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Abstract: 

 

NEOM is an under-development transnational city and economic zone spread over an area of 

26,500 km2 along the northern Red Sea coast of the Kingdom Saudi Arabia, bordering Jordan 

and Egypt. This study analyzes the meteorological parameters and air pollution dispersion over 

the NEOM region, based on observations and air quality dispersion modeling. The Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to simulate the fate 

of air pollutants. To drive HYSPLIT, high-resolution (660 m) meteorological data were generated 

by downscaling the National Centers for Environmental Prediction (NCEP) Global Forecasting 

System analysis using the Weather Research and Forecasting (WRF) model. The air pollutant 

emission factors (AP-42) emission inventory, from the United States Environmental Protection 

Agency, was used to initialize HYSPLIT. A continuous three-year dataset simulated by WRF–

HYSPLIT was then analyzed to understand the spatial and temporal distributions of air pollutant 

concentrations in the NEOM region. 

 Strong land and sea breezes, resulting from differential heating, dominate the diurnal 

dispersion and distribution of pollutants in the NEOM region. The spatial distributions of the 

concentrations of different pollutants, which show maximum concentrations in the spring and 

winter because of lower boundary layer heights. The predicted maximum concentrations of 

NOx (~40 µg/m
3
), SO2 (~25 µg/m

3
), CO (~10 µg/m

3
), VOC (~0.05 µg/m

3
), and PM (~4 µg/m

3
) 

remain well within the national air quality standards recommended by the Saudi General 

Authority for Meteorology and Environment Protection and the Royal Commission. The 

estimated emissions analyzed by the model do not include background emissions (such as dust 

and vehicle pollution), as they are not available over this region, but only major industrial 
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sources. Our analysis provides the information needed to understand the state of the air quality 

in the NEOM region, providing a fundamental contribution to the environmental impact 

assessment and planning in the region. 

 

Keywords: NEOM, Red Sea coast of Saudi Arabia, HYSPLIT, Air quality, Impact assessment 
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1. Introduction 

The Kingdom of Saudi Arabia (KSA) is building the “World’s most ambitious project,” named 

NEOM (https://www.neom.com/content/pdfs/NEOM-Brochure-en.pdf), spread over 26,500 

km
2
 in the northwest of KSA, bordering Jordan and Egypt, at an estimated cost of $500 bn. The 

proposed megacity is planned to offer world-class education, healthcare, and culture by making 

use of advanced, automated, zero-carbon infrastructure and forward-thinking, business-

friendly governance. The planned megacity will be powered by renewable energy and utilizing 

the latest advances in agriculture, advanced manufacturing, and robotics. NEOM aims to be a 

leading global hub for technology, which will allow it to become a center of cultural diversity 

and international activity. NEOM is expected to be a strategic location for trade, innovation, 

and knowledge because it will operate as an independent economic zone with its own laws, 

taxes, and regulations, specifically created to boost healthy growth and wealth for investors. 

Long beaches of about 450 km, mountains up to 2,500 m high, and deserts make the NEOM 

region a unique geographical location. 

 To effectively monitor and control air pollution, it is crucial to perform an ambient air 

quality assessment of the area. Fuel combustion in automobiles, power plants, and industrial 

activities are the major sources of anthropogenic aerosols and pollutants such as oxides of 

nitrogen (NOx), non-methane hydrocarbons (NMHCs), ozone (O3), and sulfur dioxide (SO2), 

whereas dust particles constitute the majority of natural aerosols (atmospheric PM2.5, 

particulate matter with an aerodynamic diameter less than 2.5 μm, and PM10, particulate 

matter with an aerodynamic diameter less than 10 μm) concentrations. However, air quality 

studies in KSA are limited in number, because of a lack of observations; the few studies 
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available for the region are mainly limited to major urban areas, such as Riyadh (El-Shobokshy, 

1984; El-Shobokshy, 1990; Rushdi et al., 2013; Modaihsh et al., 2015, Alharbi et al., 2015), 

Makkah (Al-Jeelani, 2009; Othman et al., 2010), Yanbu (Al-Jeelani, 2014; Khalil et al., 2016), and 

