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Abstract: Accurate airflow forecast over large urban areas in complex orography is very
important problem and it is still a big challenge. Terrain and land-cover inhomogeneity
cause thermal circulation domination under calm conditions, or significant modification of
the large-scale synoptic flow. The Weather Research and Forecasting (WRF) model is used
for numerical experiments with fine horizontal grid of 500 meters. The static terrestrial
data are represented with very high resolution (1 arcsec for the orography and 3 arcsec for
land-cover data). The purpose of this work is to assess the ability of WRF model to study
the specifics of meso-scale circulation under various large-scale (synoptic) conditions for
the Sofia region. Different model options (for microphysics and planetary boundary layer
- PBL) are tested during the evaluation process based on comparison to measurements in
order to determine the optimal configuration. Overall Lin et al. microphysics scheme shows
the best performance. None of the PBL schemes is found to be superior, but all provide
reasonable results. WRF model shows good performance and it is a very useful tool to study
flow structure and variability. Different mesoscale phenomena are properly captured with
numerical simulations.

Keywords: flow modification over complex orography, meso-scale phenomena, WREF,
model sensitivity tests, evaluation for Sofia region.

1. INTRODUCTION

Several types of investigation (theory, numerical modelling and laboratory
experiments) are used to study atmospheric dynamics and physics that play an important
role in atmospheric processes. The analytical theory is limited to simplified equations

*  evgenia.egova@abv.bg

54



Evgenia Egova, Reneta Dimitrova, Ventsislav Danchovski

that are unable to describe fully the atmosphere in its complexity. The advantages of
laboratory experiments are their simplicity and directness, but not all major phenomena
can be simulated (Tucker, 1989; Baines&Manins, 1988). Numerical modeling is a main
tool for studying the phenomena in atmosphere and its potential is almost unlimited
with fast improvement of computer resources during the last decade.

Meso-scale systems can be defined as those atmospheric systems that have a
horizontal extent large enough for the hydrostatic approximation to the vertical pressure
distribution to be valid, but small enough for the geostrophic and gradient winds to
be inappropriate as approximations to the actual wind circulation above the planetary
boundary layer (Pielke, 2013). Many different classifications are used in the literature.
One of the most popular classifications (Orlanski, I., 1975) divides meso-scale systems
into 3 sub-categories with horizontal scales for meso-gama between 2 and 20 km; meso-
beta 20-200 km; and meso-alpha 200-2000 km. Some of the processes in the meso-
alpha are at the edge of the synoptic systems which horizontal scales can start from 1000
km. This study investigates the atmospheric phenomena in meso-gama scale. Terrain
and land-use inhomogeneity cause local thermally driven wind systems dominant under
calm conditions (Zardi and Whiteman, 2012), or significant modification of the synoptic
flow (Bretherton et al., 2009; Dixit&Chen, 2011).

Orography presents significant forcing on geophysical flows and induce substantial
adjustment of the large-scale flow. The strong airflow under stratified conditions
generates lee waves, propagating internal waves, rotors, flow separation or canalization
and fascinating vortex structures. The part of the flow above the so-called dividing
streamline goes over the mountain whilst the rest flows around the mountain (Snyder et
al., 1985) producing upstream stagnation, the lee-side separation region and associated
wake effects. The inhomogeneity of the flow, irregular protrusions from an obstacle in the
direction of the approaching flow, slope angle, ground roughness lead to very complicated
pattern. The varieties that incorporate slopes, valleys, canyons, escarpments, gorges
and bluffs span different space-time scales contributing to innumerable phenomena that
stymie the predictability of mountain weather.

