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Abstract: This study aims to examine the spatiotemporal distribution of air temperature in a
Mediterranean region with rugged topography, dominated by anabatic and katabatic breezes. The
thermal breeze is studied using data from four fixed Davis-type stations installed in 2022 and 2023,
as well as air temperature data from Tinytag sensors. This network allows us to spatialize the thermal
breeze on a half-hourly temporal scale. Thermal inversion is measured in the Zahlé Valley, where an
average inversion layer of 400 m is observed at the valley floor. The urban heat island (UHI) is studied
using satellite imagery, along with fixed and mobile air temperature measurements conducted in
2022 and 2023. A mean difference reaching a maximum of 7.7°C between urban and rural areas is
observed. This difference is confirmed by satellite, fixed, and mobile measurements.

Keywords: thermal breeze; thermal inversion; UHI; Zahlé Valley

1. Introduction

Topoclimate refers to local climatic variations influenced by the topographic characteristics of a
region, such as relief, altitude, and slope orientation [1]. These factors modify local weather
conditions and play a crucial role in the formation of thermal breezes [2]. Thermal breezes, well
known for their defined mechanisms (Simpson, 1994; Carrega, 1995; Beltrando et al., 2008),[3,4,5],
are winds "of thermal origin and local scale, with horizontal extension ranging from a few hundred
meters to several tens of kilometers" [4]. These winds, with low to moderate speeds, control
ventilation, can enhance high concentrations of atmospheric pollutants [3, 6, 7], and influence thermal
comfort by bringing cool and humid air [8].

In regions with contrasting topography, breezes and thermal inversions are frequent. The
characteristics of the relief, such as altitude, slope, and exposure, as well as terrain forms like valleys,
strongly influence these local meteorological phenomena [2]. These phenomena can be considered as
topoclimates, specific to a local scale and affecting the lower layers of the troposphere in contact with
the Earth's surface. Several studies show that thermal breezes play a fundamental role in air dynamics
in regions with contrasting topography [9, 10, 11]. In Zahlé, breezes result from the thermal contrast
between the surrounding mountains and the Bekaa Valley, regulating ventilation and air temperature
distribution. Additionally, thermal inversions are observed at the bottom of the Zahlé Valley,
favoring the stagnation of cool air near the surface and forming a thick layer of cold air.

Furthermore, in urban areas, various elements contribute to the UHI, including the thermal
properties of construction materials, urban configuration (urban canyons), human activities, and
modifications in land cover. Construction materials, often low-reflective, absorb more heat,
increasing surface temperatures. Although these materials quickly release heat due to their high re-
emission values, common materials like tar, asphalt, brick, and concrete accumulate solar energy
during the day and release it at night, making the UHI more intense at night. Urban geometry, with
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narrow streets and tall buildings forming canyons, reduces air circulation and increases reflective
surfaces that trap heat. Anthropogenic factors, such as heat emitted by vehicles and buildings and
land cover transformation where porous vegetation is replaced by impermeable materials, hinder
evaporative cooling [12, 13]. Compared to the more vegetated countryside of the Zahlé Valley, the
urbanized areas of Zahlé, dominated by impermeable surfaces and low albedo, store more heat
during the day and release it at night as terrestrial radiation [14, 15]. This additional urban heat
becomes concerning during heatwaves, with health impacts [16]. UHI is of interest to many
researchers [15, 17, 18, 19, 20, 21], who emphasize the importance of urban design and environmental
policies to mitigate UHI effects and improve urban quality of life. Measures such as increasing urban
vegetation, using reflective construction materials, and promoting sustainable architecture are
essential to reducing UHI impact and adapting to climate change challenges [22, 20]. In the current
context of climate change, an increase in these extreme situations is expected in the short and medium
term, according to the IPCC [23].

This study aims to analyze the spatiotemporal distribution of air temperature in the urbanized
areas of Zahlé, influenced by breezes, thermal inversions, and UHI. To achieve this, we use fixed
measurements, mobile measurements, and satellite imagery to spatialize temperature. "Davis"
weather stations were installed during the summers of 2022 and 2023, along with Tinytag sensors in
the Zahlé region. The collected data allow us to study the characteristics of thermal breezes: speed,
direction, and duration. Additionally, mobile air temperature measurement campaigns cover the
urban areas of Zahlé and the rural areas of the Zahlé Valley. We also measure vertical air temperature
using radiosondes under calm and radiative conditions to study the thermal inversion layer at the
valley bottom. Finally, ASTER TIR satellite images are used to spatialize nocturnal surface
temperature, providing information on nocturnal UHI. These images, combined with fixed and
mobile measurements, help determine nocturnal UHI intensity in the urbanized areas of Zahlé.

