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Abstract Capabilities of high-resolution (3 km) Weather Research and Forecasting (WRF) simulations to
reproduce topographically induced mountain-valley winds and low-level jets (LLJs) in Yerevan have been
evaluated using high-frequency observational and modeled data. High sensitivities of simulations of
near-surface winds and LLJ characteristics observed on 4 July 2015 to both boundary layer and initial and
lateral boundary conditions setup have been demonstrated. Among the nine tested planetary boundary
layer (PBL) parameterization schemes the MYJ, QNSE, and TEMF PBL schemes showed greater skill in
simulation of near-surface valley winds over Yerevan, while the other PBL schemes tend to significantly
underestimate the strength of valley winds, with the BouLac PBL scheme being the worst performer. Most of
PBL schemes simulate well-defined LLJs in Yerevan associated with evening valley winds. The simulated jet
cores are mostly located between 150 and 250 m above ground with magnitudes varying from 12 to
21 m s�1. However, the intensity of the observed nocturnal LLJ in Yerevan (located at 110 m above ground)
is strongly underestimated by most of the WRF runs while the Shin and Hong and YSU PBL schemes
simulate nocturnal LLJs higher than the observed LLJ. The WRF runs initiated with newly released European
Centre for Medium-Range Weather Forecasts ERA-5 data set showed improved simulation of near-surface winds
and nighttime potential temperatures in Yerevan relative to those forced by the Global Forecast System fields.

1. Introduction

The study area is characterized by complex regional and local-scale atmospheric circulations as a result of
significant influence of mountain topography on dynamics and physical features of air masses passing over
South Caucasus. The latter leads to a strong spatiotemporal variability of the near-surface meteorological
variables, such as precipitation, temperature, humidity, and wind speed (Gevorgyan, 2012, 2013, 2014). The
study area presented in Figure 1 includes the mountain ranges and intermountain plateaus of the
Armenian Highland covering the western and central parts of the region, the Greater Caucasus range is
extending from northwest to southeast (northern to Armenia), and the low elevated Kura-Araks plain is in
the east. A few recent studies investigated the intricate and intriguing mesoscale plain-plateau circulation
arising over the Armenian Highland and South Caucasus region as well as local wind systems over
Armenia induced by local terrain channeling effects (Gevorgyan, 2016; Gevorgyan & Melkonyan, 2014).
Gevorgyan and Melkonyan (2014) demonstrated that during summer seasons (July–August) the mountain
massifs and plateaus strongly heat air within a daytime planetary boundary layer (PBL) leading to formation
of significant horizontal temperature gradients in the lower and middle troposphere between the Armenian
Highland and Kura-Araks plain. Thus, significant baroclinicity induces mountain-valley circulations over the
study region under clear-sky conditions. It was shown that not only plain-plateau temperature contrast but
also the upper-tropospheric westerly subtropical jets (at 300 hPa) and other regional factors significantly
impact the mountain-valley circulation and near-surface wind speeds in Armenia (Gevorgyan & Melkonyan,
2014). It should be noted that net heating of the sloping terrain is the main driver of the initiation of signifi-
cant mesoscale low-level jets (LLJs) over Great Plains and Middle East (Dezfuli et al., 2017; Parish & Clark,
2017). Gevorgyan (2016) demonstrated that most notably, pronounced mountain-valley winds are observed
in Yerevan city, capital of Armenia, due to channeling effects of Hrazdan River flowing through Yerevan from
northeast to southwest (Figure 2b). The climatological analysis of near-surface meteorological variables in
Yerevan over period 1992–2014 revealed that valley winds significantly impact the diurnal variations of wind,
temperature, and humidity during July and August. In particular, the results indicated that the northeasterly
valley wind systems induce near-surface cooling and humidity increase in Yerevan during the evening hours,
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when the intensity of valley winds is at its peak. On the other hand, valley winds resulted in occurrence of
warmer nights which was attributed to interactions between the nighttime wind conditions and formation
of cold-air pool (CAP) processes.

LLJs associated with thermally induced mountain-valley circulations, pooling, and draining processes, sea
breeze wind systems, etc., have been extensively studied from observational and numerical modeling
aspects in different mountain regions of the world (Catalano & Cenedese, 2010; Drobinski et al., 2005;
Ketterer et al., 2014; Marth et al., 2010; Nielsen-Gammon et al., 2010; Ngan et al., 2013; Santos-Alamillos
et al., 2013; Zangl et al., 2008). In particular, the LLJs characteristics were estimated for the central United
States (Great Plains), in the Yangtze River delta, at Cabauw (the Netherlands), in the Israeli desert (Negev),
etc. (Baas et al., 2009; Hu et al., 2013; Klein et al., 2016; Kutsher et al., 2012; Wei et al., 2013). Thus, in Wei

Figure 1. Topography map of the Armenian Highland and South Caucasus region. The state border of Armenia is indicated in black line.