Diurnal mountain winds develop typically under fair weather conditions, over
complex topography of all scales, from small hills to large mountain massifs, and are
characterized by a reversal of wind direction twice per day (Zardi& Whiteman, 2012).
In the surface heated planetary boundary layer (PBL) landscape heterogeneities produce
significant horizontal gradients in temperature that form phenomena like land and sea
breezes. All these local thermally driven meso-scale circulations can be accelerated or
suppressed by the large-scale flow. Urbanization in the post-industrial revolution era,
especially the recent rapid urban growth, has brought about unprecedented anthropogenic
stressors that may change the functioning and structure of the Earth system or a part
thereof (Hunt et al., 2007). Intense modification of land surface occurs through urban
development (Changnon, 1992), and the use of high heat capacity and water impermeable
material for construction and roadways affects local microclimates. The differences in
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energy balance, temperature, humidity, and storm runoff between urban areas and rural
surfaces are substantial. A common urban effect is the urban heat island associated with
the retention of heat in concrete and other material for longer times at night in urban
compared to rural areas (Bornstein, 1987; Oke, 1988; Emmanuel&Fernando, 2007).
Sofia city is located in complex terrain in close proximity to Vitosha Mountain with
highest peak Cherni vrah — 2286 m AGL (above ground level). All described factors
above contribute to a very complicated flow pattern in Sofia valley that is difficult to
predict. The purpose of this work is to investigate the abilities of the Weather Research
and Forecasting (WRF) model to capture the specifics of the meso-scale circulation
under different large-scale conditions for the Sofia region. Very high resolution static
terrestrial fields (1 arcsec for the topography and 3 arcsec for land cover) are used
in this study. Performance evaluation of different parameterization schemes (for both
microphysics and PBL) is accomplished through comparison with observation.

2. DATA AND METHODOLOGY

The Advanced Research version of the Weather Research and Forecasting model (ARW-
WRFv3.8.1.) is employed in this study. The ARW-WREF is a state-of-the art atmospheric
meso-scale numerical weather prediction system, suitable for use in a broad range of
applications (Skamarock et al., 2008; http://www.mmm.ucar.edu/wrf/users). The system
solves fully compressible, Euler non-hydrostatic equations conservative for scalar
variables, over terrain-following vertical coordinates with the possibility of vertical grid
stretching. The upper boundary of the model is a constant pressure surface.

2.1. Domain set-up and initial conditions

A Lambert Projection is used with the center point for the modelling domain at 23.4°E,
42.68°N. Four nested domains with 32, 8, 2 and 0.5 km grid resolution are explored
to perform meso-scale simulations, with the smallest one covers the Sofia valley. The
model domains with an enlarged view of the most inner domain with 500 m resolution
and 157x129 grid points (approximately 80x65 km) is shown Fig. 1.

Fifty terrain-following (eta) levels are selected, with 21 levels between the surface
and 500 m AGL to describe better the lowest part of the PBL. Meteorological initial
and boundary conditions are provided to the coarsest meso-scale simulations from the
National Centers for Environmental Prediction (NCEP) Final Analysis 0.25 degrees with
outputs every 6 h (http://rda.ucar.edu/datasets/ds083.2/). Two new datasets have been
implemented and adapted to the study domain - high resolution topography data (SRTM,
NASA; https://lta.cr.usgs.gov/SRTM1Arc) with resolution 1 arcsec (approximately
30 m), and the Corine land-cover dataset (CLC2012, EEA; http://land.copernicus.eu/
pan-european/corine-land-cover/clc-2012), with resolution 3 arcsec (approximately
90 m), which have been adopted to US Geological Survey land-use (USGS) classes.
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More details regarding the procedure and new datasets implementation can be found in

Vladimirov et al. (2018).
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Fig. 1. Domain configuration (left panel); topography of the most inner domain (500 m grid)
and location of the observational sites used for model validation (right panel). ). SYNOP
stations (circle symbol): 1. Sofia, 2. Dragoman, 3. Murgash, 4. Cherni vrah and Automatic
stations (triangle symbol): 5. Kopitoto 6. Pavlovo 7. Hipodruma 8. Nadezhda 9. Borisova
gradina and 10. Druzhba

2.2 Model options

The WRF physics package includes: the Rapid Radiative Transfer Model (RRTM)
longwave radiation parameterization (Mlawer et al., 1997), Dudhia shortwave radiation
parameterization (Dudhia, 1989), which computes radiation at fine time scales (every 10
min), and Grell-Devenyi (GD) ensemble scheme (Grell&Devenyi, 2002) for cumulus
parameterization (only for the coarse meso-scale simulation with 32 and 8 km grids).
Noah land surface model scheme (Chen&Dudhia, 2001) is chosen for this study. Four of
the available in the model PBL schemes (with their corresponding surface schemes) are
considered after preliminary comparison against observations in previous studies. The
selected PBL schemes are: the Yonsei University scheme, YSU (Hong et al., 2006), the
Asymmetric Convective Model, version 2 scheme, ACM2 (Pleim, 2007), the Bougeault
and Lacarrere scheme, BouLac (Bougeault&Lacarrere, 1989), and the Quasi-Normal
Scale Elimination scheme, QNSE (Sukoriansky et al., 2005). In addition comparison
between model results for different microphysics schemes are conducted for one case
with very high humidity (February 5% 2016). The YSU PBL scheme is used with
four available microphysics options, all of them suitable for real-data high-resolution
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simulations: a sophisticated scheme Lin et al. (Lin et al., 1983), WRF Single-Moment 6
(Hong&Lim, 2006), Goddard (Tao et al., 1989) and Thompson (Thompson et al., 2008).