2. Location, Materials and Methods

Zahlé is located at 33°50'N and 35°55’E (Fig. 1a). It is the capital of the Bekaa Governorate and
stands out as one of Lebanon’s largest cities. The municipality covers 425 square kilometers according
to data from the geographical department of the Lebanese Army. More than 30% of this area consists
of irrigated agricultural lands. Topographically, the Zahlé region comprises a broad valley, the Bekaa
Valley, flanked by two mountain ranges: the Eastern and Western Lebanon Mountains. The terrain
is rugged, with elevations ranging from 870 m in the valley to 1,920 m at the peaks of the western
mountain range. The valley’s slope is gentle, between 0 and 5 degrees, increasing towards the
mountain ranges to the east and west. The eastern slopes of the western chain are steep, with inclines
reaching up to 60° and a peak of 1,920 m (Fig. 1b).
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Figure 1. Location (a) and topography (b) of the Zahlé region. Sources: Google Earth and Lebanon's DEM (SRTM

image).

First, half-hourly temporal resolution data of wind (speed and direction) and air temperature
from 4 Davis stations, installed in the Zahlé region in 2022 and 2023 during the summer season, were
used. The precision of the data from the Davis stations is as follows (according to the brochure of the
Davis stations available on this site: https://8820531.fs1.hubspotusercontent-
nal.net/hubfs/8820531/Vue_Spec.pdf):

. Atmospheric pressure: + 0.1 hPa

. Dew point temperature: £ 1.5 °C

] Relative humidity: + 3%

. Air temperature: + 0.5 °C

. Wind direction: + 3¢

. Wind speed: + 1 m/s

This type of station is frequently used in climatology [24, 4, 6]. These automatic stations are
connected to a computer. Initial configurations include data transfer, measurement units, parameters
to be measured, and recording frequency. Sensor heights and standard distances from obstacles were
adhered to. The anemometer and wind vane were placed 10 meters above the ground, more than 10
meters away from roads, and over 300 meters from any obstacles to avoid the impact of nearby
buildings on the measurements. Temperatures were recorded by a probe protected by a white plastic
shelter, installed at a height of 2 meters in an open environment. The stations are new, and their
calibration has been verified. They were installed for a 14-day period at the same location, and the
data were compared against each other without significant discrepancies. The stations are powered
by solar panels and batteries.

To select days conducive to thermal breezes, we relied on data recorded by the Davis stations
covering the period from 2022 to 2023. Initially, rainy and cyclonic days were eliminated by applying
filters on precipitation and atmospheric pressure. Days with atmospheric pressure below 1005 hPa
were excluded. Then, days with mountain and valley breezes were identified based on wind
direction. We selected days where the wind blows from the 120°-220° sector during the day (at 12:00
PM) and from the 340°-45° sector during the night (at 12 AM). Days where mountain and valley
breezes alternate were chosen. In the second step, only days with wind speeds not exceeding 11 m/s
were retained. Breeze days correspond to anticyclonic conditions or barometric marshes. This data
filtering method was used by several researchers, including [25, 26, 27, 6].
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Additionally, Tinytag sensors were used as fixed stations for stationary measurements, as well
as for mobile and vertical air measurements, including radiosondes. According to the technical sheet
(https://assets.geminidataloggers.com/pdfs/original/3746-tgp-4017.pdf), these sensors have a
temperature accuracy of <0.01 °C. The calibration of these sensors was verified by comparing them
with the Davis stations over a 14-day period, with a negligible difference of 0.01 °C, indicating no
correction was necessary.

Mobile surveys were conducted at a height of 2 meters above the ground, at a minimum distance
of 5 meters from structures, with an average waiting time of one minute per point. Movement was
done by car or motorcycle. The measured parameters were air temperature and wind speed. Mobile
surveys during mountain breeze periods took place during radiative nights between 5:30 AM and
7:00 AM, and between 8:30 PM and 9:30 PM. Mobile surveys during valley breeze periods occurred
between 12:00 PM and 1:30 PM, and between 4:00 PM and 6:00 PM. These mobile observations
covered both urban and peri-urban areas and were conducted over 80 days during the summer
seasons of 2022 and 2023.

