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ABSTRACT

The case study on strong temperature inversion event in
Armenia has been presented in this paper using observed
temperatures and simulations from both global (ERA-
Interim) and regional high-resolution (WRF) models.
According to the observations the December of 2013 was
ranked as the second coldest since 1961. Monthly mean
temperature anomaly for entire Armenia consisted of -4.4 °C
in December, while that for inversion affected basins such as
Ararat valley was -9 -7 °C. The persistent temperature
inversion in Ararat valley lasted more than two weeks
resulted in unprecedented cold wave events. The ability of
the global ERA-Interim and regional WRF models to
simulate this dramatic temperature event in Armenia has
been examined. The results show that high resolution WRF
model has a clear advantage over ERA-Interim model in
representation of spatial temperature pattern in Armenia. The
small-scale variations of temperature and surface inversion
basins are simulated by WRF model while ERA-Interim
model provides very coarse results underestimating the
spatial variability and influence of topography. However, it
should be noted that there are significant uncertainties and
errors in WRF temperature forecasts. Significant RMSE
values and negative correlation coefficients obtained for the
area covering inversion basin indicate that WRF model fails
to capture the temporal variability of temperature during the
inversion event. It is worth noting the significant positive
bias for daytime WRF temperatures during the strongest
phase of the inversion.
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1. INTRODUCTION

Armenia and South Caucasus region are characterized by
complex geography and large-scale atmospheric circulations.
The region contains several large water bodies and
significant topography, including Caucasus 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. The orography of the
study region has a special influence on the weather systems
coming from the outside and passing over it producing its
own systems with certain properties peculiar to the plateau.
The atmospheric circulation in winter season is highly
variable in Armenia. During winter, Armenia may be
influenced by polar, and arctic (rarely) air masses which can
be of both continental and maritime origins modified by
continental influence. Intrusion of cold air masses from the
north and maintenance of anticyclonic circulation are
favorable conditions for formation strong surface inversions
in closed basins and valley regions of Armenia such as

A

Ararat Valley, Shirak plateau, etc. These synoptic-scale
systems and the influence of topography make the winter
circulation and the spatial distribution of precipitation,
temperature and wind quite complicated in this region.

The strong and persistent inversion was observed in Armenia
in December 2013 causing low temperatures in inversion
affected regions. The aim of this article is to examine surface
inversion in Armenia using observations and simulations
from high resolution regional model and global model output
data. Section 2 presents the description of the observed data
and models output data used in this study. Description of
main results is presented in Section 3. Conclusions and
discussions are presented in Section 4.

2. DATA AND METHOD

The experiments cover the winter period of 2013 based on
the series of daily simulations with the WRF (Weather
Research and Forecast) model (Michalakes et al 1998;
Michalakes et al 2004), which is a non-hydrostatic next-
generation mesoscale forecast model and widely used by
many institutes and meteorological services around the
world. WRF allows the selection among a large number of
parameterization schemes of various physical processes.
WRF model outputs are used in operational forecasting of
the short-term forecasts. WRF model is initialized using
NCEP Global Forecast System analysis and forecasts at 0.5
deg horizontal resolution (Whitaker et al. 2008). Data
produced during pre-processing and simulations of WRF are
in the Lambert conformal projection, which is well-suited for
mid-latitude domains. The weather forecasts are performed
on a daily basis, using the following 1-way nesting strategy.
The parent domain D1 covers the major part of Europe and
the all Caucasus and some parts of the Central Asia and the
Middle East (40.0_ N, 44.7_ E) with 202x202 grid points at
a 18-km resolution, the nest domain D2 (3-km horizontal
grid increment) covers the whole territory of Armenia with
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202x202 grid points Fig. 1.
a b

Figure 1. WRF domains: coarse domain D1 (a) and nested domain D2 (b)

The model uses vertical 31 eta_levels, and the geographic
data resolution is 30 seconds. The model was initialized with
the initial and boundary conditions of Global Forecast
System (GFS) at 00:00 UTC (local time on 04:00) for 10-day
period, namely 14-16 December 2013 and 28 December
2013 to 03 January 2014.



Based on preliminary investigations (Hovsepyan et al. 2013),
the following parameterizations have been implemented in
_the present study:

The model physics package includes the WRF Single
Moment 6-class scheme for cloud microphysics with ice,
snow and graupel processes suitable for high-resolution
_simulations (Hong and Lim 2006)

The Kain-Fritsch scheme with deep and shallow
convection sub-grid parameterization using mass flux
approach with downdrafts and CAPE removal time scale
_(Kain 1993).

