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Surface and tropospheric temperature trends in Armenia
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ABSTRACT: The surface and tropospheric temperature trends have been evaluated over Armenia. A very clear signal
of warming is detected at most stations of Armenia for spring, summer and autumn seasons for the period 1979–2012
compared to 1961–1994. Overall, the observed data and the reanalyses products (ERA-40 and ERA-Interim) provide a
generally consistent picture for tropospheric temperature trends over Armenia. The trends obtained from the three sources of
data show significantly faster warming at the near-surface troposphere (at 850 hPa) for the period 1979–2012 compared to
1961–1994. However, temperature trends at 850 hPa are underestimated by the reanalysis products relative to the observed
data. The warming rates decrease with height, and negative and nearly zero trends are observed in the middle and upper
troposphere in most cases.
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1. Introduction

Global and regional studies of climate variability have
been becoming a central focal point of climate research
in the recent decades. Having up-to-date climatic infor-
mation for a region enhances the effectiveness of any
assessment for climate impact studies, especially in rela-
tion to global warming and changes in climate (Intergov-
ernmental Panel on Climate Change, 2007).

Temperature is one of the key variables used to assess
climate variations and changes, regionally and globally.
This study examines observed air temperature trends in
Armenia. Southern Caucasus and Armenia encompass
vast and diverse regions with mountain topography. The
average elevation of the territory of Armenia is 1800 m
above sea level, the maximum height is 4090 m (Mount
Aragats) and the minimum is 375 m above sea level. The
terrain across the region ranges from flat semi-desert to
moist rugged mountain regions.

The patterns of climate variation in high-elevation
regions may be substantially different from those derived
from low-elevation observations (Seidel and Free, 2003).
Most climate models suggest amplification of global
warming in high mountains (Giorgi et al ., 1997; Chen
et al ., 2003; Kotlarski et al ., 2012) because less snow
and ice cover results in lower surface albedo, which in
turn enhances further warming. The results obtained by
Wang et al . (2013) suggest that warming amplification
in high-elevation regions is an intrinsic feature of recent
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global warming. However, other studies show a decreased
warming rate at high elevations (Vuille and Bradley,
2000; Pepin and Losleben, 2002) or the lack of any
clear relationship between trend magnitude and elevation
(Vuille et al ., 2003; Pepin and Seidel, 2005; Pepin and
Lundquist, 2008; You et al ., 2008).

Being a mountainous country, Armenia is vulnera-
ble to climate and its change. There are few previous
studies considering climate change and its impacts on
hydrological balance in Armenia and Southern Caucasus,
The Black and Caspian Seas basins (Zhang et al ., 2005;
Melkonyan and Shindyan, 2009; Ministry of Nature Pro-
tection of Armenia, 2010; Elguindi et al ., 2011; Regional
Climate Change Impacts Study for the South Caucasus
Region, 2011; Melkonyan et al ., 2013). It was reported
that statistically significant increasing trends in mean
annual temperature, mean daily minimum temperature
and mean daily maximum temperature exist in South-
ern Caucasus and Armenia (Regional Climate Change
Impacts Study for the South Caucasus Region, 2011). The
change in mean annual temperature for most of the region
is in the range of 0–1.5 ◦C for the period 1935–2008.

The impacts of climate change on agriculture of Arme-
nia have been estimated by Melkonyan and Asadoorian
(2013). Nearly half of the arable land in Armenia requires
irrigation, which places agriculture at risk in the existing
environmental conditions. Agricultural damage associ-
ated with unfavourable weather conditions was estimated
as 107 million US dollars from 2000 through 2005. It
is worth to mention here severe droughts in Armenia in
2000.

Significant increase in temperature has been observed
over the Middle East (Almazroui et al ., 2012; Almazroui
et al ., 2013). It was found that the observed annual
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maximum, mean and minimum temperatures have
increased significantly at a rate of 0.71, 0.60 and
0.48 ◦C decade−1, respectively, in Saudi Arabia over
the period 1978–2002. It is worth noting here that the
unprecedented heat waves in European part of Russia
in 2010 (Meleshko et al ., 2011) and in Europe (in July
2013) caused a huge loss of lives, forest fires and great
damages in these two regions.

Considerable efforts have been made to determine
tropospheric temperature trends from radiosonde obser-
vations and also from satellites. However, temperature
change in troposphere has been studied much less and
different analyses have produced diverse results, includ-
ing apparent inconsistencies of tropospheric tempera-
ture trends with trends in surface temperature (Agudelo
and Curry, 2004; Thorn et al ., 2011). Several recent
comparisons of modelled and observed atmospheric
temperature changes have focused on the tropical tro-
posphere (Santer et al ., 2008). The results showed tro-
pospheric amplification of surface warming in response
to human-caused increases in well-mixed greenhouse
gases. By contrast, vertical structure of Arctic tropo-
spheric temperature trends obtained from the observed
data and the NCEP/NCAR reanalysis data showed no
tropospheric amplification of surface warming over the
period 1979–2002 (Alexeev et al ., 2012). Understanding
changes in the atmospheric lapse rate resulting from dif-
ferential temperature trends at different heights is impor-
tant for understanding the nature of tendencies in atmo-
spheric circulation and climate over the study region.

