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Abstract. An attempt is made to examine the role of Anato- 1 Introduction
lian and Caucasus mountain ranges in the precipitation dis-
tribution over the Black Sea region and to clarify the dynam-High and wide mountain ranges act as a barrier against
ical and physical mechanisms responsible for precipitationthe atmospheric flows and make changes in the path of the
distribution over the region. Existence of a complex topogra-flows at the other side of the mountains. Local effects of
phy in the southern and eastern part of the Black Sea regiothe mountains on atmospheric flows may create different
makes it an important region for cyclogenesis. In this studyclimatic regions at the other side of the mountain ranges. For
the effect of Anatolian and Caucasus Mountains on the preexample, application of climate models show that without Ti-
cipitating synoptic systems forming over the Black Sea arepet, Central Asian climate is relatively humid and from when
investigated. To this end, the Weather Research and Forefibet was added, this area has become drier (Manabe and
casting (WRF) model at 15-km horizontal grid spacing hasBroccoli, 1990).
been used to evaluate the lifetime of a low pressure system | s known that, while ascending a mountain barrier, moist
that was accompanied with heavy precipitation on 14 Marchyq,, normally will enhance the precipitation over the wind-
2009 over the coastal region of the Black Sea. Two experyyarq siope and crest. Both modeling (Alpert and Shafir
iments were conducted. In the control experiment (CTL), 1989, 1991; Sinclair, 1994, among others) and observational
the topographical features of the region were retained. Ii\rpea, 1978; Pandey et al., 1999; Neiman et al., 2002, among
the sensitivity experiment (EXP), the Anatolian and Cauca-qhers) studies have shown that the amount of precipitation
sus mountain ranges were removed. Itis found that in theyepends on the intensity of the upslope flow. For example,
EXP, some fields including vertical motion, relative vortic- Neiman et al. (2002) showed that the orographic precipita-
ity, humidity, geopotential height in low level, cloud water (o oyer the coastal range of central California is correlated
content and precipitation distribution in the region undergopast to the altitude of the low-level jet and crest of the topog-
significant changes. As such, in the EXP, the vorticity, andaphy at around 900 hPa. Using a slab model, Alpert (1986)
the cut-off low system over the Black Sea intensified. Itis ¢qyiq predict the precipitation profiles across the Sierras, Hi-
also seen that, under favorable conditions for prec:|p|tat|onma|ayas' and Equadorian Andes. He concluded that slope-
occurrence, the precipitation intensity in the south and easf,q,ced vertical velocities and decreased moisture availabil-
coasts of the Black Sea decreased and the region of maxig, wth height are the main factors that mainly determine the
mum pr_eC|p_|tat|on shifted toward the “Sec_";l of Azov” region, precipitation distribution overhigh mountains.
in the direction of the surface southerly winds. Using the MMS5 model, Cole (2004) investigated the re-
lationship between orographic precipitation and the height
and width of a barrier. He showed that maximum precipita-
tion is highly dependent on the slope and width of the moun-
tain as well as the horizontal wind velocity. The maximum
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Fig. 1. Model topography for the inner domain (@) CTL and(b) EXP.