The planetary boundary layer was given by the Yonsei
University scheme (YSU PBL) with non-local explicit
entrainment layer and parabolic profile in unstable mixed
_layer (Michalakes et al 1998; Michalakes et al 2004)

The NOAA land surface model (Unified
NCEP/NCAR/AFWA scheme with soil temperature and
moisture in four layers, fractional snow cover and frozen soil
physics ) was used for the land surface, the rapid radiative
transfer model (RRTM) longwave scheme used for
longwave radiation, and the Dudhia shortwave scheme used
for the atmospheric radiation processes.

High performance computing resources (up to 512 cores) of
Armenian national grid infrastructure (Armenian National
Grid Intitiative, http://www.grid.am) have been used for
conducting the series of experiments.

To compare results from high-resolution WRF regional
model with those from general circulation model (GCM)
forecasted values of 6-hourly surface temperatures from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim model with lag of 03 and 12 h were
also considered in this paper (Dee et al. 2011; Berrisford et
al. 2011). The ERA-Interim atmospheric model and
reanalysis system uses cycle 3112 of ECMWF’s Integrated
Forecast System (IFS), which was introduced operationally
in September 2006. Forecast data on pressure levels and for
the surface and single level parameters are archived at the 28
ranges, or steps from daily forecasts at 00:00 and 12:00
UTC. On the ECMWF Data Server forecasts are only
available for surface and single level fields and only up to a
range of 12 h. 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 large-scale circulations
over Armenia and South Caucasus region has been
considered previously (Gevorgyan 2012; Gevorgyan 2013;
Gevorgyan and Melkonyan 2014; Gevorgyan 2014). Overall,
it was shown that the ERA-Interim data captures key
features of the regional and large-scale circulation.

Observed 2-metre temperatures from all current 47
operational stations in Armenia (Vardanyan et al., 2013) are
used to study surface inversion in Armenia in December
2013, and to compare output from WRF model with
observations. The observed 3-hourly temperature data sets
were taken from Armenian State Hydrometeorological and
Monitoring Service (Armstatehydromet). Prior to the
analysis, basic quality control on observed temperatures data
derived from stations was applied.

There are different statistical measures for verification of the
performance of models quantitatively (Evans et al ., 2004;
Wilks, 2006; Gevorgyan 2012). In this paper, 2-metre
temperature forecasts from the WRF model are evaluated
against observations using the statistics presented below.

The root-mean-square error (RMSE) was used to assess the
errors of temperature forecasts from WRF model making use
of Equation (1).
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where O(i) — observed temperature in i-th day of the
verification period, F(i) — forecasted temperature in i-th day
of the verification period n — total number of days included
in the verification period.

To test the ability of WRF model to capture the temporal
variability of the observed temperature in Armenia the
correlation coefficient (R) between the forecasts and
observations of temperature was calculated making use of
Equation (2).
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where again, O(i) — observed temperature in i-th day of the
verification period, F(i) — forecasted temperature in i-th day
of the wverification period, while —observed mean
temperature, — forecasted mean temperature, and n — total
number of days included in the verification period.

The spatial variability of temperature obtained from
observed and forecasted data was estimated through standard
deviation of temperature, showing the range of temperature
around the mean values (Equation 3)
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where — standard deviation, since we used to study spatial
variability of observed and forecasted temperatures here T(i)
— observed/forecasted temperatures in i-th station, -
observed/forecasted spatial mean temperatures, n — total
number of stations included in the verification.

3. RESULTS
3.1. Characteristics of the basin inversion
and its evolution simulated by WRF data

and by Observations

In order to study the spatial pattern of basin inversion we
examined the distribution of mean temperatures in Armenia
using observations and models output data. The period from
29th December to 31th December of 2013 covering the most
intense phase of surface inversion has been selected during
which very low temperatures were observed in Yerevan and
over low-elevated parts of Ararat Valley. The surface
temperature inversion can be clearly seen in Figure 2a
showing the distribution of mean early morning observed
temperatures from all 47 meteorological stations of Armenia.
Ararat Valley in the south-west of Armenia including
Yerevan, Shirak Marz in north-west of Armenia and several
valley stations in the south-west of Armenia are strongly
influenced by temperature inversion. Accumulation of cold
air in the mentioned regions caused low observed
temperatures lower than -16 °C. It is worth noting that mean
temperature at high mountain station Aragats (at 3229 m
above sea-level) was significantly higher (varying from -10
to -8 °C) relative to the temperatures observed in the
inversion basin. The inversion-free regions in the
northeastern (Tavush marz) and southeastern (Syunik marz)
regions are also characterized by relatively high
temperatures varying mainly from -6 to 0 °C (Figure 2a). It
can be seen from Figure 2b that WRF model overestimates
temperatures relative to observations over the inversion
basin showing warmer temperatures varying mainly from -
16 to -14 °C. However, it is worth noting the cold area over
northwest of Armenia (Shirak marz) simulated by WRF
model with average temperatures lower that -16 °C. This
region was the coldest during the inversion event with the