Characterization of climate change in high-elevation
regions is of utmost interest for understanding the global
climate change and for assessing the impacts of climate
change on regional environments and economies. This
updated analysis of temperature change in Armenia is
important for several application-oriented sectors, such as
water resources, agriculture, power generation, biodiver-
sity, migration and food security. Great spatial variability
in both temperature and precipitation (Gevorgyan, 2012)
in the study region suggests that climate change and its
impacts may vary both in spatial and in temporal scales,
representing major challenge for the assessment of cli-
mate change in this region. Furthermore, the study region
is located in mid-latitudes characterized by strong annual
cycle in the surface climate variables (e.g. air temperature
and precipitation) and by significant seasonal changes in
atmospheric circulation patterns. Therefore, it is of great
importance for Armenia to examine the seasonal temper-
ature trends.

This paper focuses on the following issues: the first
is a detailed assessment of the spatiotemporal structure
of surface temperature change in Armenia. The surface
temperature change evaluation is based on temperature
data sets derived from as many meteorological stations of
Armenia as possible. Temperature change has been anal-
ysed for two equally long periods, namely 1961–1994
and 1979–2012. Finally, this paper is the first to present
tropospheric temperature trends in Armenia and Southern
Caucasus.

In Section 2, the description of used temperature data
sets is presented and the statistical techniques used to
reconstruct missing data in observed temperature data
sets are described. Section 3 considers the analysis of
surface and tropospheric temperature trends in Armenia.
The results of this study are summarized and discussed
in Section 4.

2. Data and methods

A variety of data sources are used in this study. Recently
updated sub-daily, daily and monthly temperature data
sets from 62 meteorological stations were used to study
surface temperature climatology and surface temperature
trends in Armenia. The distribution of meteorological
stations across the country with the topographical
features is shown in Figure 1. The temperature data sets
were taken from Armenian State Hydrometeorological
and Monitoring Service and from All-Russian Research
Institute for Hydrometeorological Information-World
Data Center of the Federal Service for Hydrometeorol-
ogy and Environmental Monitoring (National Climatic
Data Center Data Documentation for Dataset 9290c,
Global Synoptic Climatology Network © The former
USSR, Version 1.0, 2005).

The relocation, replacement, changes in observing
schedule or recalibration of an instrument can lead to
an abrupt shift in time-ordered observations that is unre-
lated to any real change in climate. For this reason,
testing for artificial discontinuities or ‘inhomogeneities’
is an essential component of climate change analysis.
Prior to the analysis, basic quality control on the monthly
temperature data derived from the above-mentioned data
sources is performed. First, the history of both observ-
ing methods and site changes of the stations used in
this study (Figure 1) was examined carefully (Arme-
nian State Hydrometeorological and Monitoring Service,
2011), and the stations with inhomogeneous series were
rejected. Then, monthly temperature data sets were fur-
ther corrected for inhomogeneities associated with differ-
ent number of temperature measurements in the periods
of 1936–1965 (four times per day) and 1966–onward
(eight times per day), making use of the methodology
developed at the Department of Climatology of Arme-
nian State Hydrometeorological and Monitoring Service.
Finally, homogeneity of monthly temperature data was
tested, making use of pairwise comparison of mean
monthly anomaly temperature series from highly corre-
lated stations (Menne and Williams, 2009). After manual
inspection of the pairwise difference series, several sta-
tions with abrupt ‘jumps’ as well as local, unrepresenta-
tive trends in the temperature series were rejected.

As a result, 36 from the 62 meteorological stations
with high-quality data and good temporal data coverage
for the period 1961–2012 were selected for the surface
temperature trend analysis. It should be noted that many
stations were closed after the break-up of the Soviet
Union in 1991, and the shortness of records is the main
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TEMPERATURE TRENDS IN ARMENIA 3561

Figure 1. The distribution of meteorological stations used in the analy-
sis of surface temperature climatology and surface temperature trends
in Armenia (temperature trends were estimated for stations indicated
with green dots, ERA-Interim grid-points are indicated with bold crests

and ERA-40 grid-point is indicated with closed square).

reason why more stations are not included in surface
temperature trend analysis (i.e. more than 36 selected
stations). So we have almost no observations at the 26
other stations (indicated with black dots in Figure 1)
for the recent 20 years (since the early 1990s). Indeed,
some of those closed stations have been gradually re-
opened in recent few years (since 2008 and 2009), and
the number of current operational stations in Armenia is
47 (Vardanyan et al., 2013).

The selected stations are presented in Table 1 and in
Figure 1 (the stations are indicated with green dots). It can
be seen from Table 1 that 23 of the 36 stations contain
no missing data in monthly temperature data sets over
the period 1961–2012. Relative number of missing data
for another eight stations does not exceed 5%, and the
number of months with missing mean temperature data
varies from 8% to 14% of the entire period of 624 month
for the other five stations.

The missing monthly temperatures were reconstructed
by means of regression methods (Wilks, 2006). Linear
regression models were defined for each station with
missing data using monthly temperature data from the
other 61 meteorological stations (Figure 1). Then, the
regression models with the best estimates (considering
values of correlation coefficients and number of years
included in the analysis) from the 61 × 12 matrix of
regression models were applied for each station and
for each month with missing temperature data. Mean
correlation coefficients for the used regression models
are quite high varying from 0.93 to 0.98 for most of
the stations (Table 1). The correlation coefficients are all
significant at 5% level according to Student’s t-test.

Table 1. List of meteorological stations used to estimate surface
temperature trends in Armenia.

