 8e). 
In particular, the local heating cannot be seen over the 
south-eastern and southern inner parts of the Armenian 
plateau. In general, significant positive temperature dif-
ferences dominate over the main part of the study region 
which is consistent with the warming in the upper tropo-
sphere (Fig. 3b). Amplification of middle tropospheric 
warming can be seen to the south-west from the study 
region (exceeding 1.8 °C). There are weak and insignifi-
cant negative temperature differences to the north-east from 
Armenia. Geopotential height differences are positive all-
over the region.

Overall, the analysis of temperature differences shows 
that the intense heat source is located over the southeastern 
and southern Armenian Highland in days with severe gusts 
in Yerevan. Maximum heating occurs at the ground surface 
while it weakens significantly with altitude and disappears 
in the middle troposphere. This suggests that the primary 
source of heating in this region is the heat released by pri-
marily high ground-air temperature. Therefore, intense 
solar radiative heating and sensible heating from the 
ground surface play an important role in the intensification 
of the heat source. Because of the height of this mountain-
ous terrain (exceeding 1,500 m above sea level), the heated 
air over it characterised by low air density can easily be 
uplifted to the mid-level troposphere.

Another key factor explaining this local warming 
pointed out by Tyrlis et al. (2013) is the elongated exposed 
mountain ranges (Fig. 1). These massive mountain ranges 
obstruct the cooling induced by the general easterly and 
northerly flows from the Caspian and Black seas, respec-
tively, that oppose diabatic warming over the inner regions. 

The blocking of colder airmasses is evident from signifi-
cant negative temperature differences over these moun-
tain ranges observed in the lower troposphere in days with 
severe gusts in Yerevan (Fig. 8a–d). Adiabatic warming 
caused by foehn-type wind (also locally aggravating heat 
wave conditions) on the leeward of the Armenian Highland 
can further contribute to the warming over the heat source. 
Thus, warmer temperatures and lower pressure over heated 
southwestern and southern regions of the Armenian High-
land and significant colder temperatures and higher pres-
sure over the northeastern and northern regions produce 
very steep thermobaric gradients (Figs. 5, 6a, 7) and sub-
stantial plain–plateau circulation over the study region in 
the lower troposphere.

Figure 9 shows mean 1200 UTC boundary layer height 
and its change obtained from 3-h forecasts of ERA-Interim 
model during days with severe wind gust events in Yerevan. 
By 1200 UTC deep, convective boundary layer (CBL) forms 
over the southern and southeastern Armenian Highland that 
extends beyond 2,500 m above the ground. This area with 
significant boundary layer heights is consistent with the area 
of high temperatures (exceeding 29 °C) at 850 hPa (Fig. 7). 
Considering the height of the plateau (1,800 m above sea 
level on the average), the afternoon plateau CBL character-
ized by a well–mixed layer of potential temperature can eas-
ily be uplifted to the mid-level troposphere and the influence 
of the afternoon plateau CBL on westerly winds can be seen 
in the middle troposphere (Fig. 6c, d). The boundary layer 
is much shallower to the east and north-west of Armenia 
(1,000–1,500 m above the ground), over the Black and Cas-
pian Seas (from 500 to 1,000 m above the ground) which is 
associated with the inflow of relatively cold and stably strat-
ified airmasses over these regions in the lower troposphere 
(Figs. 6a, 7). The feature of the particular interest in Fig. 9 
is the significant increase in boundary layer height over the 
atmospheric heat source (Fig. 8a–d) during days with severe 
wind gust events in Yerevan. This suggests that the heat 
source associated with a plume of warm air over the plateau 
causes the top of the boundary layer to increase in height by 
more than 300 m. ERA-Interim forecasts also show signifi-
cant increase in boundary layer height over the Kura-Araks 
plain (by 300–500 m). On the other hand, the transitional 
zone between the two temperature difference fields of oppo-
site sign in the lower troposphere (Fig. 8a–d) is character-
ized by significant decrease in the boundary layer height (by 
lower than −200 m).

Vertical velocity at 700 hPa level is the other important 
parameter that we used to examine the thermal effect of the 
Armenian Highland during severe wind gust events in Yere-
van (Fig. 10). A “two-point” structure is evident in the pres-
sure velocity field over the Armenian Highland with strong 
rising motions (values of vertical velocity are less than 
−0.35 Pa s−1) indicating the significant influence of diabatic 
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heating sources. The intense surface heating produces 
‘pockets’ of shallow dry convection over the high terrain, 
with significantly stronger ascent relative to that in the upper 
troposphere (Fig. 4a). It should be noted that the two areas 
of rising motions are shifted to the northwest and southeast, 
correspondingly, relative to the main location of the heat 
source in the lower troposphere (Fig. 8a–d). The neighbor-
ing Kura-Araks plain is characterised by descending motion 
with about zero or slightly positive values of pressure 
velocity. It is worth noting the other two elongated areas of 
intense rising motions located south and north of Armenia, 
respectively (Fig. 10). The latter two areas of rising motions 
are associated with the influence of northern part of Zagros 
mountains and Caucasus mountains, accordingly (Fig. 1).