Figure 2. The (a) WRF model domains with 9 and 3 km spatial resolutions (yellow dot indicates the center of both parent and nested domains located over Yerevan)
and (b) topographical map of Yerevan (the shaded area) and its surroundings. The green and red triangles indicate the Yerevan Zvartnots and Yerevan-Aerological
stations, respectively.
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et al. (2013) four main factors explaining the formation and strength of LLJs in China were pointed out,
namely, the inertial oscillation induced by Coriolis force, the land-sea temperature contrast, synoptic forcing,
and influence of upper-tropospheric jets. The Baas et al. (2009) highlighted the frictional decoupling around
sunset as a main driver of formation of nocturnal LLJs at Cabauw, whereas moderate geostrophic forcing and
high radiative cooling further contribute the formation of LLJs. It should be noted that the previous studies
were mainly focused on vertical structure of the LLJs and boundary layer processes (Banta et al., 2004;
Dimitrova et al., 2015; Kleczek et al., 2014; Nadeau et al., 2012; Shin & Hong, 2011; Zangl, 2004), whereas
some of those and other studies investigated the interactions between LLJs and the nocturnal CAP form-
ing processes on valley floors (Arduini et al., 2016; Baas et al., 2009; Chiao & Dumais, 2013; Klein et al., 2016;
Kutsher et al., 2012; Lee et al., 2006). It was noted that a LLJ is a stream of fast moving air with a wind
speed maximum in the lowest 2 km above the Earth’s surface (Hu et al., 2013). In particular, the jet
maximum (also called LLJ core or nose) is generally located at 100–500 m above the ground surface
(Andreas et al., 2000; Baas et al., 2009; Klein et al., 2016; Wei et al., 2013). The results from Zangl (2004)
demonstrated that the vertical structure of the nocturnal downvalley winds differs significantly from that
of the daytime upvalley winds.

It is worth noting that the WRF model is the most popular one used in more recent studies (Giannakopoulou
& Toumi, 2012; Schepanski et al., 2015; Squitieri & Gallus, 2016). In particular, various WRF configurations have
been tested in order to understand the capabilities and limitations of mesoscale numerical weather predic-
tion models (NWPs) to simulate general characteristics of LLJs through sensitivity studies. Zangl et al.
(2008) showed that the choice of the lowest model level may significantly impact the simulation of vertical
structure of wind. In most cases, the results of validation of mesoscale models against observations revealed
that strong near-surface winds resulted in warm biases in near-surface temperatures in nighttime CAPs and
vice versa (Chiao & Dumais, 2013; Lee et al., 2006). An accurate simulation of boundary layer processes
affected by LLJs has substantial practical value for transport of urban pollutants, wind power industry, and
aviation safety in Yerevan (Storm et al., 2009; Wittich et al., 1986).

2. Methods and Data

The Advanced Research Weather Research and Forecasting (WRF-ARW) model version 3.9 was applied in this
study to simulate LLJs in Yerevan. The 55 sigma levels have been employed with the 21 levels located within
the lowest 1,500 m layer allowing for quite fine vertical resolution for evaluation of boundary layer processes
and LLJs (the lowest half-sigma level is located at around 20m above the ground). The top of the atmosphere
in WRF model is located at 50 hPa. Preliminary experiments with increased number of vertical model levels
(up to 65) showed no significant sensitivity to wind simulation results (not shown). Two-step nesting
(one-way) was applied using two model domains centered over Yerevan at 9 and 3 km spatial resolutions,
respectively (Figure 2a). The parent domain partly includes the Caspian and Black Seas in order to take into
account the land-sea contrast found to be important regional-scale factor in initiation of mountain-valley
circulation over the study area (Gevorgyan & Melkonyan, 2014). It should be noted that the recommended
3:1 parent/nest ratio was applied, and the simulation results derived from the nested domain with 3 km
horizontal grid spacing are only examined in this study.

The physical configuration setup of WRF-ARWmodel is composed of the following schemes commonly used
for high-resolution simulations: the WRF Single-Moment 6-Class Microphysics scheme (WSM6), Dudhia short-
wave radiation scheme (Dudhia, 1989), Rapid Radiative Transfer Model (RRTM) longwave radiation scheme
(Mlawer et al., 1997), and the Grell-Freitas ensemble scheme (Grell & Freitas, 2014) cumulus parametrization
option (only for the parent domain, while for 3 km nested domain the cumulus parametrization was turned
off) have been selected. The Noah land-surface model (Chen & Dudhia, 2001) was applied with soil moisture
and temperature initialized at four layers. In order to simulate a typical boundary layer process under
consideration, most of PBL schemes available in WRF-ARW model (nine) were tested (Table 1).

Treatment of the boundary layer processes in the considered PBL schemes are different, e.g., nonlocal,
combination of local and nonlocal, and turbulent kinetic energy (TKE)-based closure schemes. In particular,
the differences concern to estimation of PBL height (PBLH), interpretation of vertical mixing, diffusivity,
and interaction processes at the PBL top (heat fluxes, moisture, and momentum). Therefore, it is expected
that simulation of LLJs in Armenia should be highly sensitive to the choice of PBL parameterization
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(Table 1). The MM5 and Eta (Janjic, 1990) surface layer schemes based on the Monin-Obukhov similarity
theory were used with the most of PBL schemes (Table 1).

Schepanski et al. (2015) demonstrated that the choice of driving data significantly affects simulation of speed,
height, depth, the timing, and breakdown of LLJs over the Sahel. Therefore, theWRF experiments were forced
by two different global data sets, namely, by National Centers for Environmental Prediction (NCEP) Global
Forecast System (GFS) analysis and forecasts and newly released European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-5 analysis. The Copernicus Climate Change Service operated by ECMWF
published the first part of the new ERA-5 reanalysis product for the years 2010–2016 on 6 July 2017. The
two data sets use different models, assimilation schemes, parametrizations, etc. The GFS analysis and fore-
casts were used for setting initial and boundary conditions in the WRF model, respectively, and they were
obtained after a significant model update that occurred in January 2015. The GFS has slightly higher spatial
resolution (28 km) compared to the ERA-5 analysis (31 km). On the other hand, the initial and lateral boundary
conditions for the WRF model derived from ERA-5 analysis fields have more detailed vertical resolution
(38 levels) than those for GFS (27 levels). Furthermore, the ERA-5 boundary conditions were specified in the
WRF runs at 1-hourly temporal resolution, while the GFS boundary conditions were available at 3-hourly inter-
val. The 28 h WRF simulations started at 0000 UTC 4 July were performed to simulate the strong valley wind
event in Yerevan observed on 4 July 2015. It is known that the spin-up time issue is one of the concerns for
WRF and other numerical weather prediction (NWP) models (Chiao & Dumais, 2013; Kleczek et al., 2014). To
this end first 12 h was given as a spin-up time. Thus, the simulation period from 1200 UTC 4 July to 0400 UTC
5 July is analyzed. The simulation period completely covers evolution of both evening and nocturnal LLJs
observed in Yerevan.