Station Height
above

sea
level (m)

Relative number
of missing data
(%) in monthly

temperature
data set in
the period

1961–2012

Mean correlation
coefficients for
the regression
models used

Ananun pass 2122 0 –
Aparan 1889 0 –
Ararat 818 0 –
Armavir 870 0 –
Artashat 829 0 –
Gavar 1961 0 –
Goris 1403 0 –
Ijevan 732 0 –
Martuni 1943 0 –
Megri 627 0 –
Sisian 1580 0 –
Yerevan-Arabkir 1113 0 –
Hamberd 2071 0 –
Sevan lake 1917 0 –
Gumri 1528 0 –
Ashock 2012 0 –
Tashir 1507 0 –
Vanadzor 1376 0 –
Fontan 1800 0 –
Bagratashen 451 0 –
Masrik 1940 0 –
Odzun 1105 0 –
Yerevan-Agro 942 0 –
Stepanavan 1397 1 0.99
Amasia 1849 1 0.93
Aragats mountain 3229 2 0.88
Dilijan 1256 2 0.97
Urcadzor 1064 3 0.97
Shorja 1917 3 0.92
Hrazdan 1765 5 0.97
Pushkin pass 2066 5 0.96
Chambarak 1853 8 0.94
Vorotan pass 2387 8 0.95
Semenovka 2104 8 0.94
Kapan 705 12 0.96
Yerevan-Zvartnots 890 14 0.98

The upper-air temperature trends were estimated
making use of mean monthly temperature data set
of aerological station of Yerevan-Aero derived from
recently homogenized global radiosonde temperature
archive (Haimberger et al ., 2012). In general, quality
assurance procedures for sounding data and radiosonde
temperature measurements for inhomogeneities rely on
analysis of time series of differences between radiosonde
temperatures (obs) and background forecasts (bg) of
climate data assimilation systems used for the 40-year
European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis (ERA-40) and the ongoing interim
ECMWF reanalysis (ERA-Interim). This data set con-
tains both daytime (at 1200 UTC) and night-time (at
0000 UTC) monthly mean temperature data. Because of
large number of missing data in daytime monthly mean
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temperatures over the period 1961–2012 (there is no
observations since 1992), only the night-time monthly
mean temperature data are considered in further analysis.
Then, the monthly mean temperatures of ‘good months’
with missing days not exceeding 30% of the number of
days for the corresponding month were considered in the
tropospheric temperature trend analysis. Finally, the six
pressure levels with relatively good temporal coverage
of monthly temperature data for the period 1961–2012
were selected (Table 2) for the tropospheric temperature
trend analysis. It can be seen from Table 2 that relative
number of months with missing temperature data varies
from 34% to 35% for up to 300 hPa and 49% for 200 hPa.
The average annual heights of the selected pressure
levels for the period 1961–1990 derived from monthly
geopotential height data archive of Comprehensive
Upper Air Network (www.historicalupperair.org, Stick-
ler et al ., 2010) for Yerevan-Aero station are presented
in Table 2.

ERA-40 and ERA-Interim reanalysis products (Uppala
et al ., 2005; Berrisford et al ., 2011) over 1958–2001
and 1979–2012 periods, correspondingly, were used as
predictors to reconstruct the missing data in upper-air
monthly temperatures of Yerevan-Aero station. Monthly
mean tropospheric temperatures at 0000 UTC taken as
the values at the nearest one ERA-40 grid point (indi-
cated with a close square in Figure 1) and four ERA-
Interim grid points (indicated with bold crests in Figure 1)
to Yerevan-Aero station at each of the selected pres-
sure levels (Table 2) were obtained. As it is not
recommended by Uppala et al . (2005) to use ERA-
40 reanalysis data from 2002, tropospheric tempera-
tures for this final year of ERA-40 are not used in
this study.

The same procedure for the reconstruction of missing
data in tropospheric monthly temperatures was applied
as in the case with surface monthly temperature data
sets. Monthly temperatures of ERA-40 and ERA-Interim
data were used as predictors to infill missing data in
tropospheric monthly temperatures at Yerevan-Aero
station. Mean correlation coefficients of the regression
models used to infill the missing data are all significant
and quite high varying from 0.87 to 0.93 at the selected
pressure levels.

Surface and tropospheric temperature trends were esti-
mated for the four climatological seasons, namely winter
(DJF), spring (MAM), summer (JJA) and autumn (SON).
To better understand the temporal changes of surface
and tropospheric temperature over Armenia in the recent
past, the annual trends of seasonal temperatures were
compared for the two sub-periods, namely 1961–1994
and 1979–2012. It is supposed that the latter sub-period
was affected by human activity at greater extent. This
approach (i.e. consideration of different sub-periods for
the entire analysis) is also common in many previous
studies on this issue (Almazroui et al ., 2013). Simple
linear regression methods are used for the trend analysis,
and the significance of temperature trends was evaluated
according to Student’s t-test of significance at 5% level

(Wilks, 2006). To establish the spatial distribution of the
indices of surface temperature trends, the station values
are gridded using Kriging method, a built-in function in
SURFER software.

3. Results

3.1. Mean temperature climatology

Annual mean temperatures are calculated over stan-
dard period for reference climatologies recommended by
World Meteorological Organization, 1961–1990, accord-
ingly. As all the 62 meteorological stations (indicated
with green and black dotes in Figure 1) provide high-
quality data and good temporal data coverage for the
reference period, the temperature data from all the 62
meteorological stations are considered in mean tempera-
ture climatology analysis in Armenia. The latter is ben-
eficial for the detailed analysis of mean temperature
climatology in Armenia, and enables to better capture
local temperature conditions associated with significant
topography (Figures 1). Figure 2 shows the relationship
between annual mean temperature and elevation in Arme-
nia obtained from the 62 meteorological stations used.
There is a close relationship between annual mean tem-
perature and elevation (r = −0.96), indicating a decrease
in annual mean temperature with elevation.