4  Temperature and pressure fields over Armenia

Differential heating caused by elevation changes within 
Armenia is examined in this Section. The differential heat-
ing over Armenia produces regional and local temperature 
and pressure gradient that cause the wind to blow. The dis-
tribution of maximum temperature at the ground surface 
and 2,000 m maximum air temperature and 1200 UTC 
pressure over Armenia is analyzed in this Section. To this 
end observational data from 39 meteorological stations of 
Armenia have been used (Fig. 11).

(Stations of Northeastern region are indicated with green 
dots, stations of Southeastern region are indicated with yel-
low dots, stations of Sevan Lake basin are indicated with 

Fig. 9  Mean 1200 UTC 
boundary layer height above the 
ground surface (m, contours) 
for days with severe wind gust 
events in Yerevan and dif-
ferences in mean 1200 UTC 
boundary layer height (m, col-
ours) between days with severe 
and weak wind gusts in Yerevan 
over 1992–2007 (July–August). 
Grid points with statistically 
significant differences from zero 
above the 95 % confidence level 
are denoted with “+” symbols

Fig. 10  Mean 1200 UTC verti-
cal velocity (Pa s−1) for days 
with severe wind gust events in 
Yerevan over 1992–2007 (July–
August)
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blue dots, stations of Internal region are indicated with 
vinous dots, the ERA-Interim grid is shown over Armenia, 
the ERA-Interim grid-points surrounding Yerevan are indi-
cated with bold crests).

Vertical gradients of daily maximum temperature up 
to 2,000 m above sea level have been estimated for four 
regions of Armenia represented as groups of stations exhib-
iting similar behaviour in terms of the considered pro-
cess. Stations of Northeastern and Southeastern regions 
(indicated with green and yellow dots in Fig. 11, corre-
spondingly) experience near surface cooling. Relatively 
cold air masses are transported to these regions form the 
Kura-Araks plain through valleys of Kura and Araks riv-
ers and their branches in the northeast and southeast parts 
of Armenia (Figs. 1, 6a, 7, 11). The closed basin of Sevan 
Lake located at 1,900 m above sea level is characterised by 
significant local circulation. The cold air masses enter this 
region from the north and east via the ridges and wind corri-
dors such as mountain passes. Colder air masses are further 
transported to the south-west through valley of Hrazdan 
river. Six stations located in Sevan Lake basin together with 
two stations located at upper flows of Hrazdan river are 
included in the region of Sevan Lake basin (these stations 
are indicated with blue dots in Fig. 11). The last region 
named as Internal region includes 16 meteorological sta-
tions located in the northwestern, western and southwestern 
regions of Armenia (indicated with vinous dots in Fig. 11). 
This region covers the easternmost part of the Armenian 

Highland (Fig. 1) and is of particular importance for under-
standing the influence of the heat source within territory of 
Armenia.

Vertical gradients of daily maximum temperature for 
the four defined regions during severe and weak wind gust 
events are presented in Table 1. The regional linear regres-
sion relationships between elevation and mean daily maxi-
mum temperatures of the stations (included in each of the 
regions) have been used to estimate the regional vertical 
gradients of maximum temperature in Armenia for days 
with severe and weak wind gust events in Yerevan. It can 
be seen from Table 1 that the number of stations included 
in the four regions varies from 6 (for Southeastern region) 
to 16 (for Internal region). Most of the regions include 
both valley and mountain stations with elevations varying 
in wide interval. It should be noted that the used stations 
provide good data coverage up to 2,000 m above sea level 
(with some mountain stations located higher than 2,000 m 
above sea level). Table 1 shows that these regional rela-
tionships are characterised by high correlation coefficients 
exceeding 0.9 (in Table 1 absolute values of correlation 
coefficients are presented). Sevan Lake basin includes 
only mountain stations which results in faster decrease 
of maximum temperature with elevation (from −1.72 to 
−1.70 °C/100 m) compared to the other regions (from 
−0.83 to −0.69 °C/100 m). The obtained regional relation-
ships were used to interpolate daily maximum temperature 
up to 2,000 m above sea level over Armenia.

Fig. 11  The distribution of 
39 meteorological stations in 
Armenia
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Regional vertical pressure gradients obtained by Mkhi-
taryan and Zoryan (Mkhitaryan and Zoryan 1974) and 
observed 1200 UTC surface pressure data at the 39 mete-
orological stations have been used to derive 2,000 m pres-
sure over Armenia.

The distribution of 2,000 m mean daily maximum tem-
perature and 1200 UTC pressure over Armenia during 
days with severe wind gust events is presented in Fig. 12a. 
Figure 12a shows that there is a significant south-west-to-
north-east temperature gradient with mean daily maximum 
temperature exceeding 26 °C in the south-west and lower 
than 19 °C in the north-east. Wind corridors such as valleys 
of rivers and mountain passes (Fig. 11) transport colder air 
masses into the Northeastern region of Armenia and into 
the northern part of Sevan Lake basin from the north-east 
of Armenia. The presence of the inflow of relatively cold 
airmasses into the Northeastern region of Armenia can be 

inferred from the structure of the isotherms in Fig. 7 dis-
cussed in Sect. 3.3. On the other hand, the influence of 
heating effect of the Armenian Highland (Fig. 7) can be 
seen over the southwestern part of Armenia (Fig. 12a). 
Warming over this region leads to the formation of a closed 
heat low (with 797 hPa) and thermal trough (with 798 hPa). 
The production of cold air and its accumulation in the 
northern parts of Armenia induce the rise of pressure dur-
ing daytime and the formation of a high pressure area with 
pressure exceeding 800 hPa at 2,000 m over the north-east 
of Armenia.