This study uses high temporal frequency near-surface (10 m) wind observations at Yerevan-Zvartnots station
providing wind speed data every 30 min and vertical profile of wind speed obtained from Yerevan-
Aerological station.

It is worth noting that Yerevan-Zvartnots station is located at 854 m above the sea level (the green triangle in
Figure 2b), and observations from this station were also used in previous studies focused on valley winds in
Yerevan (Gevorgyan, 2016; Gevorgyan & Melkonyan, 2014). On the other hand, the observed profiles of
potential temperature and wind were derived from the Yerevan-Aerological station. The Yerevan-
Aerological station is located inside Hrazdan River valley at 1,134 m above the sea level (the red triangle in
Figure 2b) and 10 km upflow (to the northeast) relative to Yerevan-Zvartnots station. After breakup of the for-
mer Soviet Union, Yerevan-Aerological station is the only station that provides systematic atmospheric
soundings not only in Armenia but also over the entire South Caucasus region.

As indicated earlier the case study of valley winds observed on 4 July 2015 in Yerevan is examined in this
study. The valley winds of 4 July 2015 were characterized by great strength and longer lifetime. Thus, max-
imum wind gusts reached to 21 m s�1 in the evening hours at Yerevan-Zvartnots station which is well above
the threshold of strong wind gust events (17 m s�1) defined by Gevorgyan (2016). In general, valley winds
start to blow at around 1500 UTC, slightly before the local sunset, while those decay during nighttime, around
2100 UTC (Gevorgyan, 2016). On the other hand, the long-lived valley winds observed on 4 July 2015 devel-
oped at around 1300 UTC and are maintained up to late at night hours (2230 UTC), and the observed wind

Table 1
Overview of PBL and Surface Layer (SL) Schemes Used in the WRF Sensitivity Experiments

PBL scheme SL scheme Reference

Asymmetric Convective Model (ACM2) MM5 Pleim (2007)
Yonsei University (YSU) MM5 Hong et al. (2006)
Shin-Hong Scale-aware scheme MM5 Shin and Hong (2015)
Grenier-Bretherton-McCaa (GBM) Scheme MM5 Grenier and Bretherton (2001)
Mellor-Yamada Nakanishi Niino (MYNN) level 3rd MYNN Nakanishi and Niino (2006)
Bougeault-Lacarrere Scheme (BouLac) ETA Bougeault and Lacarrere (1989)
Mellor-Yamada-Janjic (MYJ) ETA Janjic (1994)
Quasi-normal Scale Elimination (QNSE) Scheme QNSE Sukoriansky et al. (2005)
TEMF TEMF Wayne et al. (2010)
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profile from Yerevan-Aerological station at 2210 UTC shows clear indication of nocturnal LLJ formation. It is
worth noting that the availability of updated and relatively high-resolution global data sets, namely, the
updated GFS data (available after January 2015) and ERA-5 analysis (available for 2010–2016), as well as, avail-
ability of radiosonde observations in Yerevan, were also limiting factors in selecting the case study. Thus, the
overlapping period of ERA-5 and GFS data sets is 2015–2016. However, in the summer season of 2016
(July–August) radiosonde observations were not performed at Yerevan-Aerological station. A few days with
strong wind gusts were observed in Yerevan during July and August 2015, whenmaximum near-surface wind
gusts caused by valley wind systems reached up to 21 m s�1, while relatively detailed vertical radiosonde
observations within the lowest 500 m layer were available for the selected case study. The observational data
and simulation results presented in the following sections are available from https://figshare.com/articles/A_
case_study_of_low-level_jets_in_Yerevan_simulated_by_the_WRF_model/5501266.