lowest observed temperatures varying from -28 to -22 °C.
WRF model also successfully simulates relatively high
temperatures over highly elevated parts of Aragats mountain
and over inversion-free northeastern and southeastern
regions of Armenia (Figure 2b). By contrast ERA-Interim
model provides very general and smooth picture of spatial
distribution of temperature over Armenia (Figure 2c). ERA-
Interim simulated mean temperatures vary within very
narrow range from -16 to -12 °C over entire Armenia. ERA-
Interim model fails to reproduce spatial variations of
temperature in Armenia associated with influence of
topography. This is due to coarse spatial resolution of ERA-
Interim model (80 km).
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Figure 2. Mean observed (a) and 3-hour forecasted surface temperatures (°C)
from WRF (b) and ERA-Interim (c) models at 0300 UTC for the period 29-31
December of 2013

The spatial pattern of the observed daytime (at 1200 UTC or
at 1600 local time) temperatures over Armenia for 29-31
December shows that surface inversion is significantly
enhanced (Figure 3a). Surface inversion and cold air
maintain over closed plateaus of northwest and Ararat valley
leading to very low temperatures not exceeding -13 °C.
These low temperatures are partly due to low-level clouds
significantly limiting surface heating from sun during day.
On the other hand, temperatures in the northeastern and
southeastern regions are as high as 4-6 °C. Figure 3 b shows
that the main tendency of temperature change showing
increase of daytime temperature from south-west (Ararat
Valley) and north-west (Shirak marz) to north-east and
south-east is captured successfully by WRF model.
However, temperatures over inversion basins including
Avrarat valley and Shirak marz are strongly overestimated by
WRF model showing significantly warmer temperatures
(from -8 to -4 °C) relative to observations (from -15 to -12
°C). Mean temperatures from WRF model are positive over
warm northeastern and southeastern regions of Armenia and
consist of 0-4 °C. It is worth noting that ERA-Interim 12-

hour forecasts of temperatures fail to reproduce both the
temperature pattern and mean values of daytime
temperatures over entire Armenia (Figure 3c). ERA-Interim
simulated mean temperatures vary within very narrow range
from -16 to -12 °C over entire Armenia.
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Figure 3. Mean observed (a) and 12-hour forecasted surface temperatures (°C)
from WRF (b) and ERA-Interim (c) models at 1200 UTC for the period 29-31
December of 2013

Figure 4a shows that the spatial pattern of mean observed
temperature for 29-31 December at 0000 UTC in Armenia is
very similar to that at 0300 UTC (Figure 2a). However,
WRF-simulated mean temperature pattern at 0000 UTC
obtained from 24-hour forecasts (Figure 4b) differs from the
WRF mean temperature pattern at 0003 UTC obtained from
3-hour forecasts presented in Figure 2b. The spatial
variability for 24-hour temperature forecasts is significantly
reduced relative to that of 3-hour forecast. Firstly, the 24-
hour forecasted temperatures over northwestern Shirak marz
are higher (from -16 to -14 °C) than 3-hour temperature
forecasts leading to greater positive bias relative to
observations for this region. Second, the warm area over
mountain Aragats disappeared in 24-hour forecasts in
contrast to observations (Figures 4a-b).
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Figure 4. Mean observed (a) and 24-hour forecasted surface temperatures (°C)
from WRF model (b) at 0000 UTC for the period 29-31 December of 2013



On the other hand, 24-hour temperature forecast clearly
indicates inversion basin area over low-elevated parts of
Ararat valley (in the south-west) indicating stronger
influence of topography on temperature distribution.
However, again, forecasted temperatures are warmer than
observations.

In this Section we examine the ability of WRF model to
simulate temporal variability of temperature over Ararat
valley during the persistent temperature event. For that
reason four stations located in lower parts of Ararat Valley
have been selected (Table 1). After that, the closest grid-
points to each of the station have been used from WRF grid.
It is worth noting that both distance and altitude differences
between stations and the selected WRF grid-points have
been considered. 2 metre temperature data from the stations
and selected grid-points are further considered for
verification of temperature forecasts over Ararat basin. We
focused on the beginning of the inversion event started on
14-15th December, the strongest phase of inversion (end of
December) and the end of the event (beginning of the
January of 2014).