The linear regression model based on the relation-
ship presented in Figure 2 and 90-m digital elevation
model obtained from the US Geological Survey (USGS,
http://earthexplorer.usgs.gov) have been used to obtain
the spatial distribution of the annual mean temperature
over Armenia (Figure 3, ArcGIS software was applied to
obtain Figure 3). There is great spatial variability in the
distribution of annual mean temperature in Armenia with
the mean annual temperatures ranging from −6 to 14 ◦C
(Figure 3). Relatively high temperatures can be seen in
the plain of Ararat (in the south-west of Armenia), the
north-eastern and south-eastern valley regions of Arme-
nia, at about 10–14 ◦C. The mountain ranges with height
reaching 2500 m or above experience temperatures as low
as from −4 to 2 ◦C.

The monthly temperatures averaged over the entire
Armenia for the period 1961–1990 are presented in
Figure 4. There is a strong annual cycle in temperature
with maximum monthly temperature in July (18.8 ◦C)
and with minimum monthly temperature in January
(−5.5 ◦C). The great spatial and seasonal variability
of temperature in Armenia may be explained in terms
of the broad characteristics of the global circulation
and regional climate factors (e.g. latitude, orography,
oceanic and continental influences). Armenia located in
the middle latitudes of Northern Hemisphere is influenced
by tropical, polar and arctic (rarely) air masses which can
be of both continental and maritime origins modified by
continental influence (Gevorgyan, 2013).

The annual mean tropospheric temperatures for the
selected pressure levels (Table 2) derived from the used
radiosonde data of Yerevan-Aero station (Haimberger
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Table 2. The monthly temperature data of Yerevan-Aero station used to estimate tropospheric temperature trends.

Level (hPa) Average annual
height (1991–1960)
above sea level (m)

Relative number of
missing data (%) in monthly

temperature data set
in the period 1961–2012

Mean correlation coefficients
for the regression models used

Predictor data sets

Surface 1134 Not used – –
850 1494 34 0.88 ERA-40, ERA-Interim
700 3072 34 0.93 ERA-40, ERA-Interim
500 5679 34 0.92 ERA-40, ERA-Interim
400 7314 34 0.93 ERA-40, ERA-Interim
300 9308 35 0.87 ERA-40, ERA-Interim
200 11 960 49 0.93 ERA-40, ERA-Interim

Figure 2. Relationship between annual mean temperature (◦C) and
elevation in Armenia over the period 1961–1990 (Pearson correlation

coefficient is indicated with r).

et al ., 2012) are presented in Figure 5. Mean annual
temperature decreases from about 10 ◦C at 850 hPa to
about −55 ◦C at 200 hPa pressure level.

3.2. Surface temperature trends

In this section, the analysis of seasonal mean temperature
trends is presented based on the observed and recon-
structed monthly temperature data sets from the 36 mete-
orological stations of Armenia (Table 1 and Figure 1).
Figure 6(a) and (b) shows the spatial distribution of the
trends in Armenian winter (DJF) temperatures for the
periods 1961–1994 and 1979–2012, respectively. It can
be seen from Figure 6(a) that winter temperatures have
decreased in most part of Armenia for 1961–1994 with
negative temperature trends lower than −0.4 ◦C decade−1

at several stations. However, these negative trends are
insignificant at the 5% significance level according to
Student’s t-test.

The spatial pattern of winter temperature trends is more
variable for 1979–2012 (Figure 6(b)). There are regions
with both negative and positive temperature trends. Tem-
perature trends are positive (exceeding 0.2 ◦C decade−1)
and opposite to those for 1961–1994 over the south-east
of Armenia, while the south-western part of Armenia
experiences temperature decrease (at a rate from −0.2
to −0.4 ◦C decade−1) in the recent past period. It should
be noted that a very common and well-known feature of

Figure 3. The spatial distribution of the annual mean temperature (◦C)
averaged over the period 1961–1990.

Figure 4. The intra-annual variability of temperature (◦C) in Armenia
over the period 1961–1990.

this relatively low-elevation area (with average elevation
of territory not exceeding 900 m above sea level), espe-
cially during the cold season, is the frequent occurrence
of near-surface air temperature inversions (Bagdasaryan,
1958). The latter suggests that the temperature decrease
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Figure 5. The vertical profile of annual mean temperature (◦C) of
Yerevan-Aero radiosonde station over the period 1961–1990.

in the south-west of Armenia in winter season may be due
to increase in the occurrence of near-surface inversions
in the recent past period.

In contrast to winter temperature trends, increase
in summer (JJA) temperature has been found at most
stations of Armenia for both of the considered peri-
ods (Figures 7(a) and (b)). The temperature trends are
insignificant and vary mainly from 0 to 0.2 ◦C decade−1

for 1961–1994 (except for the significant warming
exceeding 0.2 ◦C decade−1 at Gavar station located in
the basin of Sevan Lake). Slightly negative temperature
trends can be seen at several stations.

It can be seen from Figure 7(b) that warming in sum-
mer temperatures has been accelerated significantly over
1979–2012. In contrast to the first period, most sta-
tions of Armenia show faster and significant increase in
temperature with the temperature trends varying mainly
from 0.4 to 0.6 ◦C decade−1. Temperature trends exceed-
ing 0.6 ◦C decade−1 can be seen in the far north-eastern
and south-eastern valley areas of Armenia characterized
by high annual and summertime temperatures (Figure 3).