3. Large-Scale and Regional Atmospheric Circulations on 4 July 2015

As indicated in section 1, Gevorgyan and Melkonyan (2014) demonstrated that both large-scale dynamic fac-
tors and regional factors significantly impact mountain-valley circulation over the Armenian Highland leading
to amplification of near-surface valley winds in Yerevan. Therefore, in order to show that the selected case
study is a typical enhanced plain-plateau circulation event, the large-scale and regional-scale patterns for
the key meteorological variables are analyzed in this section using both ERA-5 and GFS data sets
(Figures 3a–3d). At 300 hPa, the ERA-5 analysis shows an upper level anticyclonic center with 980 dam central
isoheight located to the southeast of the Caspian Sea, while two upper level lows can be seen to the north-
west and north of the upper level anticyclone with geopotential heights in the centers lower than 944 and
896 dam, respectively (Figure 3a). As a result, strong subtropical westerly jets develop between the high-
pressure and low-pressure systems at 300 hPa. The strong upper-level subtropical jet is located north to
Armenia extending from the Eastern Mediterranean to the Far East up to the central Asia. Wind speeds in
the core of the westerly jet exceed 35 m s�1. The latter is consistent with the results from Gevorgyan and
Melkonyan (2014) demonstrating that strong wind gust events in Yerevan are associated with an enhance-
ment of westerly subtropical jets at 300 hPa with average wind speeds exceeding 20 m s�1. Another impor-
tant regional-scale factor for development of the plain-plateau circulation over the study area is the existence
of topographically induced atmospheric heat source over the Armenian highland in the lower troposphere. It
can be seen from Figure 3c that the ERA-5 clearly shows the impact of strong daytime heating over the high
terrain southwestern to Armenia on 4 July 2015. Thus, the highest 1200 UTC 850 hPa temperatures exceeding
34°C can be seen southern of Armenia due to combined influence of the Persian trough and heating effect of
Zagros Mountains. However, the heated air extends farther to northwest, and 850 hPa temperatures over the
central and southwestern mountain massifs of the Armenian Highland (Figure 1) vary from 30 to 32°C. It can
be seen from Figure 3c that the heated area characterized by high air temperatures at 850 hPa affected
southwestern part of Armenia involving Yerevan (27–29°C). Maximum 2 m temperature recorded at
Yerevan-Zvartnots station around 1200 UTC 4 July 2015 was 37.5°C which is above the 90th percentile of daily
maximum temperature for that particular day (36°C, Gevorgyan, 2016). It should be noted that no precipita-
tion was recorded on 4 July 2015 not only in Yerevan but also over the entire Armenia. By contrast the low
elevated Kura-Araks plain, extending to eastern Armenia and relatively large water bodies of the Black Sea
and Caspian Sea are characterized by significantly lower air temperatures at 850 hPa level mainly varying
between 17 and 22°C (Figure 3c). The distribution of 1200 UTC mean sea level pressure fields on 4 July
2015 (black contours, Figure 3c) shows that the Persian trough is extended from the southeast to northwest
where mean sea level pressure is lower than 1005 hPa. On the other hand, high-pressure anticyclonic centers
are located to the northeast of Armenia with 1,020 hPa closed isobars in the centers. As a result, significant
northeast-southwest daytime temperature (10–12°C) and pressure (10–15 hPa) contrasts have formed over
the study area in the lower troposphere on 4 July 2015 which is necessary to induce plain-plateau circulation
(Gevorgyan &Melkonyan, 2014). Overall, the selected case is a good representative for situations of enhanced
plain-plateau circulation over the study area considering both large-scale and regional driving factors.

Furthermore, it is of high interest to consider differences in large-scale and regional fields between the ERA-5
analysis and GFS forecasted fields presented in Figures 3b and 3d, since these fields were used as lateral and
boundary conditions for sensitivity experiments with the WRF model presented in the following sections.
Figure 3b shows that there were no significant discrepancies between the ERA-5 and GFS fields in the
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upper troposphere for 4 July 2015 indicating that both data sets reproduced geopotential and wind patterns
similarly at 300 hPa. On the other hand, the differences in air temperature and pressure between the ERA-5
and GFS fields become evident in the lower part of troposphere (Figure 3d). In particular, large negative
differences in 850 hPa air temperature can be seen over mountain massifs and ridges (Figure 1) with
negative temperature biases between the ERA-5 analysis and GFS forecasts varying from �7 to �4°C
(Figure 3d). It seems that the GFS model underestimate the impact of mountains on the lower
tropospheric temperatures producing warm biases. The latter may impact the WRF simulation results
driven by the GFS data. The difference in mean sea level pressure setup is also important for the WRF
simulations forced by the ERA-5 and GFS fields. Figure 3d shows that, generally, large positive biases in
mean sea level pressure exceeding 2 hPa are found over the northeastern part of the study area
(Figure 3d) influenced by the high pressure and anticyclonic circulation (Figure 3c). By contrast, strong
negative biases in sea level pressure between the ERA-5 and GFS are obtained over the southeastern
and southern parts of the area in Figure 3d (from �4 to �2 hPa) characterized by low sea level pressure

Figure 3. (a) Geopotential height (dam, contours) and winds (m s�1, vectors) at 300 hPa and (b) mean sea level pressure (hPa, contours) and air temperature (0°C) at
850 hPa obtained from ERA-5 analysis at 1200 UTC 4 July 2015. Differences between the ERA-5 analysis and GFS 12 h forecast fields for (c) 300 hPa wind and
geopotential height and (d) 850 hPa air temperature and sea level pressure at 1200 UTC 4 July 2015. The dotted contours show negative differences in geopotential
height and sea level pressure.
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(the Persian trough) and high temperatures at 850 hPa (Figure 3c). Thus, the mean sea level pressure
differences indicate that the regional constraints are enhanced in the ERA-5 analysis compared to the GFS
forecasted fields, which is expected to impact the strength of the plain-plateau circulation and the results
of the WRF simulations using those two data sets.

