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Abstract

Ozone (03) occurs naturally in the Earth's upper atmosphere, and at ground level
is a dangerous pollutant hurts plants and lung tissue and it’s a major component of
smog. The purpose of this study to analyze the time series, trend, and spatial-
temporal changes of monthly Relative Humidity (RH), Outgoing Longwave
Radiation (OLR), and O3 in Iraq using the Atmospheric Infrared Sounder (AIRS)
ascending AIRS3STM data during 2003 - 2021. The time series over six stations
(Mosul, Sulaymaniyah, Khanagin, Rutba, Baghdad, and Basra) have been analyzed
and showed similar changes and fluctuation in O3 and OLR. The results of the study
obtained were: minimum (decreasing, January—December) and maximum
(increasing, May—August), and the mean and standard deviation were (0.044+0.003
ppmv) for Oz and (298+ 22 Wm?) for OLR during the study period. During
December to February, the highest RH values were recorded, while the lowest RH
values occurred from June to August. The monthly mean and standard deviation of
RH was (28.66+29.54 g/kg). Further O3 trends revealed negative results in their
annual series over all stations, except for Khanaqin and Basra, which had a positive
trend. The O3 concentrations were consistently connected with other meteorological
variables (the Oz has a negative correlation with RH and a beneficial correlation
with temperature). The O5 spatiotemporal maps showed recorded the highest values
recorded in April and May over Mosul and Sulaymaniyah (0.055-0.057), and in
December, at middle and southern regions (Baghdad and Basra), there were the
lowest O3 value (0.033). These results were due to meteorological and geographical
factors. The results showed the efficient use of AIRS data to analyze the variations
and distributions of atmospheric factors over different regions. In addition, AIRS
observations can be used to obtain atmospheric, climatic, and environmental
scientific reports and analyses for large, regional, and global regions and for long,
continuous periods.
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Introduction

Ozone (O3) plays a significant role in air pollution, as it has been associated with adverse
health effects in humans and damage to trees, plants, and ecosystems. As greenhouse gases
(GHGs) contributing to climate change, it can negatively impact plant growth, hinder
development, and elevate vulnerability to pests and diseases. The potential consequences
include rising temperatures and alterations in weather Patterns. Studying and monitoring the
spatiotemporal variability and trend of ozone pollution is crucial for protecting public health,
the environment, and climate, ensuring regulatory compliance, managing air quality, and
informing policy decisions[1],[2],[3],[4].[5].Numerous studies have been conducted in
various countries to address concerns regarding surface ozone pollution. These countries
include China, the UK, Europe, Brazil, Mexico, Japan, South Korea, Australia, and the United
States[6],[7],[8],[9],[10],[11],[12],[13],[14]. Atmospheric gases may be either naturally
occurring or man-made. On the ground level and naturally in the high atmosphere of the
Earth, Os is beneficial because it absorbs harmful ultraviolet radiation from the Sun but on the
ground, it is a hazardous contaminant that harms the environment and living systems and is
therefore a critical atmospheric trace genre [15], [16]. According to reports, Oz is a strong
oxidant and the most prominent index material of photochemical smog, and it is one of the
principal pollutants deteriorating air quality [17]. The atmosphere’s vertical thermal structure
may change due to short- to long-term variations in O3[18]. Although it has a considerably
shorter lifespan than Carbon Dioxide (CO,) (a few weeks), tropospheric O3 plays a key role in
the phenomena of global warming and climate change [19].

Because the Oz is not immediately released into the air like other pollutants, it is
particularly harmful to the ecosystem and is hard to forecast and regulate. The O3 is produced
through intricate chemical processes in the atmosphere [20]. Photochemical reactions between
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nitrogen oxides (NOx) and non-methane hydrocarbons (NMHC) are responsible for its
formation[21]. Intense photochemical interactions between major pollutants (NOx and
NMHC) are fostered by intense solar radiation and high temperatures, leading to elevated
levels of O3 on sunny days [22], [23]. This means that the effected of photochemical reactions
leading to O3 generation and destruction is heavily influenced by weather conditions [24],
[25].

