Abbood et al. Iragi Journal of Science, 2025, Vol. 66, No. 5, pp: 2106-2117
DOI: 10.24996/ijs.2025.66.5.26

Y e

Irag 1
Journal of

hCrence

'H-..-_-—-_—..
ISSN: 0067-2904

Impact of Aerosols on the Convective Boundary Layer Development over
Baghdad City

Zainab M. Abbood, Monim H. Al-Jiboori, Osama T. Al-Taai"
Department of Atmospheric Science, College of Science, Mustansiriyah University, Baghdad, Iraq.

Received: 16/10/2023 Accepted: 26/6/2024 Published: 30/5/2025

Abstract

The dynamics and physics of the atmospheric layer nearest to the Earth's surface
are included in the boundary layer meteorology. This research aims to evaluate the
impacts of aerosols at different altitudes with various optical properties on CBL
development. The greatest impact occurs when aerosol absorption is low but close
to the peak of CBL. The main objective of this research is to study the effect of
aerosols which reduce the net heating, which in turn causes a decrease in the height
of the CBL and increases the partitioning of the boundary layer. The methods used
in the study depend on the hourly average height boundary taken from the European
Centre for Weather Forecast (ECMWF) during the year 2021 over Baghdad City. It
showed that the values of the height of the bounding layer during the winter were
low, and they were high during the summer, while the values of the height of the
bounding layer during the autumn were slightly higher than in the spring, and this
was due to many reasons, such as astronomical and meteorological factors. The
results showed that the values of the particulate matter PMy, 25, andiopg/ms during the
spring and autumn were high, while the values of the PM;, 2.5, andi0 pgim3 during the
winter and summer were low, as well as PMio wom3 Were high, including a great
boundary layer height and pm1, and 2.5 y m3Were low, including a slight boundary layer
height. Also, PM10 pg/ m® was high, including a great boundary layer height and
PM1 ang 25 Were low including a slight boundary layer height, and this is due to
many reasons, such as the optical depth of particle matter, solar heating, humidity,
wind speed, precipitation, and humans’ activities.
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1. Introduction

The boundary layer, which is the lower part of the troposphere region, is directly affected
by the presence of the Earth's surface and responds to surface effects within a time scale of
the order of an hour or less. These effects include surface heating, frictional clouds, heat
transfer, evaporation, and the movement of local and global weather systems. The real effect
of the heat that is reflected from the Earth's surface to the atmosphere over time [1] is known
as the atmospheric boundary layer (ABL). The thickness of the demarcating layer changes
daily and is within the range of (0.1 km) during clear and calm nights to more than (3 km)
during convective days [2]. The remaining height of the troposphere above the ABL layer is
called the free atmosphere (FA) (a frictionless atmosphere), as shown in Figure 1, which is
defined as the height at which the effects of surface roughness disappear, the wind speed
becomes equal to the geostrophic wind, and the Coriolis force becomes in equilibrium with
the horizontal pressure slope force. After that, the balance of forces within the limiting layer
includes the force of friction as well [3]. The boundary layer processes are primarily
responsible for low clouds, such as cumulonimbus and convective transport. The boundary
layer plays an important role in both the thermal and radiative balance of the atmosphere [4].
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Figure 1: Division of the troposphere layer from the Earth's surface to 10 km [5].
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The highest and lowest temperatures, wind shear, fog, cloud cover, and surface
characteristics are all greatly influenced by the behavior of the boundary layer [6]. Wind
shear, fog, and the likelihood of wind gusts are crucial considerations in wind engineering
and aviation. The main components of boundary-layer meteorology include thermodynamics,
radiation, surface characteristics, and turbulence. The 'viscous sublayer' is a thin laminar layer
that sits just above the surface of the Earth. The equilibrium between the Earth's surface and
the surface layer is adjusted by this layer [7]. A few tens of meters thick is the surface layer,
also known as the inner layer. The planetary boundary layer, also known as the outer layer or
Ekman layer, sits on top of the surface layer. There is a seamless transition from the surface
layer to the Ekman layer. The Ekman layer's scales and those in the surface layer differ
significantly [8]. Turbulent processes also have an impact on the boundary-layer dynamics in
addition to average horizontal processes. Among these procedures, the most crucial one is
mechanical turbulence [9]:

a) Buoyant or convective turbulence.