3.1. Simulation of Near-Surface Wind Speeds by the WRF Model

The diurnal variations of observed and WRF-ARW simulated near-surface winds at Yerevan-Zvartnots station
is evaluated for the selected strong wind event observed from 4 to 5 July 2015. Both Figures 4a and 4b
demonstrate that the WRF simulations based on various PBL parametrizations show high consistency in
simulation of near-surface wind speed before the initiation (between 1200 and 1300 UTC, 4 July) and after
decay (0200 to 0400 UTC, 5 July) of valley winds in Yerevan. On the other hand, higher spread (sensitivities)
among the WRF simulations can be clearly seen during the influence of valley winds. Figures 4a and 4b show
that northeasterly valley winds (wind direction is not shown) started to blow at 1300 UTC on 4 July (the red
line), before the local sunset occurring around 1630 UTC, when wind speed sharply increased from 3 to
7 m s�1 within 30 min, while maximum wind speeds (11 m s�1) observed around the sunset, between
1630 and 1700 UTC. Most of PBL parametrizations fail to capture correct timing of valley winds showing
1–2 h delay leading to large negative biases in simulated wind speeds. However, it can be seen from
Figures 4a and 4b that ERA-5-driven WRF simulations more successfully reproduce the initiation of valley
winds showing significantly reduced negative biases in wind speeds (from �6 to �4 m s�1) compared to
those obtained from GFS-driven simulations (from �9 to �7 m s�1) in the time interval between 1400 and
1500 UTC. It is worth noting that among the WRF simulations forced by the ERA-5 (Figure 4a), the TKE-based
closure QNSE and MYJ PBL schemes successfully simulate the initiation of valley winds in Yerevan outper-
forming the other PBL schemes. However, the peak of observed valley winds is underestimated by
2 m s�1. The other PBL schemes strongly underestimate the maximum strength of valley winds in Yerevan
(by 4 m s�1) with the worst performer being the BouLac scheme failing to simulate valley winds in
Yerevan at all. On the other hand, among the PBL schemes driven by the GFS initial and boundary conditions
(Figure 4b) the TEMF performs best in reproducing the initiation of the valley winds showing only 30 min
delay (at 1330 UTC). However, the peak of valley winds is better reproduced by the QNSE scheme showing
around zero biases relative to observations from 1630 to 1730 UTC. Again, the peak of valley winds is strongly
underestimated by the other considered PBL schemes in Yerevan (by 4 m s�1), and the largest negative
biases were found in the BouLac scheme. The valley winds were long-lasting, and the secondary local peak
in wind speed observed at 2130 UTC (8 m s�1) is underestimated by most of PBL schemes mainly by
2–4 m s�1 (Figures 4a and 4b). It is interesting to note that under calm wind conditions observed between
0300 and 0400 UTC (after decay of valley winds) most of the WRF simulations initiated with ERA-5 show posi-
tive wind biases (by 2–4 m s�1), while the GFS-driven simulations perform better with biases close to zero
(Figure 4b).

The performance of the PBL schemes is further evaluated using root-mean-square error (RMSE) score
(Figure 5). It can be seen that most of PBL parametrizations (except from the TEMF) perform better when
the ERA-5 data set is used instead of the GFS. In particular, significant reduction in RMSE (from 3.4 to
2.2 m s�1) was obtained for the nonlocal YSU scheme due to using ERA-5 initial and boundary conditions.

Figure 4. Diurnal variation of observed winds (red lines, right axis) and biases in the WRF-simulated 10 mwinds initiated with (a) ERA-5 and (b) GFS fields (left axis) at
Yerevan-Zvartnots station for 4–5 July 2015.
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The best performer is the MYJ PBL initiated by the ERA-5 data set with
the RMSE consisting of 1.7 m s�1. However, the QNSE, YSU and Shin
and Hong PBL schemes show relatively high skills with RMSE values
varying from 2.0 to 2.3 m s�1. Among the WRF experiments based
on GFS initial and boundary conditions the lowest RMSE (2.2 m s�1)
is obtained for the TEMF. As discussed above the most unsuccessful
PBL scheme is the BouLac with RMSE values exceeding 4 m s�1.

3.2. The Time-Height Cross Sections of LLJs Over Yerevan
Simulated by the WRF Model

Diurnal evolution and vertical structure of LLJs at Yerevan-Zvartnots
station is considered in this section using high-frequency (3 min)
three-dimensional wind speed simulations derived from the WRF
model output saved for the closest model grid point. First, the
simulation results forced by the ERA-5 fields are considered
(Figures 6a–6i). Figures 6a–6i illustrate a pronounced diurnal variation

in vertical structure of lower boundary layer wind speed over Yerevan with the presence of well-defined LLJs
during the evening hours simulated by most of the PBL schemes. However, main characteristics of simulated
LLJs over Yerevan associated with the influence of valley winds significantly differ among the PBL parametri-
zations, i.e., the timing, vertical and temporal extension, and magnitude of LLJs, showing high sensitivity to
the choice of PBL parameterization. In general, the modeled jet maximums (or cores) are located at around
200–250 m above ground level (agl) occurring between 1600 and 1700 UTC which is consistent with the time
of observed peak of near-surface winds in Yerevan (Figures 4a and 4b). The strongest jet core is simulated by
the TEMF scheme with wind speeds exceeding 17 m s�1 (Figure 6c). Most of PBL schemes simulate gradual
damping of LLJs with extension of relatively strong winds toward later hours (up to 2000 and 2100 UTC)
which is consistent with near-surface wind observations showing relatively high winds after sunset
(Figures 4a and 4b). It is worth noting that the characteristics of the simulated LLJs over Yerevan fully meet
the criteria defined for LLJs in previous studies (Andreas et al., 2000; Baas et al., 2009; Klein et al., 2016; Wei
et al., 2013) reported LLJs wind maxima (LLJ nose) between the 100 and 300 m agl with wind speeds varying
from 10 to 21 m s�1 (Banta et al., 2004; Baas et al., 2009; Kutsher et al., 2012; Zangl, 2004). However, the
BouLac and MYNN_3rd PBL schemes fail to simulate LLJ-induced wind pattern during the evening hours
simulating relatively weak winds not exceeding 8 m s�1, while relatively stronger and elevated winds can
be seen later, around the local sunrise (Figures 6h and 6i). It should be noted that the low performance of
those two PBL parametrizations are demonstrated in Figure 5. The WRF runs based on the MYJ and GBM
schemes simulate relatively weaker LLJs with maximum wind speeds varying from 12 to 14 m s�1. It is
interesting to note that the first-order YSU and scale-aware Shin and Hong schemes (Figures 6d and 6e) simu-
late strong nocturnal LLJs around the local sunrise (0300 UTC) with strengths comparable with the evening
LLJs (14–15 m s�1). As indicated in section 1, formation and enhancement of nocturnal LLJs may be due to
local processes occurring under nighttime boundary layer, e.g., weakening of turbulent exchange and
frictional decoupling and radiative cooling (Baas et al., 2009; Banta et al., 2003; Parish & Clark, 2017).
However, the WRF simulations are not consistent in simulating strong LLJs over Yerevan around the
sunrise (Figures 6a–6i).