Differences in 2 m mean maximum temperature and 
1200 UTC pressure over Armenia between severe and 
weak wind gust events are presented in Fig. 12b. South-
western and western regions of Armenia are characterised 
by significantly higher mean daily maximum tempera-
tures (by 0.9 °C and higher over the far west) and by slight 

Table 1  Regional vertical gradients of daily maximum temperature and characteristics of the regional relationships in Armenia for days with 
severe and weak wind gust events in Yerevan over 1992–2007 (July–August)

Region Number  
of stations

Elevation  
change (m)

Correlation coefficient  
(absolute values)

Vertical gradients of maximum  
temperature gradients (°C/100 m)

During severe  
wind gust events

During weak  
wind gust events

During severe  
wind gust events

During weak 
wind gust events

Internal 16 819–2,122 0.98 0.97 −0.82 −0.83

Northeastern 9 453–2,066 0.98 0.97 −0.81 −0.70

Sevan Lake basin 8 1,766–2,104 0.93 0.94 −1.70 −1.72

Southeastern 6 661–2,066 0.99 0.99 −0.69 −0.74

Fig. 12  The distribution of 2,000 m mean daily maximum tem-
perature (°C, colours) and 1200 UTC pressure (hPa, contours) over 
Armenia during days with severe wind gust events in Yerevan (a) 
and differences in the 2 m mean maximum temperature (°C, colours) 

and 1200 UTC pressure (hPa, contours) between days with severe 
and weak wind gusts in Yerevan (b) over 1992–2007 (July–August). 
Regions with statistically significant differences from zero above the 
95 % confidence level are shaded with “×” symbols
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daytime pressure decrease (from −0.3 to 0 hPa, southwest-
ern and southern from Yerevan) in days with severe wind 
gust events in Yerevan. By contrast, the Northeastern region 
and the northwestern part of Sevan Lake basin experience 
significant decrease in mean maximum temperature (from 
−3.5 to −2 °C) and increase in mean 1200 UTC surface 
pressure (by more than 1.0 hPa) during days with severe 
wind gust events. Warmer temperatures and lower pres-
sure over heated southwestern regions of Armenia and sig-
nificant colder temperatures and higher pressure over the 
Northeastern region and the northwestern part of Sevan 
Lake basin (Figs. 12a, b) produce increased local thermo-
baric gradients over Armenia in the lower troposphere.

Figure 13 shows the distribution of mean daily maxi-
mum ground temperature during days with severe wind gust 
events in Yerevan and differences in mean daily maximum 
ground temperature over Armenia between days with severe 
and weak wind gusts in Yerevan. The structures of the dis-
tribution patterns of the maximum temperature at ground 
surface and that at 2,000 m over Armenia are quite similar 
(Figs. 12a, 13). However, Fig. 13 shows that even stronger 
negative (positive) differences in the mean daily maxi-
mum temperatures can be seen at the ground surface. With 
strong solar radiation during the day, the mean maximum 
ground surface temperature can reach as high as from 62 to 
64 °C over southwestern region of Armenia. Positive tem-
perature differences over this heated region exceed 2.4 °C. 

The surface heating is significantly reduced over northern 
and northeastern regions of Armenia with mean maximum 
ground surface temperature as low as 30 °C and significant 
decrease in mean maximum ground surface temperature 
by more than 7 °C. There are also low maximum ground 
surface temperatures (lower than 40 °C) and significant 
temperature decrease (by more than 4 °C) in southeastern 
region of Armenia. It should be noted that “hot spots” and 
“cold spots” are observed at some stations which appears to 
be due to very local factors and conditions.

4.1  Comparison between observational and ERA-Interim 
data over Armenia

Comparison between the patterns of mean daytime tem-
perature over Armenia obtained from observed data and 
ERA-Interim reanalysis data is of great importance to 
examine the ability of ERA-Interim model to represent 
local and regional processes over this region characterised 
by remarkable contrasting features in topography and local 
climate features. Since the surface temperature at 1200 
UTC is close to its daily maximum (occurring after 1000 
UTC or after 1500 local time) the comparison between 
daytime ERA-Interim and observed temperature over 
Armenia during severe wind gust events in Yerevan can 
be made via Figs. 7 and 8b (ERA-Interim) and Fig. 12a, b 
(observed) for the lower and near-surface troposphere and 
via Fig. 8a (ERA-Interim) and Fig. 13 (observed) for the 
ground surface.

The comparative analysis allowed us to highlight the 
following differences between ERA-Interim and observed 
data:

Firstly, the spatial variability of mean daytime tem-
perature in the lower troposphere over Armenia is under-
estimated by ERA-Interim data during severe wind gust 
in Yerevan. Temperature contrast between the highest 
and lowest temperature over Armenia consists of 6 °C by 
ERA-Interim reanalysis (Fig. 7) and 9 °C by observed 
data (Fig. 12a). However the main tendency of tempera-
ture change showing decrease of daytime temperature from 
south-west to north-east is captured successfully by ERA-
Interim data.