To study thermal inversions in the valley, vertical air temperature measurements were taken
using a Tinytag sensor mounted on a "DJI Phantom 3 Pro" drone (Fig. 2). This technique was used by
Cordeiro et al. [28] where researchers mounted a Tinytag sensor on a "DJI Mavic" drone to measure
vertical atmospheric temperature. After programming the sensor to record temperature every 2
seconds, a flight was performed with a 15-second pause every 20 meters. These data, collected during
the summer season under radiative conditions and clear skies, are analyzed to estimate the thickness

of the inversion layer.

Figure 2. Tinytag sensor mounted on a drone, used in the vertical measurement of air temperature (photo by the

author).

Moreover, nighttime satellite imagery was used in this study. ASTER images (thermal bands)
were used on various dates during the summer seasons of 2022 and 2023. These images allow for the
spatialization of the surface thermal field and the delineation of the hottest areas marking an UHIL
The processing of ASTER images concerns thermal bands 10, 11, 12, 13, and 14 (8.125-11.65 um), using
7 steps designed in the "ENVI" software:

1. Radiometric calibration
2. Thermal correction
3. Calculation of brightness temperature using the following equation:

BT =K2/In(1 +K1/L(A)) [29].
Where K1 and K2 are constants. Their values are shown in the Table 1 below.
4. Calculation of NDVI using the equation:
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NDVI = (near infrared - red) / (near infrared + red)

Band 3 is near infrared, and band 2 is the red band in ASTER [30].
5. Calculation of vegetation proportion (Pv) using the equation:

Pv = ((NDVI - NDVImin) / (NDVImax - NDVImin))?
6. Calculation of emissivity using the equation:

E=mPv+n

Where m = 0.004 and n=0.986 [31].
7. Calculation of surface temperature using the equation:
LST=BT/(1+ (A*BT/ ) In(E)) (Abrams et al., 2015)

Where A =11.3, BT = brightness temperature, ¢ = 1.438 x 102 mK, E = emissivity.

The surface temperature value is in Kelvin and is converted to °C using the following equation:
T(°C) =T(K) - 273.15
The meteorological and satellite data used are presented in the table below:

Table 1. The meteorological and satellite data used in the study.

Meteorological Data
Station Name Coordinates Data Type Resolution Period
Davis Station 33°45'33.65"N Wind speed Half hourly 2022
"Valley" 35°55'43.83"E Wind direction Summer
Bekaa Valley (Rural) | Air temperature season
Davis Station 33°50'17.12"N Wind speed Half hourly 2022
« Highway » 35°55'6.64"E Wind direction Summer
Urban area of Zahlé | Air temperature season
Davis Station 33°50'59.68"N Wind speed Half hourly 2022
« Hill » 35°54'33.55"E Wind direction Summer
Slope Air temperature season
Peri-urban
Davis Station 33°51'10.67"N Wind speed Half hourly 2023
« Home » 35°55'17.01"E Wind direction Summer
Peri-urban Air temperature season
Mobile Zahlé Region Air temperature, 2022-2023
Measurements (Urban and rural wind speed, Summer
areas) vertical season
atmospheric
temperature
Satellite data
Satellite Band Spatial Spectral Resolution
Resolution
Aster-TIR Thermal bands (B10 90 m 8.125 - 11.65 pm
to B14)
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3. Results

3.1. Thermal Breezes Types and Characteristics

An analysis of the wind direction and speed data recorded every half-hour by the Davis "Home"
station installed in the Zahlé region in 2023 reveals the presence of two types of breezes: a daytime
anabatic breeze and a nocturnal katabatic breeze. The anabatic breeze primarily blows from the south
(180°), but can also come from the SSW, SW, and W (Fig. 3). It ascends the western mountain slopes
at a speed of up to 2.6 m/s before reaching the Davis "Home" station (Fig. 4). The katabatic breeze in
Zahlé is a very light breeze, characterized by low speed (< 0.5 m/s) and a dominant NNE direction
(Fig. 3). It descends the western mountain slopes before reaching the Davis "Home" station (Fig. 4).
The anabatic breeze starts around 9 AM (local time) and persists until 7 PM. The katabatic breeze
occurs during the night, beginning around 9 PM and continuing throughout the night until the
morning, around 6 AM. A morning reversal (MR), which can last for 3 hours, separates the two
breezes in the morning, during which a direction transition occurs from NNE to S. In contrast, a
nocturnal reversal (NR) separates the two breezes during the night, lasting 2 hours, and during which
the wind direction changes from SW to NNE.
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320 < e | 55
__ 280 qKatabatic breeze T2
< 240 1 (KB) MR L 2 E
S 200 H¢—mp «—> L 1.5 §
§ 160 A >
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Figure 3. Thermal breezes in Zahlé. Representation on a chart showing the wind speed and the wind direction.