The shorter Oz lifespan due to substantial sinks in the boundary layer in the lower
troposphere is reflected by the fact that the ozone mixing ratio rises with altitude. Since O3
may be carried over long distances by the wind, the total amount of ozone in the air at any
given point is the sum of that created locally and that carried there by the wind [17].
Atmospheric parameters have effect on O3 concentration, it was found that the increase in O
value is associated with increase in the value of temperature and with drop in the levels of
H>Ovapor and RH [22].The OLR plays a crucial role in providing a quantitative understanding
of Earth's climate, specifically in relation to the radiative energy budget at the top of the
atmosphere (TOA). Any changes in this essential component can lead to a prolonged
imbalance in the net flux, ultimately influencing the climate as it undergoes adjustments to
restore equilibrium. The OLR under clear-sky conditions depends on various factors, such as
Earth's surface temperature, atmospheric temperatures, and the presence of absorbing gases. It
arises from a combination of surface emissions and contributions from specific atmospheric
layers [26].

There are several ways in which satellite data is essential to the research of pollutants: total
protection, online tracking in real time satellites may give long-term data on pollutants,
allowing researchers to investigate changes in pollutant levels over longer periods of time,
and with a high degree of precision. This is especially helpful for determining how much
damage pollution is doing to ecosystems and people, as well as how well pollution regulations
are working. Analyzing information from many wavelengths: the temperature, content, and
distribution of contaminants, as well as other useful information, may be gleaned from
satellite data collected at different wavelengths (including visible, infrared, and microwave)
[27], [28] .

The AIRS instrument, data utilized in this work, is one of the six devices on NASA
satellites (Aqua). It became a more useful device for researchers to observe atmospheric gas
parameters and phenomena due to its free downloadable data from the NASA website. The
AIRS is combined with the Advanced Microwave Sounding Unit (AMSU) to produce global
meteorological datasets and atmospheric parameters (gases) at different standard levels using
satellite data (AIRS) Level 3 Monthly Products (AIRX3STM) (daytime/ascending 1x1 degree
resolution) Version 7, which involves 58 grid points of data covering all of Irag [29]. Due to
its effects on the troposphere's ability to oxidase, Oz is recognized to be a substantial
pervasive atmospheric trace gas that impacts the climate and contributes as an essential
GHGs. This study aims to examine the monthly time series distribution of tropospheric Os,
RH and OLR over six stations: Mosul, Sulaymaniyah, Khanagin, Rutba, Baghdad, and Basra,
for the entire study period (from January 2003 until December 2021). Also analyze the spatio-
temporal and trend variations of O3 across lIraq for the study period.

2. Materials and Methods
2.1. Study Area

The central part of the Asian nation of Iraq is between 38° and 49° East longitudes and 28°
and 38° North latitudes. Geographically speaking, Iraq was shaped like the pelvis, with lofty
mountains wrapping around it from the north to the northeast. In addition, the country is split
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into three distinct regions: the desert in the west and southwest, the middle and southeast
plains, featuring reedy wetlands in the southern region, and the highlands along the Euphrates
and Tigris rivers [31]. Irag, which lies in the Eastern Mediterranean, has a climate that falls
somewhere between a continental and a subtropical and semi-arid one. In the winter, frigid
Siberian and subtropical high-pressure systems move over Irag, while the monsoon Asian low
is the central synoptic system. Iraq experiences all four seasons and is subject to three
different climatic regimes. Low-pressure systems originate throughout Asia during the
summer monsoon season. The effects of the low monsoon are usually weakest during the
winter, while its development has the most noticeable effects throughout the summer.
Seasonal rains fall throughout much of Iraq from November to April, with precipitation levels
varying from 1200 mm (millimeters) in the northeast to below 100 mm in 60% of the
southern part of the country. Summertime rainfall is sporadic due to the prevalence of
monsoon lows and common subtropical high-pressure systems. The hottest months of the year
in the nation are July and August in the desert areas, when average midsummer temperatures
top out at roughly 48 °C. Daytime highs in the winter average 16 degrees Celsius, but
overnight lows may drop to 2 degrees Celsius, which is just over freezing. The coldest month
is January, with temperature fluctuations between 5°C and 10°C [33].