The importance of this research lies in the fact that the process of absorption of aerosol near
the top of CBL has the strongest suppressive effect on the development of CBL near the
surface or above CBL by passing the cooling effect of aerosols by attenuating incoming solar
radiation and surface heat flux and the effect of the warming process by reheating the
atmosphere layer with short wave radiation that absorbs and ultimately decreases the net
heating rate, a matter which hinders the development of CBL and reduces the potential
temperature of the mixed layer and the stability of the atmosphere.

1.1  The Structure of the Boundary Layer

The bounded layer is divided into:

a) The Earth's surface layer starts at 10% of the height of the bounded layer, and it is in
the barren areas that there is a region of severe change in wind speed with height [10].
Whereas, in rural areas, it is distinguished by the stability of momentum [11].

b) The super surface layer, which is a variable layer with time during the day, it is called
the convectively mixed layer in the daytime, and at night it is called the nocturnal stable layer
[12]. The convective layer is an atmospheric layer located directly above the surface layer
and is characterized by intense mixing resulting from heat coming from the surface of the
Earth. As for the stable layer, it results when cooling occurs at the top of the surface layer,
which cools the base of the mixed layer, and thus causes a decrease in buoyancy [13].
Depending on atmospheric stability and the type of dominant turbulence, ABL installations
are usually classified into four types [14]:

a) Convective Boundary Layer (CBL).

b) Neutral Boundary Layer (NBL).

C) Stable (Nocturnal) Boundary Layer (SBL).

d) Cloud-Toped Boundary Layer (CTBL).

Convective Boundary Layer (CBL), in this layer, the overriding mechanism for generating
turbulence in the convective boundary layer is buoyancy, as hot air masses rise because they
are less dense than the surrounding air, and buoyancy is called positive buoyancy. The
sources of convective currents include the transfer of heat from the hot surface of the Earth,
which creates thermal cells from the warm air rising from the surface of the Earth, and the
radiant cooling from the top of the cloud layer [15]. Although convective currents are
dominant in the generation of turbulence, there are shear winds at the top of the mixing layer
that contribute to generating turbulence in clear weather (stable weather) [16]. Turbulence
acts on the intense vertical mixing of heat, moisture, and momentum in most parts of the
convective boundary layer. The mixing is defined in its vertical extension by the inversion
that characterizes the CBL crest.
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CBL height depends on the characteristics of the area, depending on the actual temperature,
mixing ratio of water vapor, pollutant concentration, and wind speed, as shown in Figures 2
and 3 [17].
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Figure 2: The average of the characteristics of the determinate layer within the convective
defining layer, as ((ev) represents the actual potential temperature, ( - ) is the mixing ratio,

(E) is the pollutant concentration, and (1;) is the wind speed [18].
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Figure 3: Schematic representation of the temporal evolution and spatial cross-section
distribution of specific humidity of the atmospheric boundary layer and the relevant regions
that determine its a) structure, and b) characteristics [19].