Half-hourly data from the summer months of the Davis "Home" station installed in 2023 in Zahlé - local time.
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Figure 4. Anabatic breeze (top) and katabatic breeze (bottom) in Zahlé.

The wind distribution in the Zahlé region mainly depends on the altitude of the terrain. The
effect of altitude is studied using measurements taken by fixed Davis meteorological stations,
installed 12 meters above the ground at different altitudes. The stations are as follows:
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e  The Davis "Highway" station, installed in 2022 in the Zahlé urban area. This is an urban station
located at an altitude of 914 meters above sea level;

° The Davis "Valley" station, installed in 2022 in the Bekaa Valley, in a rural site within the rural
area of the Bar Elias municipality. This station is located at an altitude of 870 meters;

e  The Davis "Hill" station, established in 2022 on a peri-urban hill around the Zahlé
agglomeration. This station is situated at an altitude of 1010 meters above sea level;

e  The Davis "Home" station, installed in 2023 on a slope in a peri-urban site at an altitude of 990
meters above sea level.

The analysis of the average wind speeds recorded at these stations during the summer season
(June, July, and August) reveals that the nocturnal katabatic breeze is the strongest at the "Hill"
station, located at a higher altitude, blowing from the northwest (NW) at an average speed of 1.2 m/s.
This breeze is significantly weaker at the other stations, around 0.6 m/s at the "Home," "Highway,"
and "Valley" stations. On the other hand, the daytime anabatic breeze is the fastest at the "Hill" station,
blowing from the south (S) and reaching a maximum speed of 3.6 m/s at 3 PM. At the "Home" station,
this breeze blows from the SE, S, and SSW directions, with a maximum speed of 2.4 m/s. At the
"Highway" station, this breeze is slower than at the two stations located on slopes (Home and Hill),
with the dominant direction being S. Finally, at the "Valley" station, the daytime breeze is the slowest,
with a maximum average speed of 1.8 m/s (Fig. 5).
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Figure 5. Hourly variations of the average wind speed and mean wind direction recorded by 4 Davis weather
stations in June 2022 for the hill, valley, and highway stations, and in June 2023 for the house station (direction:

blowing toward).

3.2. Air Temperature

The analysis of the spatial distribution of air temperature is carried out using mobile
measurement campaigns at 2 meters above the ground, as well as fixed measurements taken by
stationary weather stations distributed throughout the region. The vertical variation of air
temperature was studied using drone-based measurements, mobile readings at different altitudes,
and fixed measurements at various heights.

3.2.1. Thermal Inversion

Temperature inversions, a well-known climatological phenomenon, have garnered increasing
interest in recent decades due to their association with pollution peaks [32]. There are various types
of thermal inversions [1], with radiative inversions being the most frequent. These are primarily
caused by a radiative deficit at the surface during the night. They typically occur under calm weather
conditions and clear skies and often dissipate in the early morning [33]. However, under certain
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atmospheric conditions, they can persist for several consecutive days [34]. Local topography
amplifies this inversion phenomenon: cold air moves downslope by advection and accumulates in
depressions [35, 36].

Thermal inversions are frequently observed in the Bekaa Valley. They occur during radiative
nights under clear skies and is intensified by the topographic effect, which promotes cold air
accumulation at the valley floor.

Between May and August 2022, we conducted 40 vertical measurement sessions. These
measurements were taken during radiative nights and under clear conditions. We scheduled the
measurements between 5:30 and 6:00 AM, just before sunrise, to precisely capture the end of the
radiative night. This time frame was specifically chosen to assess thermal inversions at this critical
moment before the sun rises and daytime heating begins to weaken the inversion effect. It is also
crucial to take these measurements before sunrise to avoid any influence of direct solar radiation on
the "Tynitag" sensors installed on the drone, which could distort the recorded temperature data. We
selected a measurement site at the valley floor, at an altitude of 880 meters (Fig. 6a). All observations
confirmed the presence of a thermal inversion, although its intensity varied. The data reveal the
existence of a cold and stable air layer below, with an average thickness estimated at 400 meters.
Above this layer, a warmer and unstable air layer is present (Fig. 6b).