Jeddah (Porter et al., 2014; GAMEP, 2017). Recently, Butenhoff et al. (2014) evaluated O3, 

nitrogen dioxide (NO2), and CO concentrations at nine locations in KSA during 2007. Further, 

Khalil et al. (2016) analyzed hourly measurements of NOx (NO and NO2), NMHCs, O3, SO2, PM2.5, 

and PM10 collected at Yanbu, and reported that the ozone concentrations and the precursors of 

ozone are significantly lower. However, during the weekends, Eids, Ramadan, and Hajj periods 

these concentrations are higher. Substantial increases in nighttime emissions are seen during 

Ramadan because of the reversal of the time of daily human activities (night from day). Khalil et 

al. (2018) studied the net O3 production rate for five urban regions of KSA (Riyadh, Hafouf, two 

sites in Damman, Yanbu, and Makkah), using continuous 1-h data during 2007, and reported 

that ozone concentrations in the cities were not high. 

 The rapid expansion in urbanization and industrialization during the last few decades 

has accelerated the decline in air quality, and the increase of the concentrations of harmful 

pollutants is a major issue of environmental policy at the international, national, and local levels 

(Beig et al., 2015).  Another important problem related to air pollution is its climatic effect, 

which is strongly dependent on weather, and previous studies report a significant impact of 

climate change on air quality (Jacob and Winner, 2009; Tai et al., 2012). Suspended particulate 

matter plays a crucial role in climate change, by modifying cloud, optical properties, and 

radiative forcing (Ramanathan et al. 2001; Li et al. 2016). Tai et al., (2010) concluded that daily 

variations in meteorological conditions — such as temperature, relative humidity, precipitation, 
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and circulation patterns — can explain about 50% of the variability of PM2.5. Cheng et al. (2007) 

and Thishan et al. (2010) identified the important meteorological modes of variability that 

modulate the air quality and suspended PM and found that 30% of the daily variability of PM is 

associated with passages of synoptic weather systems. 

Deterioration of air quality is a major problem in many parts of the world and, in 

particular, for megacities (WHO-World Health Organization, 2006, 2015). The increase in the 

concentration of pollutants can have harmful effects on human health (Hester and Harrison, 

1998; World Health Organization, 2006, 2015; Peng et al., 2005), and prolonged exposure to 

polluted air often leads to increased mortality and morbidity rates (Burnett et al., 2014; 

Lelieveld et al., 2015; Apte et al., 2015; Kumar et al., 2015; Ghude et al., 2016). The Middle East 

is mostly affected by particulate pollution and their increased levels leads to a decreased life 

span of about 1.85 and 1.48 years in Egypt and Saudi Arabia, respectively (Apte et al., 2018). 

Fine particles can enter deep into the lungs and breathing PM2.5 is associated with an increased 

risk of heart attacks, strokes, and respiratory diseases (Hester and Harrison, 1998; WHO, 2006, 

2015; Peng et al., 2005; Lelieveld et al., 2015; Apte et al. 2018). 

Atmospheric conditions have a significant effect on the concentration of pollutants. For 

example, intense winds reduce the concentrations of longer-lived species, changes in wind 

direction modulate the regions of higher concentrations, and the cloud fraction affects ozone 

concentrations because of the ground-level photochemistry. Modulation of pollutants with 

respect to changes in atmospheric conditions can be easily identified from the meteorological 

and pollutant observations. However, in regions with sparse observations, such as KSA, air 

quality dispersion models driven by high-resolution atmospheric models becoming very useful 
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for understanding the interactions between atmospheric conditions and various pollutants. 

Moreover, such dispersion models allow for a proper assessment of air quality across a wide 

region, which cannot be covered by a dense set of observations, and can be also used for 

forecasting. The advantages of using a combination of air quality and meteorological models for 

the assessment and dispersion of various pollutants have been emphasized by several previous 

studies (Srinivas and Venkatesan, 2005; Yerramilli et al., 2012). The Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler et al., 2015, Stein et al., 2015) is one 

of the widely used tools for air quality modeling studies, and has been employed in different 

regions ( e.g. Yerramilli et al., 2008, 2009, 2012; Srinivas et al., 2009), often driven by the 

meteorological conditions from the Weather Research and Forecasting (WRF) model 

(Skamarock et al., 2019). 