2.2 Data Collection and Methodology

Environmental scientists are increasingly depending more and more on satellite remote
sensing to collect data on atmospheric composition and climate change on a worldwide scale.
For numerous atmospheric gases, their spectral radiance was resolved with high quality by the
AIRS instrument on NASA's AQUA satellite. These data may be used to pinpoint the origins
and sinks of GHGs emissions, as well as detect climate change. Data used in this study came
from the AIRS Level-3 ascending data (http://disc.sci.gsfc.nasa.gov/AIRS) with a spatial
resolution 1 x 1ldegree for six stations (Mosul, Sulaymaniyah, Khangin, Rutba, Baghdad, and
Basra) as shown in Figure 1. The goals of the AIRS instrument are to get new information on
the water and energy cycle and numerous GHGs, and to gain understanding into the weather
and climate trends of the 21st century[31],[32].
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Figure 1: Ozone monitoring stations for locations (Mosul, Rutba, Khanagin, Baghdad and
Basra) in Irag.
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The AIRS was designed specifically to monitor the most crucial indicators of climate
change. Aqua satellite, launched on May 4, 2002, mission incorporates the hyper-spectral
thermal infrared radiometer AIRS. NOAA and NCEP research programmers created it to aid
in climate-related studies and improve numerical weather prediction. With a 1650 km
scanning swath, with a nadir field-of-view spatial resolution of 13.5 km and a ground track
repeatability of +/- 20 km, comprehensive global coverage is provided twice daily. From the
AIRS observed IR spectrum radiances, daytime and nocturnal ozone profiles in the 9.6-m
region are derived [34],[35],[36].

To obtain the essential results of the present study, and to enhance our understanding of
the Oz, RH, and OLR fluctuations; the AIRS Level-3 (L3) ascending AIRS3STM
(Os_VMR_A, RelHum_A, and OLR_A) data was employed. Generally, 228 monthly
ascending granules (from January 2003 to December 2021, based on data availability) were
acquired from the AIRS website in the form of HDF-EOS4 File forms to get the required
output. The data was altered and arranged in tables using the MS Excel formula. The trends
and time series graphs were generated using the Sigma Plot 14.0 software for the six stations
in addition to calculate the maximum, minimum, and standard deviation values, summarized
in Table 1. The study periods and monthly spatial graphics were conducted using the Surfer
software.

3. Result and Discussion

3.1 Analysis of ozone data

Time-averaged maps and time series plots were employed to analyze the spatiotemporal
variations in O3 data. Figure 2 illustrates the Oz and OLR and RH mixing ratios for the major
Iraqgi cities (Mosul, Sulaymaniyah, Khanagin, Rutba, Baghdad, and Basra) during 19 years,
from 2003 to 2021. Table 1 contains data on tropospheric ozone during selected period.

As depicted in Figure-2(a), the average monthly O3 reached peak values in March, April, and
May, while the lowest values are observed in December, January, and February across the six
stations. Peak O3 values, reaching 0.054 ppmv, were observed in April and May over Mosul
and Sulaymaniyah, and 0.052 ppmv over Kkhanagin, Rutba, and Baghdad. In contrast, the
lowest

Table 1: Annually mean of O3, Maximum, and Minimum, standard deviations, Trend and the
locations, for the study period (2003-2021).