The second, more importantly, there are inaccuracies in 
representation of mean daytime 2 m and ground tempera-
ture changes over Armenia in days with severe wind gusts 
events in Yerevan. ERA-Interim data strongly underesti-
mate negative temperature differences over northern and 
southeastern parts of Armenia. The observed mean negative 
temperature differences over the northern part of Armenia 
vary from −3.5 to −2.5 °C and from −8.0 to −6.0 °C at 
2 m (Fig. 12b) and at ground surface (Fig. 13), respectively, 
while those from ERA-Interim data vary mainly from −1.5 
to −1.0 °C (Fig. 8a, b).

Fig. 13  The distribution of mean daily maximum ground tempera-
ture over Armenia during days with severe wind gust events in Yere-
van (°C, contours) and differences in mean daily maximum ground 
temperature between days with severe and weak wind gusts in 
Yerevan (°C, colours) over Armenia for 1992–2007 (July–August). 
Regions with statistically significant differences from zero above the 
95 % confidence level are shaded with “×” symbols
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Both ERA-Interim and observed data show significant 
amplification of the positive temperature differences at the 
ground surface over south-west of Armenia (Figs. 8a, 13). 
However, the positive temperature differences are under-
estimated by ERA-Interim reanalysis and consist of 1.2–
1.5 °C over far southwestern part of Armenia, while those 
from observed data are higher and consist of 1.8–2.4 °C. At 
2 m, the warming weakens but still exist over southwestern 
part of Armenia in observed data with significant positive 
temperature differences exceeding 0.9 °C (Fig. 12b), while 
ERA-Interim data show slight negative temperature differ-
ences varying from −0.9 to −0.6 °C (Fig. 8b).

The main pattern of surface pressure change over Arme-
nia showing stronger increase in daytime 2 m pressure 
toward north-east is captured successfully by ERA-Interim 
data. However, ERA-Interim data show much gentler pres-
sure increase over northeastern and southeastern areas 
of cold advection (from 0.6 to 0.9 hPa) compared to the 
observed data (from 1.5 to 1.8 hPa).

Inappropriate representation of daytime temperature 
pattern over Armenia by ERA-Interim data may be due to 
its relatively coarse resolution (Gevorgyan 2012; Elguindi 
et al. 2011). Figure 11 shows that 20 ERA-Interim grid-
points are located over Armenia and its surroundings (the 
43.50–46.50°E and 39.00–41.25°N domain). However, it 
is likely that the 79-km resolution still remains too low to 
deal with the very complex topography of Armenia, espe-
cially in the northern and northeastern parts of the area 
characterized by smaller scale effects like flow deviation 
and funneling due to orographic features.

The second reason for inappropriate representation of 
daytime temperature pattern over Armenia by ERA-Interim 
data during severe wind gust events in Yerevan may be 
due to inaccurate representation of formation of low-level 
cloud processes associated with orographic enhancement. 
Air masses associated with significant easterly winds in 
the lower troposphere (Fig. 6a) experience forced lift-
ing through valleys of Kura and Araks rivers and their 
branches, as well as, through mountain passes, in the north-
eastern and southeastern parts of Armenia (Figs. 1, 11). In 
significant cases (depending on supply of moist air at low 
levels) this orographic uplift is accompanied by formation 
of low-level stratiform clouds on the windward east-facing 
slopes of mountain ranges of the northeastern, southeastern 
regions of Armenia and Sevan Lake basin (Fig. 11). There 
are two significant reasons why this should be the case: (1) 
the relatively high moisture in the valleys most often are 
advected from low areas located near the Caspian Sea (or 
over the Caspian Sea, Fig. 6a) and (2) a persistence upward 
movement of air. These conditions not only favor low-
level cloud initiation, but they also encourage the contin-
ued development of clouds in this region, if the larger scale 
environment favors deep convection and thunderstorm 

formation. These low-level clouds significantly reduce the 
surface heating and result in low daytime temperatures in 
the northeastern, southeastern parts of Armenia, and in 
Sevan Lake basin during days with severe wind gust events 
in Yerevan.

To illustrate the inaccuracies in representation of low-
level clouds by ERA-Interim reanalysis data we analysed the 
severe wind gust event on 26 July 2006 (with gust speed of 
16 m s−1 recorded at Yerevan-Zvartnots station). Infra-red 
satellite image (http://planet.iitp.ru/index1.html) and ERA-
Interim low cloud cover (cloud amount expressed as a per-
centage) at 0600 UTC (or 1100 at Armenian local time) on 26 
July 2006 are presented in Fig. 14a, b, correspondingly. The 
low-level cloud band extending from northeastern to south-
eastern regions of Armenia (including Sevan Lake basin) and 
over the Kura-Araks plain is clearly seen in satellite image 
(Fig. 14a). The atmosphere above the southwestern part of 
Armenia is completely cloudfree during the midmorning 
hours. The well-defined cloud-line associated with the local 
influence of topography crosses Armenia from the north-west 
to south-east (Fig. 14a). Figure 14b shows that the ERA-
Interim reanalysis data does not produce these low-level 
clouds accurately both over Armenia and the Kura-Araks 
plain. By contrast to the satellite image, ERA-Interim rea-
nalysis data shows significant low-level cloud cover over far 
north-western region of Armenia (exceeding 70 %, Fig. 14b). 
It can be seen from Fig. 14b that significant part of north-
eastern region of Armenia, Sevan Lake basin, southeastern 
region of Armenia and the Kura-Araks plain are free from 
low-level clouds. It shoud be noted that the mean pattern of 
ERA-Interim low cloud cover obtained for days with severe 
gusts in Yerevan over 1992–2007 (not shown) is very similar 
to that presented in Fig. 14b. The increased radiative energy 
supply over the southwestern cloudfree areas led to 2 m 
maximum temperatures reach as high as 34–36 °C (and maxi-
mum ground surface temperatures varied from 62 to 67 °C) 
on 26 July 2006. By contrast, northeastern cloudy region of 
Armenia was characterised by significantly lower 2 m maxi-
mum temperatures varying from 20 to 25 °C (and maximum 
ground surface temperatures varied from 35 to 40 °C).