In this paper, we present a detailed assessment of air quality for the NEOM region by 

using datasets from a field campaign and the HYSPLIT air quality dispersion model. HYSPLIT was 

forced by very high-resolution (600 m resolution) atmospheric conditions derived by the WRF 

model. The emissions data used in the dispersion model were based on the US EPA’s emissions 

factors publication (AP-42: Compilation of Air Emission Factors). These emission factors were 

augmented with data on the major emission sources such as power outputs and fuel types that 

were publicly available (e.g., https://datasource.kapsarc.org/ and http://ecra.gov.sa/en-

us/DataandStastics). We generated a continuous three-year sequence of air quality data for the 

region and performed a critical air quality assessment. Our results provide crucial information 

for the planners of the “World’s Most Ambitious Project”. 
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The remainder of this paper is organized as follows. We begin with a detailed 

description of the field campaign and observed air pollutant concentrations, along with the 

local atmospheric conditions, in Section 2. The atmosphere and air quality models and their 

implementation are presented in Section 3. The validation of the model outputs is reported in 

the Supplemental Materials. The mean air quality conditions as simulated by HYSPLIT, and the 

associated meteorological conditions, are discussed in Section 4. Finally, a summary and 

conclusions are provided in Section 5. 

2. Observed air pollutant concentrations and atmospheric conditions  

2.1 Details of field experiment 

Two ambient air quality monitoring stations (AAQMS) were used to collect information on 

pollutants and meteorological conditions during the field campaign, conducted during a four-

month period from May to August 2018. Both stations were equipped with US EPA approved 

monitoring instruments and were operated in full accordance with US EPA protocols.  Air 

quality was monitored continuously at five different locations, which were considered to be 

representative locations for the NEOM project area (Figure 1).  In selecting the locations, 

account was also taken of the likely influence of existing aerial emission sources, the location of 

receptors (i.e., location of villages and settlements), and the likely wind directions over the site 

and how it varied throughout the year. The details of each station are presented in Table S1. 

One of the AAQMS was fixed at a single location throughout the monitoring period, to act as a 

reference or control station (Sharma), and the second (roving) station was moved to different 

locations around the reference station, after one month of continuous monitoring at a 

particular location.  
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The following gaseous pollutants and particulate matter were monitored at each 

location: sulfur dioxide (SO2), hydrogen sulfide (H2S), NOx, which includes nitric oxide (NO) and 

nitrogen dioxide (NO2), carbon monoxide (CO), ozone (O3), PM10, and PM2.5. All of these 

measurements adhered to US EPA protocols for ambient air monitoring, and included 

calibrations every two weeks, daily zero and span checks, detailed interrogation of the data 

within 72 hours of data collection, routine and preventative maintenance, and audits of site 

operations every four to six weeks. Meteorological parameters, such as wind speed and 

direction at 10 m, air temperature at 2 m and 10 m, barometric pressure, relative humidity, and 

solar radiation were also collected at the control station. All of the meteorological parameters 

were monitored at an elevation of about 3 m for the roving stations. 

2.2 Observed air pollutant concentrations 

We analyze here the concentrations of pollutants in relation to the meteorological conditions. 