Linear trends in spring (MAM) temperatures are
insignificant and vary about 0 ◦C decade−1 (slightly neg-
ative or positive) over most of Armenia for 1961–1994
(Figure 8(a)). Significant negative temperature trend (less
than −0.2 ◦C decade−1) is observed at Hamberd mountain
station located on the south-eastern slope of Mount Ara-
gats (Figure 1; Table 1). In contrast to the first period,
mean spring temperatures have increased at most sta-
tions of Armenia for 1979–2012 with the temperature
trends exceeding 0.2 ◦C decade−1 (Figure 8(b)). There
are several local areas characterized by significant pos-
itive temperature trends. Significant temperature trends
exceeding 0.4 ◦C decade−1 are observed in the south-west
of Sevan Lake basin and in the south-east of Armenia.

It should be noted that negative temperature trends are
maintained over Mount Aragats for 1979–2012. How-
ever, these negative temperature trends are statistically
insignificant.

The spatial pattern of mean autumn temperature
trends in Armenia is heterogeneous for 1961–1994
(Figures 9(a)). The trends are of opposite signs in
different parts of Armenia. However, these tempera-
ture trends are statistically insignificant and vary about
0 ◦C decade−1 (slightly negative or positive) over most of
Armenia. By contrast, positive trends have been obtained
over the entire Armenia for 1979–2012 with significant
temperature trends exceeding 0.2 ◦C decade−1 at most
stations (Figure 9(b)). The far northern, north-eastern and
south-eastern parts of Armenia and Yerevan and its sur-
roundings are characterized by significant temperature
trends exceeding 0.4 ◦C decade−1. It is worth noting the
elevated rate of increase in temperature over Yerevan
(exceeding 0.6 ◦C decade−1) observed at Yerevan-Arabkir
and Yerevan-Agro stations (Table 1). The latter may be
due to urban warming effect.

3.2.1. Relationship between station warming rates and
station altitudes

It was noted in Section 1 that there is great uncertainty
in our understanding of whether elevation-dependent
warming commonly occurs in high-elevation regions,
and whether high-elevation regions are warming faster
than their low-elevation counterparts. To examine this
issue, relationships between surface temperature trends
and altitudes obtained from the 36 meteorological sta-
tions of Armenia ranging in elevation from 451 to 3229 m
(Table 1 and Figure 1) are presented in this section
(Figure 10(a)–(h)). The great scatter in Figure 10(a)–(h)
indicates that there is no significant relationship between
surface temperature trends and elevation in Armenia
(correlation coefficients vary from −0.36 to 0.42). Fur-
thermore, altitude amplification of warming rates can-
not be detected at high-elevation stations, in any sea-
son, except for winter (DJF) temperature trends for
1979–2012 (Figure 10(b)).

3.3. Tropospheric temperature trends

For a better view of the large-scale changing effects of the
temperature over the study region, the vertical structure of
temperature changes throughout troposphere is examined
in this section. The three different data sets described
in Section 2 are used to assess vertical trend profiles
over Armenia. The first data set contains observed
and reconstructed tropospheric monthly temperatures at
Yerevan-Aero station (Table 2), and the other two data
sets contain tropospheric monthly temperatures derived
from the ERA-40 and ERA-Interim reanalysis products,
accordingly. Comparison of tropospheric temperature
trends obtained from the observed data and from the
reanalyses data products makes it possible to test the
robustness of these trends over Armenia.
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(a) (b)

Figure 6. Trends in mean winter (DJF) temperatures in Armenia. Units are expressed in ◦C decade−1. (a) From 1961 to 1994; (b) from 1979 to
2012.

(a) (b)

Figure 7. Trends in mean summer (JJA) temperatures in Armenia. Units are expressed in ◦C decade−1. (a) From 1961 to 1994; (b) from 1979 to
2012 (shaded regions indicate significant positive linear trends at the 5% significance level according to Student’s t-test).

The results of correlation analysis between the
observed monthly temperatures (Haimberger et al .,
2012) and those from the ERA-40 and ERA-Interim
reanalysis data for the selected six pressure levels are
shown in Table 2. It should be noted that there were
no significant differences between the estimates of
relationships between the observed monthly tropospheric
temperatures and those from the nearest four ERA-
Interim grid points to Yerevan-Aero station. Therefore,
ERA-40 monthly temperatures at the nearest one
ERA-40 grid point to Yerevan-Aero station (indicated
with a close square in Figure 1) and ERA-Interim
monthly temperatures taken as the average value from
the nearest four ERA-Interim grid points to Yerevan-
Aero station (indicated with bold crests in Figure 1) have

been used to assess tropospheric temperature trends over
Armenia. To avoid artificial shifts and inhomogeneities
in the tropospheric temperature series associated with the
use of different reanalyses (ERA-40 and ERA-Interim),
tropospheric temperature trends were assessed for
ERA-40 and ERA-Interim reanalyses data separately for
the periods 1961–1994 and 1979–2012, respectively.
The trends were further compared with the observed
ones.

Winter trends for 1961–1994 and 1979–2012 derived
from the observed data and from the two reanalysis
products (ERA-40 and ERA-Interim) are shown in
Figure 11(a) and (b). For the period 1961–1994, the
observed and ERA-40 vertical trend profiles are very sim-
ilar, indicating negative temperature trends in the lower
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(a) (b)

Figure 8. Trends in mean spring (MAM) temperatures in Armenia. Units are expressed in ◦C decade−1. (a) From 1961 to 1994; (b) from 1979
to 2012 (shaded regions indicate significant positive (negative) linear trends at the 5% significance level according to Student’s t-test).