Table 1. Selected stations from Ararat Valley for verification of WRF
temperature forecasts. Distance and altitude differences between stations and
selected WRF grid-points (in meters) are indicated with AD and AH,
respectively

Table 2. Mean estimates of verification of temperature forecats over low-
elevetad parts of Ararat Valley (less than 1000 m above sea-level) for the
entire 10-days period (ME - temperature bias, RMSE - root-mean-square error
and R — correlation coefficient)

Lag, h ME, °C RMSE, °C R
3 06 6.1 -0,20
12 23 6.1 -0,26
24 2.4 6.2 -0,12

N Station Height above sea- AD, m AH, m
level, m

1 | Armavir 870 2,000 5,0

2 | Artashat 829 2,000 0,0

3 | Ararat 818 2,000 0,0

4 | Merdzavan 942 1,500 4,0

Time series of mean observed and predicted temperatures
over Ararat Valley for the beginning, the strongest phase and
the end of the inversion event are presented in Figures 5 a-c.
Generally, WRF model underestimates mean temperatures
over Ararat Valley in the beginning of the inversion event
(14-16 December) resulting in the negative biases between
WRF simulated temperatures and observations for all
forecast ranges, i.e. 3-hour, 12-hour and 24-hour forecasts.
However, WRF model agrees with observation showing
temperature decrease from 14th to 15th December (Figures
5a-b). By contrast, WRF model simulate significantly
warmer temperatures for the strongest phase of the inversion
(28-31 December), the positive bias for daytime (1200 UTC)
temperatures is as high as 8 °C on average (Figure 5 b).
WRF model fails to capture temperature tendency for the
end of temperature inversion event. Temperature changes
from observations and WRF model are of opposite sign from
1th to 4th of January resulting in strong negative bias
between WRF temperature forecasts and observations (-10
°C for 24-hour forecasts (Figure 5 c) from 2th to 4th
January). Overall, the results show that WRF model does not
reproduce temporal variability of temperature accurately
over Ararat basin. It is interesting to note, that both observed
and modeled data show the lowest spatial variability
obtained for daytime temperatures since the 28th December
(Figure 5 b, doted lines).

Mean estimates of verification of WRF temperature forecats
over low-elevetad parts of Ararat Valley for the entire 10-
days period are presented in Table 2. The lowest temperature
bias (in terms of absolute value) was obtained for very short
range 3-hour forecasts (0,6 °C), while the bias for 12-hour
forecasts consists of 2,3 °C and that for 24-hour forecasts
consists of -2,4 °C. Significant RMSE values (from 6,1 to 6,2
0C) and negative correlation coefficients (from -0,20 to
-0,12) indicate that WRF model fails to capture the
temporal variability of temperature during the inversion
event over Ararat basin as it can be seen from Figures 5a-c.
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Figure 5. Time-series of observed (blue lines) and forecasted surface
temperatures (0C) from WRF model (red lines) averaged over low-elevetad
parts of Ararat Valley (less than 1000 m above sea-level) for the entire 10-
days period (from December, 2013 to January, 2014). Dotted lines indicate
standard deviations around mean values (+c) . a) 3-hour forecasts at 0300
UTC; b) 12-hour forecast at 1200 UTC; c) 24-hour forecasts at 0000 UTC

4. CONCLUSIONS

The case study on strong temperature inversion event in
Armenia has been presented in this paper using observed
temperatures and simulations from both global (ERA-
Interim) and regional high-resolution (WRF) models.
According to the observations the December of 2013 was
ranked as the second coldest since the 1961. Monthly mean
temperature anomaly for the entire Armenia consisted of -4.4
°C in December, while that for inversion affected basins such
as Ararat valley was -9 -7 °C. The persistent temperature
inversion in Ararat valley lasted more than two weeks
resulted in unprecedented cold wave events. Mean daily
temperatures in Yerevan were lower than norm by more than
6 °C since the middle of December, and in the end of
December the negative temperature anomaly consisted of -
14t0-13°C.

The ability of the global ERA-Interim and regional WRF
models to simulate this dramatic temperature event in
Armenia has been examined. The results show that high
resolution WRF model has a clear advantage over ERA-
Interim model in representation of spatial temperature
pattern in Armenia associated with topography influence.
The small-scale variations of temperature and surface
inversion basins are simulated by WRF model while ERA-
Interim model provides very coarse results underestimating
the spatial variability and influence of topography. The latter
is expected, since the General Circulation Models can
simulate the large-scale mean climate conditions and its
evolution to a great extent, while their ability to simulate
climate features at a regional scale is limited. However, it
should be noted that there are significant uncertainties and




errors in WRF temperature forecasts as can be seen from the
verification results. Significant RMSE values and negative
correlation coefficients obtained for the area covering
inversion basin indicate that WRF model fails to capture the
temporal variability of temperature during the inversion
event. It is worth noting the significant positive bias for
daytime WRF temperatures during the strongest phase of the
inversion (28-31 December) reaching up to 8 °C on average
for 12-hour range forecasts.

Despite the high resolution of WRF model (3 km), an even
finer grid is necessary to resolve the detailed topography and
to correctly simulate local processes such as surface
temperature events. An accurate modeling of the planetary
boundary layer (PBL) over finescale orography is
particularly important for the studied process. Future work
should test the model sensitivity to various parameterizations
such as the PBL physics and verification of other surface
meteorological elements (pressure, wind, humidity) and
vertical profiles of temperature, wind and humidity during
this dramatic inversion event in Armenia.
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