precipitation is a strong function of barrier slope for rela- 20° to 60° east. The model has 27 sigma levels in the ver-
tively weak upstream flow, such that a low (1000 m) and nar-tical with the top of the model set at a pressure of 50 hPa.
row (25-km half-width) barrier has a greater surface precipi- The spatial resolutions are 45- and 15-km for the coarser and
tation maximum than a high (2000 m) and wide (50-km half- finer domains, respectively. Global terrestrial data includ-
width) mountain of equivalent slope. ing topography and land-use data with 2 mipd(km) hori-
Moradi et al. (2008) examined the impact of the Zagrosszontal resolution were used to determine the topography and
mountain ranges in Iran on the distribution of precipitation land-use on the model grid points. The initial and bound-
over the Iran region. They showed that without the Zagrossary conditions come from the operational 12Z runs of global
mountain ranges, under favorable conditions for precipitationforecasting system (GFS) of NCEP (National Center for En-
to occur, more precipitation would take place over the centravironmental Prediction) with one degree horizontal resolu-
desert of Iran located in the leeward side of the Zagross.  tion. The selected options for the model physics are given in
The aim of this article is to examine the role of Anatolian Table 1.
and Caucasus mountain ranges in the precipitation distribu- Two experiments were conducted. In the control exper-
tion over the Black Sea region and to clarify the dynamicaliment (CTL), the topographical features of the region were
and physical mechanisms responsible for precipitation distrivetained. In the sensitivity experiment (EXP), the Anato-
bution over the region. lian and Caucasus mountain ranges were removed. Figure 1
Due to its peculiar morphology, physiographic character-shows the model topography for the outer domain in the CTL
istics and geographical location, the Mediterranean basin i&nd EXP. Also shown is the geographical location of the in-
an area prone to high-impact weather events, such as heawer domain.
precipitation or intense cyclogenesis (Davolio et al., 2009).
Hence, to examine the effect of topography on precipitation
distribution in the Black Sea region, a synoptic case was se3 Synoptic situation
lected that caused heavy precipitation on 14 March 2009 over
the coasts of the Black Sea. The topography around the Black Sea is highly variable. As
The outline of this paper is as follows: The model setup shown in Fig. 1a, vast flat plain and low lands, with alti-
is described in Sect. 2, and an overview of the synoptic sit-tudes rarely exceeding 200-300 m above the sea level, are
uation is provided in Sect. 3. The results are summarized irextended in the northern part. The Anatolian high plateau
Sects. 4 and 5. with its mountain elevations between 1000 to 5000 m is lo-
cated in the south. In the east of the Black Sea, the Caucasus
Mountains are located along the northwest — southeast di-
2 Model setup rection. These high mountains include the Greater Caucasus
mountain range in the northern part and the Lesser Caucasus
The Weather Research and Forecasting (WRF: Skamarock édountains in the southern part, with elevations having more
al., 2001, 2008) model at 15-km horizontal grid spacing havethan 2500 m at both ends and many peaks and heights with
been used. The model was run with two nested domains, wittelevations of 4000 m or more.
the larger domain covering the area that extends froftd 4 In order to study the effect of Anatolian and Caucasus
64° north and from 0 to 90° east and the smaller domain Mountains on precipitation distribution, a heavy precipi-
covers the Black Sea region from2t® 50 north and from  tating synoptic system was selected that caused significant
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Fig. 2. (a)Analysis of sea level pressure (hPa) with 5 hPa contour intefiyaAnalysis of 500 hPa geopotential height (gpm) with 40 gpm
contour interval (from NCEINCAR Archive) and(c) Infrared satellite picture of Meteosat-7 valid at 00:00 UTC 14 March 2009.

Table 1. Settings for the model physics used in this study.

WRF Cumulus Planetary Microphysic  Long Short Surface Land surface
Model configuration Boundray layer radiation radiation wave wave layer
KFMYJ Kain_Fritcsh  Mellor-Yamada-Janjic  Lin RRTM Goddard M-O-Janic NOAH

amount of precipitation on 14 March 2009 in the north- Figure 2c presents a satellite picture of Meteosat-7, show-
ern, southern and eastern coasts of the Black Sea, coveing the extended cloud coverage over the Black Sea at
ing parts of Ukraine, Russia, Armenia, Georgia, Azerbai-00:00 UTC of 14 March 2009. Thick and high altitudes
jan, Turkey and Iran. Examining the synoptic weather chartsclouds can be clearly seen over the east and southeast of the
for 14 March 2009 shows that a surface low pressure withBlack Sea.

1010 hPa central pressure and northwest — southeast orien-

tation is extended from the north of the Black Sea to Saudi ) ]

Arabia (Fig. 2a). At 500hPa level a cut-off low is formed 4 Results and discussion

at the northwest of the Black Sea and is associated with e Weather Research and Forecastin (WRF) model, with
strong trough with an axis of negative tilt, which makes Aihe setup mentioned in Sect. 2 Wa% used. to sim1ulate

southerly upslope flow over the Anatolian mountain ranges, . |etime of a low pressure system, from 12 March to

(Fig. 2b). The upper trough at 500 hPa has not directly P91 5 March 2009, which was accompanied with heavy precip-

d_u_ced the southerly flows towards Anatolia, but has Inten_itation from 12 to 14 March 2009 over the coastal region of
sified the surface cyclone and thus the southerly flows haV(-{:he Black Sea

been initiated/intensified.
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Fig. 3. 24-h forecasts of precipitation (mm) on 14 March 2009(8rCTL and(b) EXP.