Western range Eastern range
Western NNW SSE
mountain range 1,600 H,600
15501 Zahlé Valley [1:550
1500 1,500
1,450 1,450
14001 Warmer and more unstable air layer 140
1350 1,350
%'-300' Inversion top 1500
z 1,250 +1,250
£ 1,200 . 1,200
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1400 with an average thickness of 400 L1100
1,050+ 1,050
1,000 +1,000
Altitude (m) Zahlé
Q High : 2076 07 = [0
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 —— i
Distance (m)
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Figure 6. Vertical air temperature measurement site at the bottom of the Bekaa Valley (a); average thickness of
the inversion layer observed in the Zahlé Valley between May and August 2022 (b).

Thermal inversions are characterized by a temperature variation between ground level and
higher altitudes, illustrated by a positive temperature gradient. In other words, the temperature
increases with altitude.

Vertical air temperature measurements conducted on June 4, 11, and 12, July 16, and August 6,
2022, show a temperature difference of 6.7°C between ground level and an altitude of 400 meters (Fig.
7). These data are corroborated by fixed station measurements: at 6:00 AM, during the vertical
temperature measurement, the "valley" station recorded a temperature of 10.7°C at the valley floor
(870 meters altitude), while the "hill" station recorded a temperature of 17.6°C on the slope at 1010
meters altitude.
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Figure 7. Average of thermal inversion layers measured on June 4, June 11, June 12, July 16, and August 6, 2022,
at 6 AM in the Zahlé Valley.

Weather stations located at different altitudes provide information on temperature inversions.
The average temperature is lower at the valley station throughout the night, until 9:30 AM. At that
point, due to solar warming, the temperature in the valley surpasses that on the slope. The thermal
inversion resumes its influence after 6:00 PM, and the valley becomes colder than the slope again
(Fig. 8). The maximum average temperature difference measured between these two stations occurs
at 5:00 AM, reaching 5.35°C.
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Figure 8. Evolution of the hourly average temperature at the "valley" and "hill" stations during the summer

season (June, July, and August) of 2022.

The phenomena of thermal breezes and thermal inversions are frequently observed in the Zahlé
Valley during the summer season. Figure 9 shows their development across a cross-section of the
valley.
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Figure 9. A cross-section of thermal circulations in the Zahlé Valley. During the day (A), the anabatic breeze rises
along the slopes, promoting the formation of a homogeneous air layer. At night (B), the katabatic breeze
transports cold air down to the valley floor, contributing to the formation of a dense, humid thermal inversion

layer.

3.2.2. Urban Heat Island (UHI)

The UHI was studied in 2022 and 2023 using satellite imagery, mobile temperature
measurements, and fixed-station air temperature monitoring.

Satellite imagery and fixed-station measurements

In 2022, the thermal field was analyzed using an ASTER-TIR image captured on June 17, 2022,
at 22:30 (local time) (Fig. 10). The selected image represents a summertime high-pressure condition,
characterized by clear skies, calm winds, and a diurnal temperature range of approximately 16°C
(recorded air temperatures at the "Highway" station ranged from 20.5°C at night to 36.6°C during the
day). This weather pattern had persisted for the 10 preceding days.

Processing the five thermal bands (B10 to B14) allowed for the distinction of three approximate
brightness temperature classes, based on surface types:
e The hottest areas (26.67-32.92°C) include the densely populated urban centers of Zahlé, Chtaura,

and Barr Elias, as well as the peaks of the eastern mountain range (SE of the map). These heights,
ranging between 1100 m and 1500 m in altitude, are warmer than the lower regions at the valley
floor (870 m in altitude) due to nocturnal thermal inversion. Urban surfaces store heat during the
day and remain relatively warm at night. The city absorbs 15 to 30% more energy than a non-
urban area [37].

e The coolest areas (<24°C) correspond to the agricultural lands in the Valley, where vegetable
farming still dominates. These lands do not overheat during the day due to evapotranspiration.
At night, surface cooling is enhanced by the nocturnal breeze, which carries cooler air to the
valley floor, as well as by the irrigation of these agricultural areas. Due to the relatively high
amount of latent heat, sensible heat remains low in rural areas.

e Finally, these two zones are separated by intermediate temperature areas. This consists of an
urban fabric of more or less dispersed single-family houses, including both mineralized surfaces
such as roads and buildings, as well as some natural spaces like orchard-gardens and unpaved

paths.
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Figure 10. Spatial Distribution of Nocturnal Surface Temperatures in the Zahlé Region on June 17, 2022, at 10:30
PM Local Time (Source: Processed thermal bands B10, B11, B12, B13, and B14 from an ASTER-TIR image).