The daily (Figures 2a) and hourly (Figures 3a) averaged concentration of SO2 showed very low 

values at all locations except at Duba, where intermittent peaks were observed. Our analysis 

reveals that these peaks occurred when winds were blowing from a direction between 190 and 

260 degrees (Figures 4 and 5). The only obvious source of SO2 from this direction is a cement 

plant located approximately 3.2 km west of the monitoring station at Duba. The major source 

of SO2 in the NEOM region is the use of sulfur-containing fossil fuels for power generation and 

to a lesser extent in motor vehicles. Power plants and other industrial sources in NEOM are very 

few, and there is a high degree of certainty that, for most of the project area, SO2 

concentrations will be well within the air quality standards suggested by the Saudi General 

Authority for Meteorology and Environmental Protection (GAMEP), as we reported in Table 1. 
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H2S can be produced by the breakdown of organic matter and waste, such as sewage, 

and is also produced in petroleum, and industries associated with natural gas. The observed H2S 

concentrations were very low (Figure 2) at all monitored locations. The average over the 

monitoring period was less than 1 ppb (Figures 2 and 3), and in several cases, these values were 

at, or just below, the practical limit of detection of the analyzer (~0.4 ppb).  H2S concentrations 

at all locations were therefore well within the air quality standards. 

Incomplete combustion of carbon-containing fuels from power plants, large combustion 

sources, and motor vehicles are the main sources of CO. The observed CO concentrations 

(Figures 2 and 3) were very low at all monitored locations (Table S1), with an average value of 

0.1 ppm over the monitoring period and with an observed hourly maximum concentration of 

less than 1 ppm. These observations over a four-month period suggest very low concentrations 

of CO in the project area; furthermore, these were well below the air quality limit set by 

GAMEP (Table 1). This was not surprising as other than a few power plants and large 

combustion sources which are distributed over a large area, the only other source of CO is that 

from motor vehicles, but this decays rapidly away from the roads. 

Nitrogen dioxide (NO2) monitoring at five sites showed (Figures 2 and 3) that the lowest 

concentrations were measured at Al Bad’, with an average concentration of 1 ppb, and a 

maximum hourly averaged concentration of 7.8 ppb over the observed period. The monitoring 

location at Al Bad’ is typical of a rural background site, and these low values are expected for 

such uninhabited areas or where there are settlements far from major sources. The NOx 

concentrations at Sharma and Duba were higher than at the other three locations. At Sharma, 

the maximum of the hourly averaged NO2 concentration and the average value over the four-
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month period were 57 ppb and 7.2 ppb, respectively; the corresponding values at Duba were 

45 ppb and 6.8 ppb, respectively. These higher values appear to be commensurate with the 

level of human activities and traffic. Because these monitoring locations were neither in the 

middle of a village nor immediately downwind from human activities such as traffic, slightly 

higher NO2 values can be expected in the project area, but based on these observations and 

from the modelled results the expected concentrations will be well below the air quality 

standards suggested by GAMEP (Table 1). As mentioned previously, the absolute minimum 

monitoring period selected was one month, but this was predicated on a control station being 

employed to obtain data over a longer period (four months as a minimum), and on the 

assumption that generally air quality was expected to be good over most of the site. Analysis of 

these results showed that at most of the locations the average had converged and so the use of 

one month of data was justified. 

The GAMEP standards (Table 1) for ozone requires that the 1-hour maximum 

concentration should not exceed 120 ppb more than twice in 30 days, and that the 8-hour 

maximum concentration should not exceed 80 ppb more than twice in 7 days. The observed 

ozone concentrations suggest that the threshold value (120 ppb) of the hourly maximum is 

never exceeded at any of the locations. However, we observed an 8-h maximum concentration 

(namely 80.4 ppb) that was slightly higher than the threshold value (80 ppb) at Gayal, but this 

was only exceeded once so the GAMEP air quality standard of 2 exceedances in 7 days was not 

breached. The time series of the 8-h averaged ozone concentrations (Figure 3) for the five 

locations showed a high correlation between the ozone concentrations of the locations, despite 

some of these stations being more than 50km from the control station. This suggests that the 
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ozone concentrations were probably not caused by local precursors but arose from a common 

source of origin, possibly from outside the project area. It is interesting to note that at the 

inland most location (Al Bad’), where the lowest NOx concentrations were observed, the peak 

ozone concentrations showed almost identical temporal variations to those at Sharma over 50 

km away. The mean diurnal ozone concentrations averaged over the monitoring period 

(approximately 30 days for the roving stations and more than 120 days for Sharma) showed 

(Figure 3) a clear diurnal cycle at all locations. It is also interesting to note that the observed 

daily variations in ozone concentrations closely followed the daily changes in wind direction 

(Figure 4 and 5), indicating the possible movement of ozone from outside the project boundary. 