(a) (b)

Figure 9. Trends in mean autumn (SON) temperatures in Armenia. Units are expressed in ◦C decade−1. (a) From 1961 to 1994; (b) from 1979
to 2012 (shaded regions indicate significant positive linear trends at the 5% significance level according to Student’s t-test).

and middle troposphere (less than −0.2 ◦C decade−1)
and significantly positive temperature trends in the upper
troposphere (exceeding 0.6 ◦C decade−1 at 200 hPa). It
should be noted that negative temperature trends are
more prominent in the lower troposphere (less than
−0.4 ◦C decade−1) which is consistent with surface
negative temperature trends at Yerevan sites (Figure 6(a)).
In contrast, both the observed and the ERA-Interim data
show positive winter temperature trends in the lower
troposphere 1979–2012 (Figure 11(b)). It is worth noting
that the latter is in good agreement with the surface
temperature trends which are generally of opposite
signs at most stations of Armenia for 1961–1994 and

1979–2012 (Figure 6(a) and (b)). However, the temper-
ature trend obtained from the ERA-Interim reanalysis
(about 0.1 ◦Cdecade−1) is underestimated relative to that
obtained from the observed data (about 0.4 ◦C decade−1)
at 850 hPa. The observed and ERA-Interim tempera-
ture trends are in good agreement from 700 through
200 hPa showing slightly negative temperature trends in
the middle troposphere (about −0.2 ◦C decade−1) and
slightly positive temperature trends at 200 hPa (about
0.2 ◦C decade−1).

Figure 12(a) shows that summer (JJA) temperature
trends are slightly negative or about 0 ◦C decade−1 in
the lower and middle troposphere (up to 500 hPa) for
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 10. Relationship between station warming rates (◦C decade−1) and station altitudes (m) in Armenia. (a) From 1961 to 1994 (DJF); (b)
from 1979 to 2012 (DJF); (c) from 1961 to 1994 (JJA); (d) from 1979 to 2012 (JJA); (e) from 1961 to 1994 (MAM); (f) from 1979 to 2012

(MAM); (g) from 1961 to 1994 (SON); (h) from 1979 to 2012 (SON) (Pearson correlation coefficients are indicated with r).

1961–1994. Temperature trends are negative in the upper
troposphere. However, vertical profile of the observed
temperature trends is substantially shifted to the left
relative to that for the ERA-40 reanalysis temperature
trends from 400 to 200 hPa. The maximum bias between
the two vertical trend profiles can be seen at 300 hPa (by
less than −0.3 ◦C decade−1). There is significant negative
temperature trend at 300 hPa (about −0.6 ◦C decade−1)
obtained from the observed data.

Figure 12(b) shows that warming in the lower tropo-
sphere has been accelerated significantly for 1979–2012.
Both the observed and the ERA-Interim reanalysis data
show the maximum warming rates at 850 hPa. However,
the warming maximum obtained from the ERA-Interim
reanalysis (about 0.4 ◦C decade−1) is gentler than the
observed maximum (exceeding 0.7 ◦C decade−1). Tro-
pospheric warming extends up to 700 hPa but with a
lower rate exceeding 0.2 ◦C decade−1. ERA-Interim and
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(a) (b)

Figure 11. Vertical profiles of trends in winter (DJF) tropospheric temperature. Units are expressed in ◦C decade−1. (a) Observed (red line) and
ERA-40 (blue line) trends for 1961–1994; (b) observed (red line) and ERA-Interim (blue line) trends for 1979–2012 (significant positive linear

trends at the 5% significance level according to Student’s t-test are indicated with ‘+’ ).

(a) (b)

Figure 12. Vertical profiles of trends in summer (JJA) tropospheric temperature. Units are expressed in ◦C decade−1. (a) Observed (red line) and
ERA-40 (blue line) trends for 1961–1994; (b) – observed (red line) and ERA-Interim (blue line) trends for 1979–2012 [significant positive

(negative) linear trends at the 5% significance level according to Student’s t-test are indicated with ‘+’].

observed tropospheric temperature trends are in good
agreement from 700 to 200 hPa, and these temperature
trends are nearly zero or slightly positive in the middle
and upper troposphere.

Figure 13(a) shows that both the ERA-40 reanalysis
and the observed data indicate negative temperature
trends throughout troposphere for spring season (MAM)
over 1961–1994. There is a significant decrease in spring
temperatures at 850 hPa obtained from the observed data
with a temperature trend of about −0.4 ◦C decade−1.

Temperature trends vary mostly from −0.2 to
0 ◦C decade−1 in the middle and upper troposphere.

As in the case with summer tropospheric temperature
trends (Figure 12(b)), there is significant amplification of
warming at 850 hPa in spring for 1979–2012 obtained
both from the observed and from the ERA-Interim
reanalysis data (Figure 13(b)). However, temperature
trend obtained from the ERA-Interim data (about
0.2 ◦C decade−1) is strongly underestimated and insignif-
icant relative to that obtained from the observed data
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(a) (b)

Figure 13. Vertical profiles of trends in spring (MAM) tropospheric temperature. Units are expressed in ◦C decade−1. (a) Observed (red line)
and ERA-40 (blue line) trends for 1961–1994; (b) observed (red line) and ERA-Interim (blue line) trends for 1979–2012 [significant positive

(negative) linear trends at the 5% significance level according to Student’s t-test are indicated with ‘+’].