The UHI in the Zahlé agglomeration covers an area of approximately 6.46 km? and adopts a
cruciform shape that follows the urbanized areas. This configuration is more pronounced in the
center, where the urban density is the highest, and diminishes on the periphery, which is bordered
by agricultural and arable land in the Zahlé Valley to the south and southeast, as well as by the slopes
of the mountain range to the west and northwest.

As for the UHI in the Barr Elias agglomeration, it consists of three segments representing the
main roads, it is more pronounced in the urbanized areas and is surrounded by the agricultural lands
of the Zahlé Valley. It is also smaller than that of Zahlé (area = 3.42 km?). The UHI in the Chtaura
agglomeration has a size similar to that of Barr Elias (area = 3.47 km?), with increased intensity in the
center, where shopping centers and the densest residential areas are concentrated.

In addition to the building density that defines these areas, the gases emitted by cars and
polluting industrial facilities, such as carbon monoxide and nitrogen oxides, stimulate photochemical
processes in the urban air. These physicochemical reactions, by altering the local radiative balance,
can amplify the effect of the thermal dome. Satellite images allow for the estimation of surface
temperature, which is confirmed by fixed stations installed in the region. The "Tynitag 2" sensor
records a temperature of 25.8°C. The "Tynitag 3" sensor measures a temperature of 25.6°C at 10:19
PM. The "Highway" station records a temperature of 27.8°C at 10:30 PM. Finally, the "Valley" station
records a temperature of 21.7°C at 10:30 PM.

In 2023, an image dated July 11, 2023, at 10:19 PM (local time) was selected (Fig. 11). The image
was taken in anticyclonic conditions with clear skies. Thermal breezes were well established both day
and night, with very low wind speeds at night. The thermal amplitudes were around 13°C on this
day (according to data from the Davis "home" station installed in 2023).

The hottest areas (between 23.2 and 28.2°C) correspond to the urban agglomerations of Zahlé,
Chtaura, and Barr Elias. The temperatures are higher at the center of these agglomerations, where the
population density is greater. Cooler areas correspond to agricultural surfaces in the Zahlé Valley,
including either cultivable land without vegetation cover or plantations. Areas with intermediate
temperatures are those with less dense urban fabric. These results confirm the previous findings from
2022.

Data from fixed stations installed in the region in 2023 confirm the estimates provided by the
satellite images. For example, the air temperature recorded at the "home" station at 10:30 PM is 23.7°C.
The Tynitag sensor records a temperature of 24.2°C at 10:22 PM.
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Figure 11. Spatial distribution of nighttime surface temperatures in the Zahlé region on July 11, 2023, at 10:19
PM (local time) (source: processing of thermal bands B10-B11-B12-B13 and B14 from an ASTER-TIR image).

Car surveys

To partially validate the results obtained from the processing of ASTER-TIR satellite images,
mobile campaigns measuring nighttime air temperatures at 2 meters above the ground were
conducted. These measurements were taken at the beginning of the night, between 8:30 PM and 9:30
PM, as well as at the end of the night (the early morning), between 5:30 AM and 6:45 AM.

1.  Zahlé agglomeration

Between 5:30 AM and 6:45 AM, the measurements indicate a temperature difference ranging
from 2.7°C to 7.7°C between the reference point (LBP) located on Houch El Oumaraa Street and the
surrounding rural areas (the vast agricultural expanse of the Zahlé Valley) (Fig. 12). The urban fabric
retains more heat than the surrounding countryside, releasing this heat during the night.

The LBP point records the highest temperatures due to the lack of ventilation caused by the 100%
building density. The hottest areas (with a temperature difference of less than 2.7°C compared to
LBP) correspond to commercial centers, banks, and public services, identified by satellite images as
the warmest spots. Moving toward the NNW of LBP, the temperature difference increases, reaching
between 0.8 and 2.7°C.