2.3. Case studies selection

This study exemplifies the ability of WRF model to represent properly the meso-
scale circulation in Sofia valley and study flow modification under different synoptic
conditions. Nine cases between summer 2015 and summer 2016 are selected using
weather maps for flow and temperature at 850 hPa and observational data from the
radiosonding made once a day at 12 UTC at the National Institute of Meteorology and
Hydrology (NIMH), Bulgarian Academy of Sciences (BAS). Sofia valley’s orientation is
Northwest-Southeast and flow directions along the axis (Northwest (NW) and Southeast
(SE)) and across (Southwest (SW) and Northeast (NE)) are chosen for the simulations.
The case studies are described in Table 1 - calm conditions (wind speed is lower than 5
m/s) and two classes depending on the wind speed — moderate (between 5 and 10 m/s)
and strong (wind speed is higher than 10 m/s). Most of the cases, presented in Table
1, are associated with passage of atmospheric disturbance (cyclone or trough) over
the Balkan Peninsula and with significant change in 850 hPa temperature. Due to the
dynamics of the processes wind conditions are relatively fast changing. All simulations
are run with spin-up of 24 hours before each of the selected cases.

Table 1. 9 cases (10 days) of simulations between August 2015 and August 2016.

Cases Start (UTC) End (UTC) Wind Description | Wind Speed
Case 1 [14/08/2016 00:00 |16/08/2016 00:00 | Calm <5m/s
Case2 [04/01/2016 00:00 [05/01/2016 00:00 | Moderate SW 5-10m/s
Case 3 |06/08/2015 00:00 |07/08/2015 00:00 | Moderate NE 5—-10m/s
Case4 [11/11/201500:00 |12/11/2015 00:00 | Moderate NW 5-10m/s
Case 5 |22/10/201500:00 |23/10/2015 00:00 | Moderate SE 5—10m/s
Case 6 [22/11/201500:00 |23/11/2015 00:00 | Strong SW > 10 m/s
Case 7 [05/02/2016 00:00 |06/02/2016 00:00 | Strong NE > 10 m/s
Case 8 [25/05/2016 00:00 |26/05/2016 00:00 | Strong NW > 10 m/s
Case9 [27/11/201500:00 |28/11/2015 00:00 | Strong SE > 10 m/s

2.4. Observations

The observational data used for the model validation and sensitivity tests are based
on data from ten surface stations, and vertical profiles from radiosonde at one site,
National Institute of Meteorology and Hydrology (NIMH), once per day at 12 UTC.
The surface stations are: four operational sites (SYNOP) in which data are recorded
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every 3 hours: Sofia - NIMH (552 m AGL), Cherni Vrah (2286 m AGL), Murgash (1687
m AGL) and Dragoman (716 m AGL); five automatic stations operated by the Ministry
of Environment and Water - Kopitoto (1321 m AGL), Sofia - Nadezhda (534 m AGL),
Sofia - Pavlovo (615 m AGL), Sofia -Krasno selo (581 m AGL) and Sofia -Druzhba
(548 m AGL), and additional automatic station operated by the Sofia University at
Borisova Gradina (577 m AGL) provide hourly records of atmospheric parameters .
Air temperatures and relative humidity from all stations are used in model validation.
Simulated wind speed and direction are only verified against radiosonde data as all other
wind measurements are strongly influenced by obstacles in station’s surroundings. The
location of observational sites used for model verification are presented in Fig. 1.

3. RESULTS AND DISCUSSION

3.1. Model validation

The model performance at surface level is assessed by comparison of modelled 2m
temperature and relative humidity against measurements. Certain statistical accuracy
metrics as standard deviation (SD), mean bias (MB), mean absolute error (MAE), root
mean square error (RMSE), and correlation coefficient (R) are also estimated.