Simulation of LLJs based on the WRF runs initiated with GFS data is presented in Figures 7a–7i. It can be seen
from Figures 7a–7i that the sensitivity experiments forced by GFS fields simulate stronger LLJ core speeds
(mainly by 2–3 m s�1) and deeper vertical extension compared to those forced by ERA-5 (Figures 6a–6i).
However, the jet cores are located lower, at 150–200 agl. The time of initiation of the evening LLJs is shifted
to later hours by one to one and half hour relative to ERA-5-forced runs. The delay in the onset of LLJs simu-
lated by the GFS-forced runs was already noted in the previous Section. Jet cores are simulated between 1600
and 1700 UTC, and the maximum core speed exceeding 20m s�1 is, again, simulated by the TEMF (Figure 7c).
Propagation of relatively strong winds toward later hours (up to 2000 and 2100 UTC) can be seen at 100 m
agl. Again, the Shin and Hong and YSU runs simulate strong nocturnal LLJs (up to 16 m s�1, Figures 7d
and 7e) accompanied by lifting of the LLJ cores by 150–200 m. However, the GFS-driven nocturnal LLJs are
shifted to earlier hours (between 2330 and 0000 UTC) compared to those simulated by the ERA-5-forced runs.

Figure 5. The RMSE estimates of the WRF-simulated 10 m wind speeds initiated
with ERA-5 (red bars) and GFS (blue bars) fields at Yerevan-Zvartnots station for
4–5 July 2015.
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4. Nocturnal LLJs Over Yerevan: Observations and the WRF Model

This section examines the vertical structure of nocturnal LLJs in Yerevan using observations obtained from
Yerevan-Aerological station (red triangle in Figure 2b) located inside the Hrazdan Valley and WRF model out-
put data. It should be noted that radiosondes are launched once daily (at 2210 UCT on 4 July 2015).
Radiosonde ascend for the selected case study provided relatively detailed measurements within the lowest
400–500 m layer of nighttime PBL (measurements at eight vertical levels) making possible to compare verti-
cal profiles of observational and simulated wind data. Figures 8a and 8b illustrating observed and modeled
wind speed profiles over Yerevan demonstrate that in most of cases the WRF model strongly underestimates
wind speeds (by 4–5 m s�1) within the lowest 200–300 m where LLJs are observed. The well-defined nose of
nocturnal LLJs is situated at 110 m agl with observed wind maxima exceeding 11 m s�1 (red profiles,
Figures 8a and 8b). It should be noted that the TEMF PBL scheme driven by both ERA-5 and GFS simulates
LLJs (the gray profiles in Figures 8a and 8b). However, the TEMF-simulated LLJs are weaker and slightly

Figure 6. Wind speed (m s�1) time-height cross sections at Yerevan-Zvartnots station simulated by theWRFmodel initialized with ERA-5 fields for 4–5 July 2015 (the
model output is shown at 3 min interval).
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Figure 7. Wind speed (m s�1) time-height cross sections at Yerevan-Zvartnots station simulated by the WRF model initialized with GFS fields for 4–5 July 2015 (the
model output is shown at 3 min interval).

Figure 8. Vertical profiles of wind speed over Yerevan derived from observed data (Yerevan-Aerological station, red profile) and WRF model runs initialized with
(a) ERA-5 and (b) GFS data sets for 2210 UTC 4 July 2015. The simulatedwind speeds are presented at the near-surface (10m) andmodel levels shown in Figures 6 and 7,
whereas wind speed observations are reported at irregular levels indicated by the red dots. The colors for the WRF simulated profiles are the same as in
Figure 4. The 2200 UTC ERA-5 (Figure 8a) and 2100 UTC GFS (Figure 8b) profiles are dashed with the dots indicating height of levels.
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lower (below 100 m agl) compared with observations. On the other hand, one can note that Shin and Hong
simulated wind profile based on ERA-5 initial and boundary conditions shows higher consistency with the
observed profile, particularly within the lowest 200 m, than that forced by GFS data. It can be seen that
more than half of the considered PBL parametrizations simulate sharp increase in wind speed since
150–200 m agl which is stronger pronounced in the GFS-driven runs (Figure 8b). The YSU and Shin and
Hong PBL schemes produce elevated LLJs between 250 and 300 m agl with magnitude of LLJ cores
consisting of 12–13 m s�1 (Figure 8b). However, the modeled strong wind speed increase and the
presence of lifted LLJs cannot be seen in observational data showing decrease in wind speed at those
altitudes. The dashed wind speed profiles in Figures 8a and 8b are derived from the ERA-5 and GFS driving
data sets at all available vertical levels within the considered lowest 500 m layer at a grid point closest to
Yerevan-Aerological station. It can be seen from Figure 8a that the ERA-5 wind profile successfully
reproduces the jet-like structure of nocturnal winds with the LLJ nose located at the same altitude as in
the observed profile (at 100 m agl). However, the magnitude of the LLJ nose (5 m s�1) is substantially
underestimated relative to observations. On the other hand, the GFS-derived wind speed profile produces
stronger wind speeds (9 m s�1 at 100 m agl) compared to the ERA-5 (Figure 8b). However, strong wind
speed maintains above the observed LLJ (at around 400 m agl) in the GFS 21 h forecasts leading to
overestimated wind speeds at this level. One should take into account that the GFS-simulated wind speed
profile is for 2100 UTC which is 1 h earlier relative to the time of the wind profiles simulated by the WRF
and observations (at 2210 UTC), while most of the WRF simulations show that LLJs tend to weaken from
2100 to 2200 UTC (Figures 6 and 7).