Therefore, we propose that the ERA-Interim reanalysis 
underestimates daytime negative temperature differences in 
the lower troposphere not only over Armenia, but also over 
area extending further to the east and north-east of Armenia 
(Fig. 8a–d) as result of inaccurate representation of low-
level clouds over these areas.

5  The temperature change impact on plain–plateau 
circulation over the Armenian highland

This section aims at understanding the impact of the lower-
tropospheric temperature change on the plain–plateau 

http://planet.iitp.ru/index1.html
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circulation over the Armenian Highland induced by recent 
and future climate change of the study region. Previous 
works showed a very clear signal of warming at most sta-
tions of Armenia and at 850 hPa level for summer season 
over Armenia and Southern Caucasus region (Gevorgyan 
2014; Melkonyan et al 2013; Regional Climate Change 
Impacts Study for the South Caucasus Region 2011; Zhang 
et al 2005). In particular, the accelerated warming was 
found in the recent decades. It is worth to mention that the 
warming rates decrease with height, and nearly zero trends 
are observed in the middle troposphere (Gevorgyan 2014). 
Therefore, the recent surface warming may significantly 
modify the lower tropospheric temperature and pressure 
gradients over the study region which are the fundamental 
drivers (along with large-scale factors) of the plain–plateau 
circulation over the Armenian Highland as was showed in 
Sect. 4. With this proviso in mind, we examined regional 
temperature change from surface ground to 500 hPa (as in 
Sect. 4) since 1979 as this is the time when high-quality 
ERA-Interim reanalysis is available from the ECMWF. The 
observed temperature change is considered through com-
parison of mean regional temperatures over the two periods, 
1992–2007 (the study period) and 1979–1991 (previous 
period). It is worth noting that we did not consider both wet 
days and cold days defined in Sect. 2 in the both of periods.

Figure 15a–e show changes in mean 1200 UTC tem-
perature from surface ground to 500 hPa over 1992–2007 
relative to 1979–1991. It should be noted that the surface 
temperature change patterns in the study region (Fig. 15a, 
b) are characterized by higher heterogeneity than those for 
the lower and middle troposphere (Fig. 15c–e). In particu-
lar, maximum temperature increase in skin temperature 
can be seen to the south-west of Armenia, over the intense 
heat source at the ground surface (Fig. 8a) with significant 

positive temperature differences exceeding 1.8 °C. Elevated 
temperature increase can also be seen to the east of Arme-
nia and over the Kura-Araks plain (from 1.5 to 1.8°C), 
while northwestern part of Armenia and northern part of 
the Armenian Highland are characterized by much weaker 
and insignificant temperature increase (from 0 to 0.3°C). 
2 m temperature change shows significant recent warming 
over Armenia and further to the north-west (temperature 
increase exceeds 1.8 °C). By contrast, the central part of 
the Caspian Sea is characterized by weaker and insignifi-
cant temperature increase (from 0 to 0.3 °C). Figure 15c, d 
show that temperature changes over period 1992–2007 are 
gentler at 850 and 700 hPa relative to the changes in sur-
face temperatures. However, there is still significant warm-
ing over some parts of Armenia and the Armenian High-
land with the temperature increase exceeding 0.3 °C, while 
the temperature changes over the Caspian Sea are about 
zero and insignificant. At 500 hPa, there are no significant 
temperature changes for period 1992–2007 over the whole 
study region with insignificant temperature decrease (from 
−0.3 to 0 °C).

Overall, the results of temperature change analysis 
(Fig. 15a–e) show temperature increase over the study 
region in recent decades. However, this warming weak-
ens significantly with altitude with stronger increase in 
surface and lower tropospheric temperatures. The latter is 
consistent with the findings from previous studies (Gevor-
gyan 2014). It should be noted that the results indicate the 
stronger temperature increase in land areas than over the 
Caspian Sea. The latter is expected to increase the tempera-
ture and pressure gradients between the Armenian High-
land and the Caspian Sea in the lower troposphere (Fig. 7), 
and thus strengthen the plain–plateau circulation and wind 
gusts in Yerevan in recent decades.