Two experiments have been conducted to find the best model configuration by
varying PBL and microphysics parameterization schemes at fixed other options. Four
different microphysics schemes are tested with the most widely used PBL scheme YSU
for one case (Case 7, Table 1) with very high humidity. The selected microphysics
option is used further to compare different PBL schemes for all considering cases.

The first experiment considers only Case 7of Northeastern synoptic flow with high
relative humidity (February 5th 2016). For all other selected cases the moisture level
is low, relative humidity less than 50%, and the effect of the microphysics option can
be ignored. Statistical metrics for two stations are presented - Sofia-NIMH (Table 2)
and Borisova gradina (Table 3). The model performs well for both sites, with similar
values for different statistical measures. WRF slightly overestimates the temperature
with MB, MAE and RMSE values approximately 1°C. The relative humidity is
underestimated with about 10% by all considering schemes. The RMSE is higher for the
station Borisova gradina with maximum value 17%, than for Sofia-NIMH - 12%. The
correlation coefficient is reasonable for all selected microphysics schemes, more than
0.6, as the temperature is better captured at Borisova gradina, the relative humidity at
Sofia-NIMH. Overall the Lin scheme shows the best performance for both temperature
and relative humidity and it has been selected to be used for the second experiment.
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Table 2. Model microphysics evaluation metrics for air temperature and relative humidity in
very humid Case 7 (February 5th 2016) at station Sofia-NIMH (number of measurements - §).

Sofia-NIMH |Mean |SD  |MB |MAE |RMSE |R
Temperature [°C]

Observations 0.0 0.9

Lin scheme 0.7 0.7 0.7 0.7 0.9 0.75
WREF Single moment 6 class scheme |0.7 0.6 0.7 0.7 1.0 0.65
Goddard scheme 0.5 0.6 0.5 0.5 0.8 0.63
Thompson scheme 0.8 0.6 0.7 0.8 1.0 0.60
Relative Humidity [%]

Observations 89.6 5.5

Lin scheme 77.9 6.9 -11.7 |11.7  {11.9 ]0.97
WREF Single moment 6 class scheme |79.9 7.9 9.7 9.7 10.5 |0.87
Goddard scheme 81.8 8.7 -7.8 7.8 9.0 0.90
Thompson scheme 78.9 10.1 -10.6 |10.8 |12.1 [0.89

Table 3. Model microphysics evaluation metrics for air temperature and relative humidity in
Case 7 (February 5th 2016) at station Borisova gradina (number of measurements - 24)

Borisova gradina |Mean |SD  |MB |MAE |RMSE |R
Temperature [°C]

Observations -0.3 0.7

Lin scheme 0.7 0.9 1.0 1.0 1.1 0.86
WREF Single moment 6 class scheme | 0.9 0.7 1.1 1.1 1.2 0.69
Goddard scheme 0.5 0.8 0.8 0.8 0.9 0.84
Thompson scheme 0.6 0.8 0.9 0.9 1.0 0.81
Relative Humidity [%]

Observations 93.5 0.6

Lin scheme 78.7 8.1 -14.8 |14.8 |16.7 |0.77
WRF Single moment 6 class scheme |79.3 9.8 -142 (143 [17.0 |0.70
Goddard scheme 82.8 9.3 -10.7 |11.0 |13.9 ]0.82
Thompson scheme 82.1 8.7 -11.4 |11.5 |14.1 ]0.71

Four different PBL schemes are tested further for all selected study cases described
in Table 1. Results of the calculated statistics are presented separately for automatic
stations (Tables 4, 5) and SYNOP stations (Table 6). The reason for this separation is that
the hourly data from the automatic stations represent more precisely diurnal cycle than
data taken on every 3 hours. There is no substantial difference between performances
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of the selected PBL schemes. WRF is in better agreement with observations for the
cases with moderate (Table 4) than strong (Table 5) wind conditions. The tendency
of overestimation of the temperature at 2 m with approximately 1-2°C (mean, MB,
MAE, RMSE) is found in all PBL schemes for all study cases. The relative humidity is
underestimated with approximately 7% for the moderate (Table 4) and 10% for strong
(Table 5) wind conditions. The correlation coefficient differs between schemes and
sometimes one scheme performs better for the temperature but worse for the humidity.