(about 0.7 ◦C decade−1) at 850 hPa. It is worth noting
that the observed increase in 850 hPa temperature is
stronger relative to that at the surface at Yerevan varying
from 0.2 to 0.4 ◦C decade−1 (Figure 8(b)). Warming rates
gradually decrease in middle and upper troposphere, and
the slight negative or nearly zero trends can be seen up
to 300 hPa, while there are positive temperature trends
at 200 hPa (from 0.2 to 0.4 ◦C decade−1).

Finally, autumn tropospheric temperature trends
derived from the reanalyses products and from
the observed data for the periods 1961–1994 and
1979–2012 are shown in Figure 14(a) and (b). Overall,
the observed and ERA-40 reanalysis data provide a
generally consistent picture for autumn tropospheric
temperature trends for 1961–1994. Temperature trends
are nearly zero or slightly negative (greater than
−0.2 ◦C decade−1) from 700 to 300 hPa and the trends
are slightly positive at 200 hPa (about 0.2 ◦C decade−1).
It should be noted that the ERA-40 negative temperature
trend (about −0.2 ◦C decade−1) is overestimated relative
to the observed negative temperature trend (about
−0.4 ◦C decade−1) at 850 hPa, and the observed negative
temperature trend is statistically significant.

The observed and ERA-Interim autumn (SON) vertical
trend profiles for 1979–2012 are shown in Figure 14(b).
As in the case for the other seasons (Figures 11(b),
12(b) and 13(b)), the observed maximum warming rate
occurs at 850 hPa with significant positive trend exceed-
ing 0.6 ◦C decade−1. It should be noted that the observed
850 hPa and the surface temperature trends at Yerevan are
in close agreement (Figure 9(b)) while the ERA-Interim
850 hPa temperature trend exceeding 0.2 ◦C decade−1

is strongly underestimated. On the other hand, the
observed and ERA-Interim vertical trend profiles are in

good agreement in the middle and upper troposphere
showing nearly zero or slightly positive trends. ERA-
Interim reanalysis shows significant increase in tem-
perature at 300 hPa with a temperature trend of about
0.4 ◦C decade−1, while the observed data shows insignif-
icant warming trend (not exceeding 0.2 ◦C decade−1) at
this level.

The results of tropospheric temperature trends have
shown that the biggest disagreement between the tro-
pospheric trends from the observed data and from the
reanalysis products can be seen at 850 hPa in any season
for 1979–2012 (Figures 11(b), 12(b), 13(b) and 14(b)).
These disagreements are substantial with the differences
between the observed and the reanalysis tropospheric
trends equalling or exceeding 0.4 ◦C decade−1, except for
winter. To better understand the reason for inconsistency
of the ERA-Interim reanalysis temperature trends with
the observed ones, temporal variability in mean tempera-
tures and temperature anomalies (relative to 1979–2012
mean seasonal temperatures) at 850 hPa obtained from
the observed and from the ERA-Interim reanalysis data
in spring (MAM), summer (JJA) and autumn (SON)
for 1979–2012 is further analysed (Figure 15(a)–(f)).
Figure 15(a)–(f) shows that there is good agreement
between the observed and the ERA-Interim reanalysis
mean seasonal temperatures at 850 hPa, with correlation
coefficients varying from 0.79 to 0.86 (Figure 15(a), (c),
(e)). However, ERA-Interim seasonal temperatures are
colder on average by 1.3 and 1.4 ◦C in spring and autumn,
respectively (Figure 15(a) and (e)), and by 2.8 ◦C in
summer (Figure 15(c)). The observed and ERA-Interim
seasonal temperature anomalies show that the temper-
ature anomalies are very similar for 1989–1999 and
2009–2012 (Figure 15(b), (d), (f)). The latter is due to
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(a) (b)

Figure 14. Vertical profiles of trends in autumn (SON) tropospheric temperature. Units are expressed in ◦C decade−1. (a) Observed (red line)
and ERA-40 (blue line) trends for 1961–1994; (b) observed (red line) and ERA-Interim (blue line) trends for 1979–2012 [significant positive

(negative) linear trends at the 5% significance level according to Student’s t-test are indicated with ‘+’].

that the missing data mainly occurred in the mentioned
sub-periods, and the missing data were reconstructed
using ERA-Interim and ERA-40 monthly temperature
data as predictors (Section 2). However, it can be seen
from Figure 15(b), (d), (f) that some observed negative
seasonal temperature anomalies are mainly overestimated
in pre-1989 period by the reanalysis data while some pos-
itive temperature anomalies are mainly underestimated
in 2000–2008 period. Therefore, warmer temperatures in
the beginning of the study period (pre-1989) with colder
temperatures in the second half of the study period
(2000–2008) in ERA-Interim data result in temperature
increase to be underestimated for 1979–2012 by the
ERA-Interim data compared with the observed data.

4. Conclusions and discussions

In this study, the surface and tropospheric temperature
trends in Armenia have been evaluated. The overall
results obtained from this analysis are closely consistent
with the findings from previous studies, indicating an
increase in temperature in the study region (Melkonyan
and Shindyan, 2009; Elguindi et al ., 2011; Regional
Climate Change Impacts Study for the South Caucasus
Region, 2011; Almazroui et al ., 2012; Melkonyan et al .,
2013).