Fig. 14  Infra-red satellite image (a) and ERA-Interim low cloud cover expressed as a percentage (b) at 0600 UTC on 26 July 2006
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In order to understand the impact of the recent warm-
ing on the intensity of plain–plateau circulation and related 
wind gusts at Yerevan we examined interannual variability 

of number of summertime (July–August) severe wind 
gusts at Yerevan-Zvartnots station over 1992–2007 (not 
shown). The results showed positive trend in severe wind 

Fig. 15  Differences in mean 1200 UTC temperature (°C) between 
1992–2007 and 1979–1991 (July–August). a For skin temperature; b 
for 2 m air temperature; c for air temperature at 850 hPa; d for air 
temperature at 700 hPa; e for air temperature at 500 hPa. Grid points 

with statistically significant differences from zero above the 95 % 
confidence level are denoted with “+” symbols. (the colour bar is the 
same as in Fig. 8)
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gust events at Yerevan-Zvartnots station over 1992–2007 
at a rate 6.6 events decade−1. However, this positive trend 
was insignificant at the 5 % significance level according 
to Student’s t -test. The latter is due to great variability of 
wind gust events and relatively short time period consid-
ered (16 years).

In order to further analyze changes in wind regime in 
Yerevan associated with the recent warming and related 
changes in plain–plateau circulation, we examined wind 
speed and wind direction derived from 3-hourly measure-
ments at Yerevan-Zvartnots station over 1979–2007. The 
observed wind change is considered for two periods, 1992–
2007 (the study period) and 1979–1991 (previous period). 
Again, we did not consider both wet days and cold days 
defined in Sect. 2 in the both of periods. It is important to 
examine wind speed change by different wind direction 
because of different implications of these changes. There-
fore, mean and maximum values of both wind speed and 
wind direction have been estimated for each day. Maxi-
mum daily wind direction is taken as the direction of the 
maximum 3-hourly value of the wind speed measurements. 
Here, wind directions are categorized into 8 sectors of 45° 
each, and are presented as wind roses in Fig. 16a–d. It 
should be noted that we present the mean wind direction 
categories with total number of days exceeding 10 days 
both for 1992–2007 and 1979–1991. Figure 16a, b show 
mean wind roses derived from daily mean wind speed and 
direction. Inspecting Fig. 16a, we find that daily mean wind 
speeds for northeasterly (NE), easterly (E), southeasterly 
(SE) and southerly (S) winds vary mainly from 3 to 4 m s−1 
for the both periods. Figure 16b indicates the dominance of 
winds from E and SE directions at Yerevan-Zvartnots sta-
tion with annual number of winds exceeding 20 days for 
1992–2007. The dominance of E and SE winds is associ-
ated with influence of northern part of the Persian trough 
over Armenia characterised by E and SE winds in the lower 
troposphere (Figs. 5, 6a). The increase in annual number of 
days with southeasterly winds for 1992–2007 (by 5 days 
per year, red line in Fig. 16b) may be indication of recent 
enhancement of the Persian trough and surface warming 
over Armenia and the study region.

Mean wind roses for daily maximum wind speed for 
1992–2007 (red line) and 1979–1991 (blue line) are sum-
marized in Fig. 16c. It can be seen from Fig. 16c that north-
erly and northeasterly winds are stronger wind categories 
with maximum daily speeds exceeding 8 m s−1 on aver-
age. The significant decrease in northerly wind speed and 
increase in easterly and southeasterly wind speeds over the 
recent period 1992–2007 are consistent with the recent sur-
face warming.

Figure 16d shows that the character of daily maximum 
wind regime is quite different from that for mean daily 
wind (Fig. 16b). There is strong dominance of northeasterly 

winds (NE) in occurence of daily maximum wind at Yere-
van-Zvartnots station. These northeasterly maximum winds 
are associated with the plain–plateau circulation over the 
Armenian Highland. Northeast-southwest orientated val-
ley of Hrazdan river (Fig. 11) explains the dominance of 
daily maximum winds from NE direction, since the main 
wind direction corresponds to the valley axis direction of 
the Hrazdan valley, and the along valley wind component 
is generally much stronger than the wind component per-
pendicular to the valley axis. In general, wind speeds reach 
their maximum in the evening hours with the arrival of 
valley winds. Figure 16d indicates that these northeasterly 
winds become more dominant for the recent period. The 
annual number of northeasterly winds consists of 36 and 
42 days for 1979–1991 and 1992–2007, respectively. The 
increase in occurrence of northeasterly mountain-valley 
winds suggests enhancement of plain–plateau circulation 
for 1992–2007 which may be associated with the recent 
uneven warming of the study region and increase in tem-
perature and pressure gradients in the lower troposphere 
between the Armenian Highland and adjacent Caspian Sea 
(Fig. 15a–d).

In order to understand the possible future change in 
the intensity of plain–plateau circulation over the Arme-
nian highland under future climate conditions, we analized 

Fig. 16  Mean wind roses for daily mean wind: wind speed, m s−1 
(a) and annual frequency of different wind categories, days per year 
(b) at Yerevan-Zvartnots station. Mean wind roses for daily maximum 
wind: wind speed, m s−1 (c) and annual frequency of different wind 
categories, days per year (d) at Yerevan-Zvartnots station. The red 
lines indicate mean values for 1992–2007 and the blue lines indicate 
mean values for 1979–1991. Statistically significant differences from 
zero above the 95 % confidence level are denoted with “+” symbols
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monthly outputs for mean 2 m maximum temperature from 
CCSM4 up to the end of twenty-first century. It is reason-
able to consider the study period 1992–2007 to be the ref-
erence period for this study. However, we were not able to 
include the two final years (2006–2007), since the historical 
runs for CMIP5 models end with 2005. Therefore, the ref-
erence period 1992–2005 is used for assessment of future 
temperature changes. Changes in temperature are estimated 
for the three time intervals of 15 years, 2015–2030 (the 
beginning-of-century), 2045–2060 (the mid-century), and 
2085–2100 (the end-of-century).