Table 4. Model PBL scheme evaluation metrics for air temperature and relative humidity, in
cases with moderate wind (Cases 2, 3, 4 and 5) at Borisova gradina, Nadezhda, Pavlovo, Druzhba
and Krasno selo (number of measurements - 480).

|Mean |SD  |[MB |MAE |RMSE |R
Temperature [°C]
Observations 9.2 2.3
QNSE 9.9 2.9 0.2 2.1 2.4 0.82
YSU 10.5 2.4 0.7 1.5 1.8 0.82
BouLac 12.9 2.5 1.1 1.9 2.2 0.76
ACM2 10.5 2.7 0.7 1.9 2.1 0.82
Relative Humidity [%]
Observations 71.4 8.1
QNSE 72.5 10.1 -1.2 |79 9.5 0.71
YSU 70.2 8.4 43 |72 8.2 0.83
BouLac 67.4 8.1 52 (7.2 8.3 0.86
ACM2 70.9 8.7 3.6 |71 8.3 0.78

The summary of the surface statistics for two SYNOP stations — Sofia and Dragoman
(Table 6) shows similar agreement with observations for temperature but worse
correlation (less than 0.7) for the relative humidity in comparison with the automatic
stations. The errors (MAE, RMSE) are in the same range — less than 2°C for the
temperature and 11% for the relative humidity.

Vertical profiles of modeled atmospheric parameters at NIMH site are compared
with derived ones from radiosonde in Fig.2. As an agreement indicator the coefficient
of determination (R?) is also shown. The radiosonde observations (at 12 UTC for all
study cases) are interpolated to the model levels at corresponding time. All of the PBL
schemes represent well temperature, # and v velocity components, and worse the wind
speed and mixing ratio. The best correlation between observations and model data is
observed for the temperature profile (R? approximately 0.98), the worst for the wind
speed (R? approximately 0.8). Wind component across the axis (v) is better captured
by the model than along the axis (). Surprisingly much large differences are observed
between different PBL schemes for the mixing ratio. The best correlation is achieved
using QNSE (R?=0.88), the worst correlation for ACM2 (R?*=0.75). In general the
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vertical profile evaluation shows the same weakness that is found for the surface relative
humidity — WRF underestimate the mixing ratio.

Table 5. Model PBL scheme evaluation metrics for air temperature and relative humidity, in
cases with strong wind (Cases 6, 7, 8 and 9) at Borisova gradina, Nadezhda, Pavlovo, Druzhba
and Krasno selo (number of measurments - 480).

|Mean |SD  \MB |MAE |RMSE |R

Temperature [°C]

Observations 7.4 1.6

QNSE 8.2 1.8 0.3 1.6 1.9 0.68
YSU 11.8 2.0 -0.1 1.9 2.2 0.69
BouLac 9.2 1.4 1.2 1.6 1.8 0.73
ACM2 8.6 1.7 0.7 1.6 1.8 0.69
Relative Humidity [%]

Observations 75.2 9.1

QNSE 75.9 9.1 24 102 119 [0.67
YSU 71.0 8.5 3.7 192 104 10.71
BoulLac 70.9 7.6 -7.5 103 |12.1  [0.69
ACM2 73.4 9.3 -4.4 104 |11.7 ]0.71

Table 6. Model PBL scheme evaluation metrics for air temperature and relative humidity for 8
cases (from case 2 to 9), at SYNOP stations Dragoman and Sofia (number of measurements -
480).

|Mean |St. Dev |MB  |MAE |RMSE |R
Temperature [°C]
Observations 9.3 2.0
QNSE 9.2 2.3 -0.1 1.6 1.9 0.80
YSU 9.6 2.0 0.3 1.2 1.4 0.82
BoulLac 10.1 1.9 0.8 1.3 1.5 0.83
ACM2 9.9 2.3 0.2 14 1.7 0.82
Relative Humidity [%]
Observations 71.1 10.0
QNSE 71.2 10.6 0.1 1.2 |13.2 ]0.58
YSU 68.5 8.9 26 |93 104 |0.64
BouLac 66.3 7.9 -4.8 9.8 11.7 ]0.62
ACM2 68.9 9.6 2.2 10.1 |11.7 ]0.62
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A number of studies on PBL sensitivity tests (Zhang & Zhang, 2004; Cheng and
Steenburgh, 2005; de Meij et al., 2009; Gilliam & Pleim, 2010; Mass and Ovens, 2011;
Jiménez and Dudhia, 2013; Gémez-Navarro et al., 2015; Dimitrova et al., 2016) are
published for diverse domains and various combinations of model’s options. Despite of
all these efforts it is hard to select the best and universal PBL scheme as performance of
different schemes is highly influenced by large variety of local conditions.
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Fig. 2. Scatter plot of the vertical profiles of temperature, mixing ratio, wind speed and u and v
wind components.