The city of Zahlé, located in the Berdawni Valley and traversed by the river of the same name,
shows a temperature drop and an increase in humidity as one moves toward the NNW, where the
valley becomes more enclosed and the measurement points are closer to the river. Moving toward
the ENE of LBP along the Zahlé-Baalbeck highway, building density decreases, leading to a
temperature difference that can reach 2.7°C.

Toward the WSW of LBP, Houch El Oumaraa Street is relatively narrow, with high building
density, including restaurants and public service centers, where the temperature difference can reach
a maximum of 2°C. Moving toward the SE of LBP along the industrial city street, building density
decreases, but industrial centers are present, with a temperature difference of up to 2.7°C in certain
points.

Further SE, along Faour Street, which crosses arable lands either without vegetation or
cultivated, the temperature difference compared to LBP increases, reaching up to 4°C. The coldest
street is the peripheral valley street, where the temperature difference can reach 7.7°C compared to
LBP, crossing vast irrigated agricultural areas during the night.
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Figure 12. Spatial distribution of average air temperatures at 2 m above ground level (in °C) in the Zahlé
agglomeration, based on five series of mobile measurement campaigns conducted under radiative conditions on
06/12/2022, 06/15/2022, 07/02/2022, 07/09/2022, and 07/16/2022, between 5:30 AM and 6:45 AM (1-minute average
per point, measurements taken by car; background: built-up surfaces of the Zahlé agglomeration derived from
the processing of a 2017 LANDSAT 8 image).

Between 8:30 PM and 9:45 PM at the beginning of the night during the summer seasons of 2022
and 2023, mobile measurement campaigns were conducted. These measurements reveal a
temperature difference ranging from 2.7°C to 4.4°C between the reference point (LBP) and the
surrounding rural areas.

Boulevard Street, the Zahlé-Baalbeck highway, and Houch El Oumaraa Street are among the
warmest, showing a temperature difference of 0 to 1.6°C compared to LBP. In contrast, the Peripheral
Valley Street, Faour Street, and Deir Zanoun-Rayak Street are the coldest, with a temperature
difference reaching up to 4.4°C compared to LBP (Fig. 13).

It has been observed that the temperature difference is more significant at the end of the night
(early morning). The nocturnal mountain breeze, active throughout the night under clear skies,
promotes the accumulation of cool air at the bottom of the valley, forming a cold-air pool. This
phenomenon amplifies the temperature contrast with urban surfaces located at relatively higher
altitudes, as seen in Zahlé.
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Figure 13. Spatial distribution of average nighttime air temperatures at 2 m above ground level (in °C) in the
Zahlé agglomeration and the Bekaa Valley, based on five series of mobile measurement campaigns conducted
under radiative conditions on 07/20/2022, 07/22/2022, 07/25/2022, 07/30/2023, and 08/02/2023, between 8:30 PM
and 9:45 PM (1-minute average per point, measurements taken by car; background: built-up surfaces of the Zahlé

agglomeration derived from the processing of a 2017 LANDSAT 8 image).

2. Barr Elias agglomeration

Between 8:30 PM and 10:00 PM, mobile measurements show a temperature difference of 3 to 5°C
between the reference point (the popular market of Barr Elias) and the surrounding countryside (Fig.
15). The measurement points within the Barr Elias urban area and along the main Masnaa road record
the highest temperatures. These are the densest urban zones, home to commercial centers,
restaurants, hospitals, the Barr Elias market, and working-class neighborhoods. As we move
northeast along streets 1, 2, 3, 4, 5, and Fayda Street, the thermal gradient increases. In fact, this
increase corresponds to the transition from urban areas to the agricultural lands of the Bekaa Valley.
These streets pass through vegetable crop fields. The houses along these streets gradually become
detached single-family homes.


https://doi.org/10.20944/preprints202504.0213.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2025