Figure 17a–c show the projected changes in mean 
monthly maximum temperatures up to the end of twenty-
first century over the study region. CCSM4 model projects 
widespread significant temperature increase across the 
whole region in any time slice. However, there is consider-
able amplification of warming through the end of twenty-
first century. For the period 2015–2030 the magnitudes of 
temperature increase vary mainly from 1.0 to 2.0 °C over 

the Armenian Highland (Fig. 17a), while those for periods 
2045–2060 and 2085–2100 can reach 2.0–3.0 °C and 2.5–
3.5 °C, respectively (Fig. 17b, c). It should be noted that 
larger relative increases are projected for inland regions 
relative to those over the Caspian and Black seas (larger by 
0.6–0.9 °C), perhaps due to the sea’s moderating influence. 
Most importantly, the signature of future warming, with 
the greatest temperature increase to the north of Armenia 
(between the Black and Caspian seas), closely resembles 
to that obtained from recent observed surface warming 
(Fig. 15b).

Stronger increase of daytime temperatures in land areas 
is expected to enhance the temperature and pressure gra-
dients between the land and the Caspian Sea in the lower 
troposphere in future. The enhanced temperature and pres-
sure gradient force may drive stronger plain–plateau circu-
lation over the Armenian Highland, resulting in the increase 
in severe wind gusts in Yerevan under future climate condi-
tions, as was shown for recent warming.

Fig. 17  Geographic distribution of projected changes in the mean summer (July–August) maximum temperature (°C) from the reference period 
(1992–2005) to beginning of century (a 2015–2030), mid-century (b 2045–2060), and end-of-century (c 2085–2100) under RCP4.5 scenario
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6  Discussion and conclusions

In this study a regional-scale plain–plateau circulation over 
the Armenian Highland has been examined. The study indi-
cates that there is mutual interaction between the small-
scale circulation and very large-scale circulation during 
this process. Remote drivers of atmospheric circulation are 
identified in the middle and upper troposphere, while circu-
lations in the lower troposphere appear to respond to local 
geographic forcings. In the lower troposphere a region 
of low pressure and cyclonic flow is seen, whereas in the 
middle and upper troposphere a high pressure region with 
anticyclonic flow is noted over the study region. The exist-
ence and strengthening of the subtropical Iran anticyclone 
can be seen at 300 hPa over the Middle East region in days 
with severe wind gusts in Yerevan. It should be noted that 
subtropical jets pass over the Armenia and the study region 
during days with severe wind gusts in Yerevan. Further-
more, an intensification of upper-level frontal zone can be 
seen over the study region due to increase in temperature 
gradients in the upper troposphere. As result, there is an 
area with the significantly enhanced eastward wind compo-
nent over the study region, the Caspian sea and to its east at 
300 hPa in days with severe wind gusts in Yerevan. It seems 
that enhancement of the subtropical jets is one of the main 
large-scale factors leading to intensification of plain plateau 
circulation over the Armenian Highland in the lower tropo-
sphere resulting in severe wind gusts in Yeravan.

The influence of the external forcings associated with 
Monsoon circulations is tested in Sect. 3.2. Mean large-
scale field of daytime vertical velocity at 300 hPa for days 
with severe gusts in Yerevan clearly indicates the existence 
of pronounced upward motion centres in southern Asia and 
Central Africa, representing the major monsoon systems. 
An envelope area of subsidence extends over the central 
and eastern Mediterranean, to the east of the Caspian Sea 
and Eastern Africa. The Armenian Highland and South-
ern Caucasus region are characterized by weak ascending 
flow. The large-scale field of mean differences in vertical 
velocity between days with severe and weak wind gusts in 
Yerevan over period 1992–2007 shows great heterogene-
ity with regions of both positive and negative differences. 
There are some areas with significant negative differences 
in vertical velocity over north-west of India and the inter-
tropical convergence zone showing enhancement of Indian 
and African major monsoon systems. However, the results 
show no evidence for a uniform amplification of subsid-
ence over the Middle East or eastern Mediterranean that is 
driven by strengthening monsoon ascent over South Asia as 
was pointed out in previous works (Tyrlis et al. 2013; Rizou 
et al. 2013; Ziv et al. 2004; Rodwell and Hoskins 1996). 
It seems that a dynamic link between circulations over 
the Middle East and the study region and over monsoon 

regions in Asia and Africa is very complicated and needs to 
further investigation.