Fig. 4. Forecasts of 700 hPa geopotential height (gpm) for 14 March 2009 at 00:00 UT&) ©FL and(b) EXP.

To verify the model results in the CTL, we used the ob- a star in the figure, are 30 and 55 mm for the CTL and EXP,
served accumulated precipitation on 14 March 2009 at sevrespectively.
eral synoptic meteorological stations located in the northwest The enhanced precipitation in the southern part of Anato-
and west of Iran. The model outputs and corresponding oblian mountains (Fig. 3) is due to the increased vertical motion
servations for 24-hr accumulated precipitation are presentednd convergence of moist air currents. For the same reason
in Table 2. a maximum of precipitation is seen in the windward side of
As is seen from Table 2, the model is successful in pre-the Caucasus Mountains. On the contrary, descending mo-
dicting the yes/no rain event and in general there is goodions with reduced humidity over the northern part of moun-
agreement between the model outputs and observed valuégins cause less amount of precipitation. After removing the
of precipitation. mountains (EXP) the precipitation maxima is shifted to the
Figure 3a and b shows the 24-hr precipitation forecast forregion of “the Sea of Azov” (Fig. 3b).
the inner domain ending on 14 March 2009 for the CTL To examine the change in the distribution of precipitation,
and EXP. As seen from the Fig. 3a, the results of the CTLsome important fields including 700 hPa geopotential height,
shows extensive amount of precipitation on the southernyelative vorticity, relative humidity and vertical motion are
southeastern and northern coast of the Black Sea, with a maypresented and analyzed.
imum over southern part of Turkey and Iran. Results of the The 700 hPa geopotential height forecasts for 00:00 UTC
EXP (Fig. 3b) show a decrease in precipitation amount in14 March 2009 for both CTL and EXP are shown in Fig. 4.
the southeastern and eastern and an increase in northern ahdthe CTL a cut-off low with a closed contour of 2800 m and
southwestern coasts of the Black Sea, with its maximum nowits associated trough is seen over the north of the Black Sea
found over Ukraine, north of the Sea of Azov. For example, that is extended over the Red Sea. In the EXP the cut-off low
the 24-h precipitation forecasts at the point located atNt7  is deepened and its central height is reduced by 40 m.
and 38 E point at the north of the Black Sea, indicated by
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Table 2. Accumulate precipitation on 14 March 2009 for observation and model output.

No Station Longitude (N) Latitude (E) WMO no. Observed precipitation Model output precipitation
1 Oroomieh 3732 455 40712 30.6 25.2

2 Tabriz 385 4617 40848 9.7 10.8

3 Ardebil 3815 4817 40708 0 0

4 Sanandaj 30 4700 40747 5 7.2

5  Tehran Mehrabad 381 5119 40754 0 0

Fig. 5. Forecasts of 700 hPa relative vorticity @sx 10°) for 14 March 2009 at 00:00 UTC fqr) CTL and(b) EXP.