Os (ppmv)
. Longitude | Latitude | Altitude
Stations (go) N°) m Annu Annual Annua Std. Trend/
al IMean o per
. Max Deviation
Min year
-0.5370-
Mosul 43.06 36.21 223 0.034 0.054 0.044 0.01 5
. -1.05710-
Sulaymaniyah 45.26 35.33 843 0.036 0.054 0.045 0.009 5
khanagin 455 34.5 200 0.035 0.052 0.044 0.008 1.05"10-5
- N0-
Rutba 40.28 33.03 630 0.035 0.052 0.044 0.008 1'6% 10
- N0-
Baghdad 44.40 33.30 32 0.035 0.052 0.044 0.008 0'6% 10
Basra 47.78 30.30 2 0.034 0.049 0.042 0.007 0.35"10-5
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values, ranging from 0.034 to 0.036 ppmv, were recorded in December over Mosul and
Sulaymaniyah, respectively. Mosul and Sulaymaniyah exhibited the highest O3 values, with
Khanagin, Rutba, and Baghdad following suit. Conversely, Basra recorded the lowest Os
values, attributed to O3 sink mechanisms [30].

In Figure-2(b), the Outgoing Long Radiation (OLR) values show a continuous increase
starting from January, reaching its peak in July and August, and subsequently decreasing until
December. The observed pattern in the OLR curve was uniform across all six stations and can
be adequately explained by the cyclic variations in meteorological conditions, particularly
those related to changes in surface temperature and cloud cover. The peak OLR values,
reaching 369.40 W/m2, were observed in July and August at Rutba, characterized by its desert
environment with limited cloud cover and elevated temperatures during the months of June,
July, and August. The minimum values (229.98, 231.22) W/m? occurred in January over
Mosul, Sulaymaniyah, and Khanagin, mainly due to the significant prevalence of cloud cover.
Additionally, there was a slight decrease in OLR values over the Basra stations during June,
July, and August, indicated by the maintenance of relatively constant values (356.0, 361.22,
359.0) W/m?, respectively.
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Figure 2: Mean monthly for a: 0zone (ppmv), b: outgoing long radiation OLR (w/m-?) , c:
relative humidity RH(g/kg)Values For six Selected Iraq Stations(2003 -2021).
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In Figure 2 (c), Relative Humidity (RH) exhibited variations, with the highest values
occurring in December, January, and February and the lowest from June to August at all
stations. The peak value of 52.35 g/kg was recorded from December to February over Mosul,
whereas the lowest value (10.71 g/kg) was observed from June to August over Basra.
Examination of ozone data revealed that diverse weather conditions, including air
temperature, shortwave radiation, air humidity, and topographical factors, significantly
influence the variations in tropospheric O3 over Irag.
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Figure 3: Time Series Analysis Ozone Volum Mixing Ratio concentration over Iraq (2003-
2021)

The estimated trends and monthly time series for mean O3 are depicted in (Figure 3) and

(table 1), revealing a distinct monthly cycle with peaks in March - May and troughs in
December - February for all stations considered. The periodic variation in climate and terrain
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can adequately explain this behavior. The Oz annual trends analysis was almost stable, with
no statistically significant trend were be negative/decreasing (-0.53x107) for Mosul station, (-
1.05x107) for Sulaymaniyah, (-1.68 x 107°) for Rutba, (-0.68x10”) for Baghdad and
positive/increasing (1.05x10”) for Khanagin, (0.35 x10®) for Basra, show (table 1). The
highest values observed (0.054 ppmv) during the period from March to May and the lowest
values (0.032 ppmv) between December and January, The lowest values of O3z can be
interpreted as a direct effect of the O3 sink by surface deposition where suitable conditions for
photochemical loss (low temperature, low humidity, and low solar radiation) exist, the highest
values of O3 over higher latitude regions (Mosul, Sulaymaniyah, khanagin, and Rutba), and a
tendency to decrease downward to low latitude (Baghdad and Basra).