2. Materials and Methods

The work was performed using hourly data for boundary layer height and particle matter
1, 2.5, and 10 pg/m® taken from (ECMWF). Only one month of each season is located at its
center: January (winter), April (spring), July (summer), and October (autumn) for the year
2021 over Baghdad City (this year included high concentrations of aerosols). The data was
processed by MATLAB, which is a programming operation used to convert an NC file to an
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Excel file and drawn by Sigma Plot. The map of Baghdad city is shown at longitude
(44.25°E) and latitude (33.25°N) [20], as shown in Figure 4.
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3. Results and Discussion
3.1  Analysis of the Height Behaviour of the Boundary Layer for the Baghdad City
Only one month of each season was located at its center: January (winter), April (spring),
July (summer), and October (autumn) for 2021 over Baghdad city. From data analysis
generally, it showed that the values of the height of the bounding layer during the winter were
low, and they were high during the summer, while the values of the height of the bounding
layer during the fall were slightly higher than the spring, and this is due to many reasons.
During the summertime, in June 2021, the sunlight was incident vertically on the Tropic of
Cancer (which is a line of latitude 3.23 degrees north of the equator), which made the heating
high during the summer. When the sun rises, there is an increase in solar radiation coming to
the Earth’s surface, which causes the surface to heat up and leads to initiating convection.
During this period, rapid growth occurs for the PBL through air entrainment above the
bounding layer from above. This leads to a reduction of pollutants in the PBL, and the
remaining pollutants from the previous day can be mixed into the lower layer from the
surface, and this leads to an increase in the concentration of pollutants at the ground level.
The height of the limiting layer reaches its greatest at midday, where it reaches (1-3) km, and
then it gradually descends during the afternoon, before sunset, and the outgoing radiation flux
becomes more than the downwelling flux, and this condition leads to cooling off of the
surface, as it occurs more quickly at the surface than in the atmosphere and leads to the
formation of an Inverted Lapse Rate (ILR), and the formation of a nocturnal boundary layer
whose height is less than the convective mixing layer (about 0.1 km) as a result of
suppression of turbulence with high stability, meaning that this layer changes daily due to
daily cooling and heating operations. The mixing layer is shallow and superficial in the early
morning hours, starting at a depth of a few tens of meters in calm weather and a few hundred
meters in stormy weather. The intensity of the stable night layer, which covers the freshly
formed mixing layer, causes the depth to rise gradually. The mixing layer is shallow and
superficial in the early morning hours, starting at a depth of a few tens of meters in calm
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weather and a few hundred meters in stormy weather. The top of the mixing layer descends to
the base of the residual layer (RL) many hours after daybreak as the night air warms to
temperatures approaching those of the RL. The thermal masses swiftly reach the top during
the second stage, causing the mixing layer's top to rise at a rate of (1) km every (15) minutes.
The rate of expansion slows down as the thermal masses run into resistance when they reach
the thermal inversion layer, which lies above the remaining layer (RL), and swiftly blending
the layer. The mixing layer's depth remains largely consistent throughout this third stage for
the majority of the afternoon. That is why the greatest disturbance intensity was during the
summer season on 17/7/2021, with a value of 4904.18 as shown in Figure 5 and Table 1.
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Figure 5: Height of the boundary layer over Baghdad station for the year 2021.
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Table 1: (HS) represents the beginning of the height of the boundary layer in meters, (HP) is
the greatest development, and (HE) is the end of the development of the boundary layer for
the seasons (winter, spring, summer, and autumn) in Baghdad city.

Winter
Day Tam: Hs Talj‘:jm: Tlf"rl‘;: CTI
m | oo | uw @
T A
m | % | uw|a
T AL
m | | pwa
s | % | uw [pw
- A
e 2?1'398 210152.09 114749801 1907.16
m | %% | o &
m | %% | uw o
s | % | uw uw
Spring

Day Tﬁzz Taﬂﬁm: 1&2: CTI

41 | G117 | aas | 1ss9 | 122957

413 10051:3.02 21316;321 24?0:990 23225

45 | 170 | ousen | sy | 23943

47 | Y7 | 21004 | w0 | 202

49 | 350 | a1z | 6172 | 5895

11 | Gare | 1se7s | 017 | 146621

3 | 07 | aazen | soap | 11289

15 | Dovs | 1sras | 708 | 180160

7 | 2ou9 | 27an | 1129 | 269036
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0500 | 11:00 | 23:00
91 5169 | 24935 | 1009 | 238352

06:00 13:00 20:00

42l 214.4 4422.4 23.7

4398.64

06:00 12:00 20:00

4123 554.0 23239 | 151.3

2172.58

05:00 12:00 23:00
4125 132.0 48713 | 64.44 4806.85

05:00 15:00 23:00
4121 309.5 1377.8 | 121.9 1255.86

05:00 12:00 23:00
4128 451.8 2867.8 47.7 282001

A follow-up of Table 1.