In order to understand the impact of dynamical processes induced by the nocturnal LLJs on temperature
conditions and atmospheric stability within the nocturnal valley PBL, observed and modeled vertical profiles
of potential temperature over Yerevan are presented in Figures 9a and 9b. In particular, it is interesting to
understand whether the strong and lifted LLJs simulated by the WRF model, especially in the GFS-derived
runs, are associated with formation of surface-based cold-air pools (CAPs) according to the “Blackadar
mechanism” (Parish & Clark, 2017). It can be seen from Figures 9a and 9b that the vertical structure of
observed potential temperature profiles (red lines) is complex with the presence of layers characterized by
both negative and positive vertical potential temperature gradients. A shallow layer with superadiabatic
temperature gradients is established from the near surface up to 30 m above the ground indicating that
relatively strong nighttime winds prevent formation of nocturnal cold-air pools (CAPs) at the valley floor.
The temperature drop within this 30 m layer exceeds 1 K (kelvin). However, the stable inversion layer charac-
terized by potential temperature increase can be seen above, up to 300 m agl, with potential temperature
lapse rate consisting of 0.8 K in 100 m. It is worth noting that this elevated temperature inversion layer cor-
responds to the vertical extension of the observed LLJs where the enhancement of wind speeds is observed
(Figures 8a and 8b). Therefore, it can be suggested that the inversion layer can be induced by LLJs due to
downward mixing and vertical transport of warmer air into the inversion layer. The previous studies based
on observations and numerical simulation results also reported that the elevated inversion levels can be
induced by LLJs (Kutsher et al., 2012; Pinto et al., 2006; Whiteman et al., 2009). Above the inversion layer
the observed temperature profiles show insignificant changes in potential temperature with height.

Figure 9. Vertical profiles of potential temperatures over Yerevan derived from observed data (Yerevan-Aerological station, red profile) and WRF model runs
initialized with (a) ERA-5 and (b) GFS datasets for 2210 UTC 4 July 2015. The simulated potential temperatures are presented at the near-surface (2 m)
and model levels shown in Figures 6 and 7, whereas observed potential temperature is presented at irregular levels indicated by the red dots. The colors for
the WRF simulated profiles are the same as in Figure 4. The 2200 UTC ERA-5 (Figure 9a) and 2100 UTC GFS (Figure 9b) profiles are dashed with the dots
indicating height of levels.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027629

GEVORGYAN 310



The structure of the WRF-simulated nocturnal potential temperature profiles differs markedly from the
observed one, particularly within the lowest levels (Figures 9a and 9b). Thus, the GFS-based runs produce
strong atmospheric stability and formation of CAPs extending from the near-surface up to 60 m above the
ground (Figure 9b). The strength of simulated ground-based temperature inversions consists of 4–6 K result-
ing in large cold biases at the near surface (up to 5–7 K). The latter may result from inadequacies not only in
PBL schemes but also in surface layer parametrizations (Arduini et al., 2016; Chiao & Dumais, 2013; Lee et al.,
2006; Tastula et al., 2015). As demonstrated in Figures 8a and 8b the WRF simulations underestimate
observed wind speeds in the lowest 100 m layer associated with LLJs. Thus, weak wind conditions are favor-
able to the formation and buildup of CAPs due to a rapid surface cooling andweak vertical and turbulent mix-
ing in the lower atmospheric boundary layer simulated by the WRF runs. In turn, CAPs lead to decoupling of
the surface layer resulting in formation of elevated nocturnal LLJs in the WRF simulations (Figure 8b).
Although the simulated potential temperature profiles show nearly neutral stratifications above the CAPs,
the negative biases in potential temperatures (by 2–4 K) are maintained at the higher levels (200–500 agl).

On the other hand, the WRF simulations forced by ERA-5 data show significantly reduced negative tempera-
ture biases at the 2 m (0.5–1.5 K) and much weaker ground-based CAPs (Figure 9b) due to improved initial
and boundary conditions. Again, the simulated potential temperature profiles show nearly neutral stratifica-
tions aloft (200–500 agl), with both negative and positive biases in potential temperatures relative
to observations.

The ERA-5 and GFS potential temperature profiles show stronger than observed potential temperature
increase in the lowest 500 m layer (the dashed profiles in Figures 9a and 9b). At the near-surface level
(2 m), the ERA-5 profile outperforms that for the GFS showing smaller negative bias. It is worth noting
that the WRF-simulated potential temperatures show reduced biases compared to the ERA-5 profile
within 250–500 m agl (Figure 9a). The latter is a nice example of the added value due to application
of dynamical downscaling. Negative bias in potential temperature was obtained for the GFS data at
2 m (�2.6 K) relative to the observations. Again, it should be noted that there is about 1 h lag in the
WRF-simulated profiles relative to the GFS one, and the radiative cooling occurred between the 2100
and 2210 UTC could, partly, contribute to the negative temperature biases obtained between the WRF
and GFS 2 m potential temperatures (Figure 9b).