Given that ozone formation is directly related to sunlight, it is possible that the diurnal variation 

is simply due to the increase in sunlight, but it would require volatile organic compounds (VOCs) 

and oxides of nitrogen to be present. Although VOCs were not measured, there were no visible 

and obvious sources at or near the monitoring locations, and the oxides of nitrogen 

concentrations were relatively low.  This suggests that much of the ozone originates from the 

Red Sea because of the onshore breeze (from sea to land). Although ozone had the highest 

concentration of the gaseous pollutants monitored, these values were found to be within the 

ranges of the air quality standards set by GAMEP. 

The 24-h averaged PM10 concentrations at Sharma and Al Bad’ (Figure 2) exceeded the 

GAMEP 24-h standard of 340 μg/m
3
 once during the observed period (Table 1). The GAMEP 

PM10 standards allow up to 24 exceedances of the 24-hour maximum concentration of 340 

μg/m
3
 per year, but we do not have data for an entire year to confirm whether this would have 

occurred. However, the occurrence of only one such event in the four months at Sharma, and 
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one month at Al Bad’ suggests that this standard may not have been exceeded. Similarly, the 

GAMEP 24-hour standard for PM2.5 requires that the limit of 35 μg/m
3
 be exceeded no more 

than 24 times per annum, equivalent to two exceedances per month. The observations (Figure 

2) show that there were two exceedances or more during each month at all locations except 

Duba, implying that the 24-h standard for PM2.5 was exceeded at Sharma, Al Bad’ and Gayal, 

and almost never exceeded at Almuwaylih (Figure 2).  

GAMEP’s annual standard for PM10 is 80 μg/m3; this is not to be exceeded over the year. 

However, it is evident from Figure 2 that the PM10 annual standard would have been exceeded 

at Sharma, Gayal and Al Bad’ as the concentrations were consistently well over the annual limit.  

The annual standard for PM2.5 of 15 μg/m
3
 is also likely to be exceeded at all locations as the 

concentrations were consistently greater that the annual limit (Figure 2). 

 The fact that the standards for particulate matter were exceeded is not really 

surprising, as this is common at most locations within the project area where, because of the 

hot, dry soil conditions and open exposed land in many areas, dust is easily generated.  Most of 

the particulate matter observed in the project area is therefore produced as a result of natural 

sources, such as occasional dust storms, rather than industrial sources. 

GAMEP operates several AAQMS throughout the country; however, no data were 

available in the NEOM region. Ambient air quality data exists for Jeddah and, to a lesser extent, 

for Yanbu, located about 500 km south of the proposed NEOM project. The data from these 

fully developed and highly industrialized cities are of little relevance to the study area. The 

NASA Goddard Earth Sciences Data and Information Services Centre (GES DISC) provides air 

pollution data, including SO2, NOx, Ozone, and PM2.5. Although the information from GES DISC 
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is useful in determining the location of possible hotspots for NOx and SO2, it is not sufficient to 

provide an accurate picture of the existing air quality within the project area. Nonetheless, the 

spatial concentrations suggest that the air quality over the project area is expected to be good. 

2.3 Observed meteorological conditions 

The wind speed at Sharma, measured at a height of 10 m, was much weaker than the wind 

speed at the remaining four roving stations (Figure 4a). The predominant wind direction and 

the direction of winds with the highest speeds at Sharma (Figure 4b) were between 225 and 

255 degrees (SW to WSW), and lower wind speeds (of 2 m/s) were between NNW and SE. The 

predominant wind direction, and that of the winds with the highest speeds, was 285 degrees 

(WNW) at Gayal, but winds with speed less than 2 m/s were more prevalent from the 

southeast. At Al Bad’, which is located in a much more open position and at a higher elevation, 

we observed higher wind speeds than at other roving stations, and the predominant wind 

direction was about 255 degrees (WSW). There were few occurrences of wind blowing from 

directions between east and southeast, because of the influence of the underlying topography 

at the observed location. The dominant wind direction at Almuwaylih was also 255 degrees, 

suggests winds blew from the directions between SSW and WSW. A smaller contribution of 

lower wind speeds was observed from the northeast. Because the monitoring station at Duba 

was located within an open courtyard, a relatively low wind speed was expected, compared 

with all other locations. The lowest wind speeds, in the range of 2–4 m/s, were recorded with 

the predominant wind direction from 285 degrees (WNW). 