The choice of microphysics schemes highly affects the model’s results for precipitation
(Queen and Zhang, 2008), since microphysics includes explicitly resolved water vapor,
cloud, and precipitation processes. Comparisons between different microphysics
schemes are made for severe rainfall events (ElTahan M. and Magooda M., 2017) or
different meteorological condition during summer and winter months (Borge et. al.,
2008).

Several studies are carried out for the Sofia region during the recent years covering
different aspects. Kirova & Batchvarova (2013) estimate the model abilities to perform
convective conditions with one specific configuration using radiosonde profiles for
5 days on every 2 hours. Penchev & Peneva (2013) validate WRF model for icing
conditions for one day and demonstrate very good correlation coefficient between the
model and sounding data (r = 0.91 for the temperature and r = 0.7-0.8 for humidity).
The YSU PBL and Double-Moment 6 class schemes are used in this study and the
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results are similar to outcomes found here. The authors however show that for the wind
the correlation is not so good especially in the low atmospheric layers. Manafov .
(2017) focus on improving the model performance for fog conditions at the Sofia airport
comparing five PBL schemes for 18 cases and 6 microphysics schemes for 2 cases. The
author found that QNSE is the best performing PBL scheme (one of the best in our
study also) and Thompson for microphysics (Lin scheme is the best in our study). Test
with various land surface models are performed in Manafov 1. (2017) and Georgieva .
(2017), showing contradictory results regarding Noah LSM, which is used in this study.

3.2. Meso-scale circulation under different large-scale conditions

As already has been mentioned above, the purpose of this study is to model the specifics
of the meso-scale circulation under different large-scale conditions for the Sofia region.
All numerical results have been analyzed qualitatively by looking at the flow field
plotted at 10 m and at 700 hPa level (undisturbed synoptic flow), and at the vertical cross
sections along and across the valley axis. One example for the cases with strong wind
(>10 m/s) is shown in Figs. 3 (cases 8 and 9) and 4 (cases 6 and 7).The Northwesterly
synoptic current is slightly changed, and flows along the valley floor. Modification of
the stream is significant mainly around the Vitosha Mountain. Tunnel effects following
the gorges between Vitosha and surrounding mountains, stagnation at the windward and
acceleration of the flow on the leeward slope are easily discernible.
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Fig. 3. Modification of the surface wind in Sofia valley (a, ¢) during synoptic flows along the
valley axes — case 8 of northwesterly (b) and case 9 of southeasterly winds (d). The color bar
(right) indicates weed speed in m/s; the bar (below) the model terrain height in meters.

This is the most common invasion for the Sofia valley (Blaskova et. al., 1983). The
Southeasterly large scale flow is variable in the domain changing to Southern flow
above the Vitosha Mountain. The collision with the obstacle makes the near surface flow
pattern more complicated. The wind speed is significantly reduced inside the valley and
the flow turns around the Vitosha Mountain forming lee vortex and stagnation region
west of the obstacle. The observed flow pattern is in agreement with the laboratory
experiment (Tucker, 1989).
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Fig. 4. Modification of the surface wind in Sofia valley during synoptic flows across the valley
axes - Northeasterly flow and Southwesterly flow. The color bar (right) indicates weed speed in
m/s; the bar (below) the model terrain height in meters.

More interesting is modification of the synoptic airflow when the direction is
perpendicular to the main obstacles Stara Planina and Vitosha mountains. The
Northeasterly synoptic flow collide with the Vitosha Mountain, some of the air is
blocked, part of the flow splits around the obstacle forming stagnant area within the
wake behind the mountain. Another part of the flow overturns against the main current,
forming large vortex in the eastern part of the valley. The Southwesterly synoptic flow
is the case with the highest wind speed more than 25 m/s at 700 hPa. The current has
enough energy to overcome the Vitosha Mountain making large stagnation area in the
wake behind the obstacle with weak return flow.