15 of 18

21 2090 216000

N & E-" _‘#
Litan{” /-’
8 Street 1z % 8
$ E
2 9. \ g
*, Chtaura-Barr Street 2. \ Street 4
*Elias road S e
| ¥
® 00-06 J
@ o7-14
- c Ghezayel
s .71.5”?_‘9 ret5 ; ':,’g
=& -\ - A8
o Y =]
= 3.0 --4.1 - ;. dF
™ ™
b-
O-4.2--5‘D Masnaa road b -:."’:'
___________ e -,,,:._f ‘f"_
. Reference point (Barr Elias market) 1 5150;;;\*‘. r
i
] Urban g ot

i y =
212000 216000

Figure 14. Spatial distribution of average nighttime air temperatures at 2 m above ground level (in °C) in the
Barr Elias agglomeration, based on five series of mobile measurement campaigns conducted under radiative
conditions on 06/27/2022, 06/28/2022, 07/01/2022, 07/10/2023, and 08/10/2023, between 8:30 PM and 10:00 PM (1-
minute average per point, measurements taken by car; background: built-up surfaces of the Zahlé agglomeration
derived from the processing of a 2017 LANDSAT 8 image).

The results of the mobile measurement campaigns corroborate those obtained through remote
sensing. These findings are consistent with the conclusions of several researchers [38, 39, 40], who
also utilized ASTER imagery in the study of the UHIL Their studies demonstrate that the spatial
distribution of nighttime air temperatures under radiative conditions, at the agglomeration scale, is
strongly linked to the built environment configuration.

4. Discussion

The study of thermal breezes in rugged terrain is of significant interest for understanding local
climate dynamics and their environmental impacts. The anabatic and katabatic winds play a crucial
role in heat and moisture distribution in mountainous regions, thereby influencing local
microclimates [2]. Additionally, several studies have demonstrated that these phenomena can affect
air quality and living conditions in urban areas, particularly in steep valleys where thermal inversions
are frequent [3, 21, 41].

This study presents original findings in a relatively understudied field. However, conventional
station data on wind and temperature are limited due to gaps in meteorological records from the
standard network. Moreover, these tri-hourly data do not allow precise determination of breeze onset
times, necessitating the installation of fixed weather stations with finer temporal resolution (30
minutes). Davis stations, known for their high accuracy, enabled us to spatially analyze thermal
breezes and study the UHI phenomenon.

Furthermore, the lack of radiosonde procedures and the impossibility of conducting such
measurements with specialized balloons in an unstable country like Lebanon compelled us to explore
more practical techniques for measuring vertical atmospheric temperature. Consequently, we opted
for drone-based measurements. This method, employed in recent studies, has yielded reliable results
[28].
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Wind speeds measured by fixed stations installed at various altitudes revealed that breezes
manifest at higher speeds at elevated altitudes. These findings align with other studies [9].

Regarding the UHI, satellite imagery is a valuable data source for studying surface thermal
fields, but these data are limited and do not cover extended time series. These datasets must be
supplemented with field measurements, as done in this study. The observed thermal contrast
between rural and urban areas in the Zahlé region can reach up to 7.7°C by the end of the radiative
night, according to mobile measurements. This difference is amplified by the thermal inversion effect
in the valley, formed by the nocturnal advection of cold air and its accumulation at the valley floor.
The measured contrast early in the radiative night (between 8:30 PM and 10:00 PM) is lower, reaching
up to 5°C. This value is close to the difference observed in Sfax, Tunisia, where Dahech (2007) [6]
found a 4-5°C contrast between the Sfax urban area and its surrounding countryside.

5. Conclusions

The Zahlé region is dominated by thermal breezes. These breezes are anabatic and katabatic
winds. The katabatic breeze occurs at night, with low speed (generally < 0.5 m/s) and a prevailing
NNE direction. The anabatic breeze occurs during the day, ascending the slopes of the eastern and
western mountain ranges. Its prevailing direction is S (south). The speed of the thermal breeze in
Zahlé depends mainly on elevation and surface roughness. The "hill" station, installed on a hill at an
altitude of 1010 m, records an average speed of 3.6 m/s for the anabatic breeze and 1.2 m/s for the
katabatic breeze. These speeds are lower at the less elevated "valley" station, located at 880 m.

A nocturnal thermal inversion forms in the Bekaa Valley and lasts until 9:30 AM. The average
thickness of this layer reaches 400 m during the summer season. The katabatic breeze contributes to
the formation of the thermal inversion by advecting cool, humid air into the valley during radiative
nights.

The study of the UHI in the urban areas of Zahlé and Barr Elias reveals a more intense UHI
toward the end of a radiative night, reaching up to 7.7°C according to mobile measurements. This
temperature difference is accentuated by the thermal inversion effect. ASTER satellite imagery
provides high precision. The air temperature measurements from fixed weather stations are
consistent with the satellite data.
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