Consideration of two equally long sub-periods, namely
1961–1994 and 1979–2012, made it possible to reveal
distinctive long-term trends in surface and lower tropo-
spheric temperatures that clearly distinguishes the two
periods. Temperature trends are negative or nearly zero at
most stations of Armenia and at 850 hPa for 1961–1994,
while these trends are positive and statistically significant
for 1979–2012 in most cases. A very clear signal of
warming is detected at most stations of Armenia for

spring, summer and autumn seasons for 1979–2012.
Therefore, the accelerated warming in the recent past
period (1979–2012) leaves little chance that the warming
trends in Armenia are due solely to natural variability.

It should be noted that surface air temperature trends
are very heterogeneous over Armenia, indicating that a
climate change signal is complicated at the local level.
Local negative temperature trends have been found in
south-western part of Armenia in the recent past period
for winter season. It is supposed that the temperature
decrease may be due to increase in the occurrence of near-
surface inversions in the recent past period. However, the
elevated positive temperature trends have been found in
mean autumn temperatures at two stations of Yerevan
(Yerevan-Arabkir and Yerevan-Agro) with temperature
trends exceeding 0.6 ◦C decade−1 for 1979–2012. These
elevated temperature trends might be due to urban warm-
ing effect. Urban warming is strongest at night (Arn-
field, 2003; Vose et al ., 2005; Meleshko et al., 2010).
Therefore, daytime and night-time temperatures should
be examined separately for Yerevan sites to better under-
stand the urban warming effect.

In this study, relationships between elevation and
warming rates in Armenia have been examined. It was
found that there is no significant relationship between
surface temperature trends and elevation in Armenia.
However, the signal from altitude effect can be con-
taminated by the noise from specific factors such as
latitude, temperature inversion and urbanization effect.
Therefore, it is of great interest to apply the methods
for the extraction of warming components of altitude,
latitude and longitude from the total warming rates at
stations of Armenia (Wang et al ., 2013).

The above-mentioned issues will clearly be a subject
of interest for future study.
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(a) (b)

(c) (d)

(e) (f)

Figure 15. Mean seasonal 850 hPa temperature (a, c, e) and mean seasonal 850 hPa temperature anomalies (b, d, f) obtained from the observed
(red lines) and from the ERA-Interim reanalysis (blue lines) over Yerevan for 1979–2012. Units are expressed in ◦C. (a) Mean spring (MAM)
850 hPa temperatures; (b) mean spring (MAM) 850 hPa temperature anomalies; (c) mean summer (JJA) 850 hPa temperatures; (d) mean summer
(JJA) 850 hPa temperature anomalies; (e) mean autumn (SON) 850 hPa temperatures; (f) mean autumn (SON) 850 hPa temperature anomalies

(Pearson correlation coefficients, r , are shown).

It is evident that even without lower rainfall over
Armenia, the higher air temperatures in the warm season
would be expected to increase evaporation and therefore
reduce the availability of water. The latter is expected to
have negative impacts on the economy of Armenia which
is highly dependent on the water sector. Furthermore,
the warming trend in the summer season poses an
important economic impact on Armenia because the
average temperature is getting higher than the room
comfort temperature (24 ◦C) at most of the stations of
highly populated regions of Armenia including Yerevan
and south-west of Armenia.

Overall, the observed data and the reanalysis products
(ERA-40 and ERA-Interim) provide a generally con-
sistent picture for tropospheric temperature trends over
Yerevan. The three sources of data show significantly
faster warming of the near-surface troposphere (at
850 hPa) for 1979–2012 compared with 1961–1994 in
any season. However, temperature trends at 850 hPa
are underestimated by the ERA-Interim reanalysis data

compared to the observed data for 1979–2012. The
warming rates decrease in middle and upper troposphere.
Therefore, the differential temperature trends at differ-
ent heights indicate an increase in the mean temperature
lapse rate over the last 34 years (1979–2012) in the warm
period. The increased mean temperature lapse rate is
expected to lead to stronger instability and to increase
severe weather events of convective origin from May
to September, given that other favourable conditions for
convection exist (humidity, wind).

The observed data show elevated warming rates at
the surface and near-surface troposphere (850 hPa) over
Armenia for 1979–2012 which is consistent with the
findings from previous studies. Previous works showed
that the surface warming greatly exceeds the tropospheric
warming trend at middle and high latitudes in the
Northern Hemisphere (north of 25◦N; Angell, 1999;
Vinnikov et al ., 2006). Ross et al . (1996) compared the
seasonal and annual variation in temperature trend with
height at 850, 700, 500, 400 and 300 hPa as well as
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at the surface. The evaluation was carried out only
for certain regions of north extratropics and for the
shorter time period of 1973–1993. They found a tendency
for the warming trends to decrease in magnitude with
height in eastern Siberia and North America. This was
particularly so in winter and spring (Ross et al ., 1996).
Although the previous findings come from other regions
and they are at the larger spatial scales in nature, they
offer support for the findings of this paper on warming
of the surface and near-surface troposphere relative to
the middle and upper troposphere in the mid-latitudes
of northern hemisphere. This latter feature is consistent
with a more stable temperature structure with increasing
latitude, which tends to decouple the surface layer from
the troposphere, and is not significantly altered by the
small warming trends (Vinnikov et al ., 2006). However,
this latter feature, i.e. the faster warming of surface and
850 hPa level than the middle and upper troposphere,
cannot be seen in the results of surface and tropospheric
temperature trend analysis over Armenia for 1961–1994.

With the findings of this paper, the next step is to
further examine the variability of other climate vari-
ables (precipitation, humidity, wind), severe weather
events and weather types generating extreme temperature
and precipitation events in Armenia (Huth et al ., 2008;
Gevorgyan, 2013).
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