Summer
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223.00 | 2106 141.1

05:00 | 12:00 | 19:00
1009 | o471 | 1537.9 | 16545 | 137245

05:00 | 11.00 | 23:00
10111 | 1909 | 21289 | 33.49 | 209548

05:00 | 12:00 | 21:00
103 | 540 | 212858 | 1779 | 19°0:82

05:00 11:00 | 15:00
10715 79.1 2858.8 | 95.3 276355

06:00 11:00 | 23:00
107 490.0 1784.6 | 159.8 276355

05:00 11:00 | 22:00
10719 106.1 2189.9 | 25.6 2164.54

05:00 10:00 | 20:00
10721 194.1 2764.8 | 218.8 2545.96

05:00 12:00 | 20:00
10723 116.4 1961.0 | 51.8 1909.24

06:00 | 12:00 | 22:00
10025 | 1366 | 25567 | 229 | 293375

06:00 | 11.00 | 16:00
10027 | 1567 | 27828 | 538 | 272902

06:00 | 11:00 | 15:00
10028 | 1385 | 26136 | 1869 | 2426:59

3.2 An analysis of the Particle Matter Behavior Includes the Boundary Layer Height
for Baghdad City

Only one month of each season was located at its center: January (winter), April (spring),
July (summer), and October (autumn) for the year 2021 over Baghdad city at the times 00:00
am (midday) and 12:00 pm (midnight) because there was a clear difference between night
and day in aerosol concentrations, and this depended on the presence or absence of solar
radiation during the day and night. Generally, throughout the year, it showed that the values
of the PM1, 25, and 10pg/m3 during the spring and autumn were high, while the values of the PMy,
2.5, and 10ug/m3 during the winter and summer were low, as well as PM1o was high including a
great boundary layer height, and PMuang 2.5 were low including a slight boundary layer height,
as shown in Figure 6. This is due to many reasons, such as the optical depth of particle
matter, solar heating, humidity, wind speed, precipitation, and humans’ activities. As shown
in Table 2 where PM1o reaches 103ug/m? (in spring).

Table 2: (Ts) represents the starting time, (Tp) is the greatest development, (Te) is the end of
the development of the boundary layer, and (HE) is the particle matter (1, 2.5, and 10 pg/m3)
over Baghdad city.

Particle matter Season Tsam TP am-pm TEpm PM
Winter 05:00- 06:00 11:00- 13:00 15:00-23:00 19.60
PM, .3 Spring 05:00— 06:00 11:00- 13:00 16:00 —23:00 12.32
i Summer 05:00— 06:00 10:00— 12:00 19:00— 23:00 11.10
Autumn 05:00- 06:00 10:00- 12:00 15:00-23:00 13.19
Winter 05:00- 06:00 11:00- 13:00 15:00 -23:00 27.78
PM . Spring 05:00- 06:00 11:00-13:00 16:00-23:00 23.98
el Summer 05:00— 06:00 10:00— 12:00 19:00— 23:00 23.24
Autumn 05:00- 06:00 10:00- 12:00 15:00-23:00 24.41
Winter 05:00- 06:00 11:00- 13:00 15:00 -23:00 72.17
s Spring 05:00— 06:00 11:00-13:00 16:00 —23:00 103.17
PMio ygm Summer 05:00-06:00 10:00-12:00 19:00- 23:00 99.07
Autumn 05:00- 06:00 10:00-12:00 15:00-23:00 66.50
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Figure 6: An analysis of the particle matter behavior, including the boundary layer height
over Baghdad city for the year 2021.

4. Conclusions

From the results, we conclude that:

e The values of the height of the bounding layer during the winter were low, and they were
high during the summer, while the values of the height of the bounding layer during the fall
were slightly higher than in the spring, as shown in Figure 5, and this is due to many reasons,
such as astronomical and meteorological factors.

e The greatest height of the bounding layer was at midday, and the lowest height was at the
beginning of sunrise, and this is due to the intensity of solar radiation.

e The values of the PM during the spring and autumn were high, while the values of the PM
during the winter and summer were low. Moreover, the values of PM1o were high including a
great boundary layer height, and those of PM 1, 25 were low including a slight boundary layer
height.
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