5. Discussions and Conclusions

The assessment of the capabilities and limitations of high-resolution WRF simulations to reproduce topogra-
phically induced mesoscale mountain-valley winds and LLJs in Yerevan has been performed using high fre-
quency observational and modeled data. The strong valley wind event observed on 4 July 2015 in Yerevan
was selected as a highly representative case study. Valley winds appeared in Yerevan before the local sunset
(1300 UTC) and reached the maximum strength around the sunset (between 1630 and 1700 UTC). Both the
large-scale factors, i.e., presence of strong upper tropospheric westerly jets, and regional-scale dynamic fac-
tors caused by boundary layer processes, i.e., significant regional temperature and pressure constraints arose
between the Armenian Highland and low-elevated Kura-Araks plain in the lower troposphere, favored to the
formation of mesoscale plain-plateau circulation over the study area (Gevorgyan & Melkonyan, 2014) leading
to strong wind speeds and gusts observed in Yerevan on 4 July 2015.

High sensitivities of WRF-simulated near-surface winds and LLJs in Yerevan to both boundary layer and initial
conditions setup have been demonstrated in this study. Among the tested nine PBL parametrization
schemes the TKE-based MYJ and QNSE PBL schemes and the TEMF PBL showed higher skill in simulation
of near-surface valley winds over Yerevan, while the other PBL schemes tend to significantly underestimate
the strength of valley winds. On the other, hand the BouLac PBL is considered as the worst performer com-
pletely failing to simulate valley winds in Yerevan. It should be noted that most of PBL schemes simulate well-
defined LLJs associated with the evening valley winds. The jet cores are mostly located at 150–250 m agl with
magnitudes significantly varying among different WRF runs (from 12 to 21 m s�1). Although the simulated
LLJs are mostly maximized during the evening hours (between the 1600 and 1700 UTC) those still impact
the nighttime PBL. Thus, the observed nocturnal LLJ is located at 110 m agl with the magnitude of the LLJ
nose exceeding 11 m s�1. The observed LLJ is strongly underestimated by most of the WRF runs. The
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underestimation of nocturnal LLJs wind speeds by the WRF model was also found in previous studies (Hu
et al., 2013; Storm et al., 2009).

Another important aspect of this study is the sensitivity of LLJs to initial and boundary conditions. Although
the large-scale circulation patterns in the upper troposphere (at 300 hPa) are similarly reproduced by the ERA-
5 and GFS driving data sets, large discrepancies in the regional fields of air temperature and mean sea level
pressure, as well as, in the wind and potential temperature vertical profiles over Yerevan have been found in
the planetary boundary layer. As a result, the ERA-5 initiated WRF runs showed improved simulation of near-
surface winds in Yerevan with significantly reduced RMSE values relative to those forced by the GFS fields. In
particular, an accurate modeling of timing of initiation (onset) of valley winds in Yerevan has been achieved
when using the ERA-5 initial and boundary conditions. By contrast, the GFS-driven runs show significant
delay in the onset of valley winds on 4 July 2015 resulting in significant negative biases in simulated wind
speeds during this period (1400 to 1500 UTC). Furthermore, the WRF runs initiated with the ERA-5 produce
smaller potential temperature biases relative to observations within the lowest 60 m relative to those
initiated with GFS simulating strong CAPs and substantial cold biases at the near surface. In general, both eve-
ning and nocturnal LLJs modeled by the WRF are stronger and more extended vertically in the runs driven by
the GFS. In particular, the strong and lifted nocturnal LLJs simulated by the WRF model, especially in the GFS
forced runs, are probably associated with the “Blackadar mechanism” (Parish & Clark, 2017). The latter is sug-
gested from the formation of strong surface-based CAPs in Yerevan present in both WRF simulations and GFS
driving data set. It is worth noting that Schepanski et al. (2015) also demonstrated that the driving datasets
play important role in simulation of LLJs by the WRF model. Furthermore, availability of more frequent
boundary and lateral conditions provided by the ERA-5 (1 h) compared to the GFS fields (3 h) could be also
an important reason for the improved simulations found in the ERA-5-forced WRF runs. Overall, this study
demonstrates that modeling of valley wind systems in Yerevan is a challenging issue and relevant research
should be carried out in future. In particular, open questions remain about examination of LLJs evolution
based on observational data, i.e., analysis of observed time-height cross sections of wind speed and direction.
To this end, an experiment campaign and field measurements are necessary for observations of summertime
valley winds along Hrazdan River valley and Yerevan City with operation of boundary layer radar wind profi-
lers (soundings), mast measurements, etc. Apparently, simulation of nocturnal LLJs in Yerevan by the WRF
model needs to be improved. It is very interesting and relevant issue to examine the impact of urban effect
on dynamical characteristics of LLJs over Yerevan, as well as, the opposite issue, i.e., study of LLJs impact on
the nocturnal urban heat island intensity. Squitieri and Gallus (2016) and Dezfuli et al. (2017) showed that LLJs
may play significant role in initiation and sustaining of nocturnal convection over Great Plains and regional-
scale transport of moisture and formation of precipitation over the Middle East. The setup and configuration
of the WRF model may be further improved in future studies to improve the simulation of LLJs over Yerevan.
In particular, further increasing of spatial resolution up to 1 km may be considered. However, this was not
possible to perform due to limitation of local computing facilities. Further improvement of initial and bound-
ary conditions for modeling of LLJs in Armenia should be tested using WRFDA, OBSGRID packages allowing
for additional data input from satellite-derived and local weather stations observational data.
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