3.1.1 O3 Spatiotemporal maps

For a more accurate assessment of the O3 distribution over the Iraq region, the O3 mean
monthly data for the past 19 years (2003-2021) were used to map O3, as shown in Figure 4 the
lowest value of O3z in December witnessed the occurrence over Irag followed by November in
all regions of the country (0.032, 0.033) ppmv, while the highest values of O3 record its
occurrence in months (March — May) in April and May, the O3 values were around (0.051 to
0.054) ppmv in the northern and northwestern regions (above latitudes 33.26°N), and
approximately (0.046 to 0.049) ppmv in the remaining regions of Irag, then begin to decline
from June to August (0.049 to 0.052) ppmv.

The Ozone Maxing Ration (OMR) exhibited a typical distribution across Iraq throughout
the year, following latitudinal gradients from north to south, with higher values for months
with higher temperatures and lower values for months with lower temperatures and higher
relative humidity. The variations in concentration OMR influenced by diverse weather
conditions and topographical features, significantly impacting tropospheric ozone dynamics
over Irag. The considerable disparity in the values of OMR could be due to various effects,
including variations in meteorological conditions, terrain, and the advection of pollutants
from neighboring nations containing O3 precursors emitted by human activity. To address the
reduction of OMR emissions, firstly, efforts should focus on managing the emissions of
Nitrogen Oxide (NOx) and Volatile Organic Compounds (VOCs) from diverse sources such
as vehicles, industries, and power plants. Secondly, advocating for transportation strategies
like public transit, carpooling, and cycling is crucial. Thirdly, implementing industrial
controls and adopting cleaner production techniques are essential steps. Fourthly, promoting
energy efficiency and transitioning towards renewable energy sources is imperative. Fifthly,
incorporating land use and urban planning initiatives can help mitigate emissions. Sixthly,
enforcing stringent emissions standards and regulations is necessary. Lastly, educating the
public and fostering international collaboration are vital for achieving effective solutions.
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Figure 4: AIRS average monthly of Surface Ozone (O3 VMR), over IRAQ
for Summer (Jun - August) and Fall (September- November) seasons
during 2003-2021.
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4. Conclusion

This work assessed the monthly troposphere O3 VMR fluctuations throughout the study
regions to perform in-depth studies of the temporal and geographical variability using the
abundant information contained in nineteen years of satellite (AIRS) data (2003-2021). The
results revealed significant spatiotemporal variability of O3z value distribution across the
research regions, with (mean + SD) monthly readings of (0.044 = 0.002) ppmv at the study
period. In April and May, the highest concentrations of averaged surface O3 VMR were
Detected in the northern regions of Iraq at levels ranging from 51.35 to 51.75 ppmv near
Mosul, while the lowest levels were observed in December in all of Irag, particularly in the
central and in the southern regions, the levels ranged from 31.67 to 32.22 ppmv in Baghdad
and Basra. The O3 yearly trends study showed a zonal variability with the greatest levels of O3
across higher latitude locations (Mosul, Sulaymaniyah, Khanagin, and Rutba) and a tendency
to decline downhill to lower latitude regions (Baghdad and Basra) where attributed to O3 sink
mechanisms (such as Chlorofluorocarbons CFCs) through surface deposition and the more
pronounced gaseous emissions from the petroleum refinery in Basra city. OLR values
exhibited a continuous increase starting from January, reaching their peak in July and August,
and then gradually declining until December. This pattern in the OLR curve remained
consistent across all six stations. RH also peak values during the months December to
February and the lowest values from June to August at all stations. Analysis of ozone data
showed that increase Oz value with increase OLR and decrease RH over lIrag. The
considerable disparity in the values of Oz mixing ratio are due to various effects, including
variations in meteorological conditions (temperature, precipitation, humidity), chemistry
(associated with tropospheric photochemical activity), terrain and the advection of pollutants
from neighboring nations containing O3 precursors emitted by human activities.
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