The 700 hPa relative vorticity forecasts for 00:00 UTC and 16 cms!. As is seen from the figure, after elimination
14 March 2009 for both CTL and EXP are shown in Fig. 5. of Anatolian mountain ranges from the domain, lifting verti-
The pattern of relative vorticity in the CTL run (Fig. 5a) cal motion and hence vertical transport of moisture have been
shows a narrow band of low values with a minimum value weakened.
of 10x 10~° located over the central Anatolia and extended Another quantity undergoing considerable changes is the
to southeast of the Mediterranean Sea. For EXP this band isloud water content. To examine the changes in this quan-
more continuous and its maximum value of150~° could tity, a point with the maximum of precipitation in the EXP
be seen over Syria. Also, higher values of relative vortic-at 47 N and 38 E is selected. The vertical profile of cloud
ity are now located over the west of the Sea of Azov, whichwater content at this point for both the CTL and EXP with
might intensify the cut-off low over the region. This could be time is presented in Fig. 7. As seen from Fig. 7a, there is
the reason for enhanced precipitation over the Sea of Azov ira maximum of 120« 10 6kgkg~! at 850 hPa for 03:00—
the EXP. Increase in the values of relative vorticity is clearly 09:00 UTC on 14 March 2009, which has extended up to
related to the elimination of the mountain ranges from the550 hPa. In the EXP (Fig. 7b), on the other hand, the max-
domain and thus increasing the depth of the atmospheric colimum is increased to 500106 and is seen at 900 hPa on
umn. 06:00 UTC 14 March 2009. Unlike the CTL, high values
of cloud water content (exceeding 100 kg Ry exist, start-
ing from around 00:00 to 12:00 UTC on 14 March 2009. It

S . : is thus concluded that under favorable conditions for precip-
midity is similar both in CTL and EXP. Though in the EXP, itation to occur, without Anatolian and Caucasus mountain

values of relative humidity and vertical motion ahead of the : : : . L
trough have increased, such that high values of relative hu[anges In the region, location of maximum precipitation is
9 ' 9 hifted towards the north of the Black Sea.

midity around 100 % are now seen over the Sea of Azov ancf
Ukraine. These increased values of relative humidity and
vertical motion have a direct link with the intensification of
the above mentioned cut-off low and hence vertical transport
of moisture. For example, at the point located &t Al7and

38 E values of vertical motion in the CTL and EXP are 5

Figure 6a and b shows relative humidity and vertical mo-
tion at 700 hPa level. The overall pattern of the relative hu-
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Fig. 6. Forecasts of 700 hPa relative humidity (%-shaded) and vertical VeIocityT&memtours) for 14 March 2009 at 00:00 UTC for
(a) CTL and(b) EXP.
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Fig. 7. Forecasts of the vertical profile of the cloud water content‘f’k@ kg_l), at 47 N and 38 E valid for 13 and 14 March 2009 for
(a) CTL and(b) EXP. Contour interval is 10. The x-axis shows the time from 00:00 UTC 13 March to 00:00 UTC 15 March 2009. Vertical
axis shows pressure levels from 1000 to 400 hPa.

5 Conclusions CTL, almost uniform precipitation occurred over the coasts

of the Black Sea. While, without the mountains in the EXP,

it is seen that because of the cut-off low intensification, its
The Weather Research and Forecasting (WRF) model wagssociated vertical motion ahead of the trough at 700 hPa
used to simulate the role of the Anatolian and Caucasusevel have increased and thus an increase in precipitation over
Mountains on the precipitation distribution over the Black ykraine could be seen in the direction of the southerly flow.
Sea area. Due to the air-sea contrast and thus existing bargqso, in the EXP, because of the increase in the depth of the
clinicity at lower levels, the eastern and western coasts oftmospheric column, the extent and values of relative vortic-
the Black Sea are prone to cyclogenesis (Trigo and Daviesity have increased that have lead to enhanced precipitation
1999). A heavy precipitation synoptic system was simu-oyer the Sea of Azov. Finally we conclude that the Anatolian
lated with and without the Anatolian and Caucasus Moun-and Caucasus Mountains are not responsible for cyclogenesis
tains. Itis found that without Anatolian and Caucasus Moun-and formation of the cut-off low at middle levels, but act to
tains, the fields of vertical motion, relative VOftiCity, humid- weaken the existing cut-off low. As such, the most important
ity, geopotential height in low level, cloud water content and role of the mountains lies in their impact on the precipitation

precipitation distribution undergo significant changes. Thegjstribution and humidity over the Black Sea area.
precipitation maximum is located over Ukraine and the Sea

of Azov. Since the Sea of Azov is located just at the north of
the surface low pressure, the surface wind direction is thus
in the windward side of the mountains. It is seen that in the
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