This study investigated the characteristics of the ther-
mal and dynamic structures of the daytime ABL over the 
Armenian Highland. During the day, the atmosphere over 
the plateau is heated more strongly than the surrounding 
atmosphere that is farther away from the ground. ERA-
Interim reanalysis data showed the existence of intense 
heat source over south-eastern and southern parts of the 
Armenian Highland (to the south-west of Armenia) which 
produces an extra warming exceeding 2.1 °C at the ground 
surface during days with severe wind gusts in Yerevan. 
This warm center is maintained through 700 hPa level and 
it disappears in the middle and upper troposphere (since 
500 hPa level). The results of this study indicate that the 
primary source of heating in this region is the heat released 
by high ground-air temperature. The contributions from 
condensational processes in the heating signal are expected 
to be insignificant, since precipitation is extremely limited 
in summer in this internal region which is due to both the 
local-scale and large-scale factors (unsaturated and hot air 
in the lower troposphere coupled with large-scale subsid-
ence in the middle and upper troposphere). The second 
key factor explaining the local warming over the closed 
parts of the Armenian Highland is the presence of major 
mountain ranges which play an important role in redirect-
ing regional and synoptic scale circulations over the study 
region as pointed out by Gevorgyan (2013) and Tyrlis et al. 
(2013). These massive mountain ranges obstruct the cool-
ing induced by the general easterly and northerly flows 
from the Caspian and Black seas, respectively, and thus, 
contributing to diabatic warming and surface heating over 
the inner regions. Thus, a supply of relatively cold and 
humid air over the windward slopes of the Armenian High-
land along with intense diabatic heating over the inner parts 
of the plateau in the lower troposphere produce significant 
temperature and pressure gradients and plain-plateau circu-
lation over the study region and wind gusts in Yerevan.

All of the findings show that the ABL over the plateau is 
much higher than over the lowlands and may extend beyond 
4,000 m above mean sea level (up to the middle tropo-
sphere). On the other hand, a cooler boundary layer over the 
Kura-Araks plain does not evolve to be as deep as a warmer 
one over the plateau. It is worth noting that the heated area 
is characterised by significantly deeper boundary layer.

To better understand the main factors controlling the 
excess heat and growth of the ABL over the heat source found 
in this study it is necessary to further analyze the processes 
responsible for the upward transport of the sensible heat from 
the hot surface to the upper boundary layer (e.g. the sensible 
heat fluxes, radiative convergence, turbulent and convective 
mixing, horizontal temperature advection, and latent heat 
released from convection/exhausted by rain evaporation).
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The observed data obtained from 39 meteorological sta-
tions of Armenia show that the intense heat source influ-
ences southwestern part of Armenia at the ground surface 
and in the lower troposphere during severe wind gusts in 
Yerevan. It should be noted that the ERA-Interim reanal-
ysis data strongly underestimate negative differences in 
mean daytime temperatures (both in the lower troposphere 
and at the ground surface) over northeastern and southeast-
ern parts of Armenia and over Sevan lake basin found in the 
observed data. It was suggested that the inappropriate rep-
resentation of daytime temperature pattern over Armenia 
by ERA-Interim data may be due to both its coarse resolu-
tion and to inaccurate representation of formation of low-
level cloud processes associated with smaller scale effects 
like flow deviation and channeling due to orographic fea-
tures. Previous works show that the relative humidity in the 
vertical layers where clouds reside in the summer Saharan 
boundary layer is underestimated in ECMWF operational 
analyses, which suggests the model does not produce these 
clouds accurately (Birch et al. 2012; Messager et al. 2010). 
Therefore, there is considerable scope for further research 
on both cloud occurrence, and cloud radiative and micro-
physical properties over Armenia and their representation 
in models.

The impact of the lower-tropospheric temperature change 
on the plain–plateau circulation induced by recent and 
future climate change of the study region was analyzed in 
Sect. 5. Overall, the results of temperature change analysis 
show significant temperature increase over the study region 
in recent decades (1992–2007) in the lower troposphere. It 
should be noted that the results indicate the stronger warm-
ing in land areas than over the Caspian Sea. Therefore, the 
recent surface warming may significantly modify the lower 
tropospheric temperature and pressure gradients over the 
study region which are the fundamental drivers (along with 
large-scale factors) of the plain–plateau circulation over the 
Armenian Highland. In particular, increase in the tempera-
ture and pressure gradients between the Armenian High-
land and the Caspian Sea in the lower troposphere may 
strengthen the plain–plateau circulation and wind gusts 
in Yerevan in recent decades. Observations further sup-
port enhancement of the plain–plateau circulation showing 
increase in severe wind gust events at Yerevan-Zvartnots sta-
tion over 1992–2007 at a rate 6.6 events decade−1. Moreo-
ver, analisys of changes in mean wind regime in Yerevan 
indicates that northeasterly mountain-valley winds become 
more dominant for the recent period which may be associ-
ated with the recent warming of the study region.

Monthly outputs for mean 2 m maximum temperature 
from CCSM4 up to the end of twenty-first century project 
stronger increase of daytime temperatures in land areas 
which is expected to enhance the temperature and pressure 
gradients between the land and the Caspian Sea in the lower 

troposphere. The latter may drive stronger plain–plateau 
circulation over the Armenian Highland in future, resulting 
in the increase in severe wind gust events in Yerevan.

In addition to the findings of this study, a regional cli-
mate model application at higher spatial resolution should 
be considered to further examine local-scale processes in 
this region and to achieve the intriguing questions raised in 
this study. Additional sensitivity experiments and idealized 
numerical simulations should be performed to deepen our 
dynamical understanding of plateau circulations (Smith and 
Spengler 2011; Zangl and Chico 2006).
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