Vertical slides of the interpolated horizontal wind vectors over the chosen cross-
section across the valley axis are shown for both interesting cases (cases 6 and 7), which
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have been described in Fig. 4, and for the case with calm conditions. Fig. 5 corresponds
to case 7 with strong Northeasterly synoptic wind (see fig. 4a, b), which hit the Vitosha
Mountain. Three layers, with reverse flow in the middle, are simulated during the stable
nocturnal conditions (fig. Sa, b).

NE flow
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Fig. 5. Vertical slides of wind over the chosen cross-section (shown at the left upper corner) for
YSU PBL scheme for the Case 7 - strong NE flow at different times.

The reversal flow depth increases with time and strong wind shear produces flow
propagation behind the obstacle and large vortexes formation on the leeward slop of
the Vitosha Mountain. Secondary return flow is observed inside the valley close to the
ground. The disturbances grow with time forming lee-waves with maximum in amplitude
before the sunrise (fig. 5¢). After the sun rise the stable nocturnal layer becomes weaker,
the magnitude of the lee-waves decreases, and they disappear at 12 EET (fig. 5d).

Fig. 6 corresponds to case 6 with very strong Southeasterly synoptic wind with
speed more than 25 m/s (see fig. 4c, d). The airflow has enough energy to pass over
the mountain forming patchy regions with reverse flow inside the wake of the obstacle.
The disturbance mostly due to increase in roughness above the urban area leading to
development of very complicated layered structure during the stable night conditions.

The slop flow formation can be observed in presence of weak synoptic flow — Casel
(fig. 7). During the night due to surface cooling thin layer colder than environment run
downslope forming a downslope flow (fig. 7a) which strengthen with the increase in
stability (fig. 7b). After the sun raise the ground heating reverse the process and after
the morning transition (fig. 7c) well displayed anabatic flow inside the valley can be
seen (fig. 7d).
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Fig. 6. Vertical slides of wind over the chosen cross-section (shown at the left upper corner) for
YSU PBL scheme for Case 6 - strong SW flow at different times.
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Fig. 7. Vertical slides of wind over the chosen cross-section (shown at the left upper corner) for
YSU PBL scheme for Case 1 - calm conditions at different times.
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5. CONCLUSIONS

Different PBL and microphysics schemes available in WRF model are evaluated in
this study. Experimental data from 2 surface SYNOP sites, 6 automatic stations and
daily radiosounding (at 12 UTC) are used to assess the model performance. Simple
statistics for surface parameters (only temperature and relative humidity) and vertical
profiles of temperature, mixing ratio and wind, show good model ability to describe
the study cases. The model shows better agreement for the cases with moderate wind
(cases 2, 3, 4 and 5) conditions in comparison to the strong synoptic winds (cases 6,
7, 8 and 9). The agreement between model data and observations is very good for the
temperature and moderate for the wind speed and relative humidity. Two experiments
have been conducted to estimate the best model performance using various schemes for
microphysics and PBL with constant other options. Overall the Lin et al. scheme shows
the best performance and it has been selected to be used for the PBL experiment. None
of the PBL schemes is found to be superior, but all provide reasonable results. There is
no significant difference in the horizontal flow pattern, but the main variations between
different PBL schemes appears in the vertical wind speed profiles, with some cases of
large over or underestimation of the observed values.

The modification of the synoptic flow within PBL due to the complex orography in
Sofia region is substantial and Vitosha Mountain plays a significant role in this process.
The large-scale flow remains unaffected above 700 hPa. Different mesoscale phenomena
are captured with numerical simulations such as mountain lee waves, vortex shedding,
stagnant area within the wake behind the obstacle, and nocturnal jet formation. Due to
the downslope flows with different density coming from the surrounding mountains
during nocturnal stable conditions several layers appear inside the valley. The diurnal
evaluation of well mixed convective layer during the day and decrease of the PBL height
during the night within the valley is also captured well by the model.

WRF model shows good performance and it is a very useful tool to study flow
structure and variability. All of the meso-scale phenomena play significant role on the
local PBL structure and microclimate. Due to the complex orography and the presence
of huge urban area inside the valley it is difficult to separate the influence of different
factors. Further investigation is needed to increase and analyse the number of events
(days) inside the defined large scale conditions in order to get statistically significant
representativeness of the specific meso-scale circulation in the Sofia valley.
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