The temperature at Sharma was similar to other locations (Figure 4c), but with lower 

values at the coastal locations than the inland locations. The temperatures increased from April 
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and became high in June. The land cools faster than the sea: consequently, the wind direction 

changes and a land breeze (wind blowing from the land to the sea) develops, which is clearly 

visible in the wind observations. The average daily variation in wind speed at Sharma confirms 

that, after 20:00, lower wind speeds were associated with land breezes and, after 08:00, the 

increase in surface temperature from the incoming solar radiation caused stronger sea breezes 

to develop. The observed average daily variation in solar radiation shows (not shown) that, by 

08:00, solar radiation was more than 200 W/m2 and it reached 1000 W/m2 in the measuring 

period at Sharma. The hourly variation in relative humidity (not shown) at Sharma showed a 

minimum and maximum of 14.1% and 100%, respectively. In addition, the variation in 

atmospheric pressure (not shown) during the 4-month period has a minimum and maximum of 

997 mb and 1011.6 mb, respectively. The observed meteorological conditions (Figure 5) clearly 

indicate a strong diurnal variation in wind at all locations, corresponding to the land and sea 

breezes, resulting from the differential temperature between the land and sea during day and 

night. This is consistent with the observed relative humidity variations and the solar radiation 

during the day, with the maximum value recorded at around 14:00 (local time). 

3. Atmospheric and dispersion modeling 

The observed pollutant concentrations and meteorological parameters clearly describe the air 

quality and atmospheric conditions in the NEOM region for the period of the field campaign. 

However, the available observations are not sufficient to understand the mean climatic 

conditions in the entire NEOM region; this requires long-term data sufficient to represent all 

possible conditions at all timescales. To satisfy this requirement, we analyze the outputs of a 

very high-resolution WRF model (Skamarock et al., 2019), a state-of-the-art mesoscale model. 
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Further, we discuss the mean air quality conditions in NEOM, simulated by the HYSPLIT model 

(Draxler and Hess 1997; Draxler et al., 2015; Stein et al., 2015), driven by the WRF fields and 

emission data from US EPA. 

3.1 High-resolution atmospheric modeling 

The WRF model is a limited area, non-hydrostatic primitive equations model that offers 

multiple physical parameterization schemes. The implemented configuration includes three 

two-way interactive nested domains, with horizontal resolutions of 9 km, 3 km, and 0.6 km. The 

model is configured with 60 vertical levels throughout the atmospheric column; 35 levels were 

in the lower troposphere to accurately represent the characteristics of the boundary layer. 

More details on the implemented model configuration, including the physical 

parameterizations, and initial and boundary conditions, are included in the Supplementary 

Materials. The model simulations were performed over the 3-year study period between 2016 

and 2018, using a consecutive integration method with daily initialization. The advantage of 

consecutive reinitialization has been demonstrated in many regional downscaling studies (e.g., 

Langodon et al., 2014, 2016; Viswanadhapalli et al., 2017, 2019a, b; Dasari et al., 2019). The 

simulations were performed over 36-h periods, starting at 12:00 UTC each day; the first 12-h 

period was neglected as a spin up (time to stabilize the model) and the remaining 24-h period 

was used to generate a three-year sequence of very high-resolution (600 m) data for the NEOM 

region. Only the outputs of the 600 m nested domain were considered for analysis and 

discussion, and these were used to drive the dispersion model. Meteorological observations 

from stations located in NEOM were obtained for the period from January 1, 2016 to December 

31, 2018 from the Presidency of Meteorology and Environment in Saudi Arabia (now GAMEP), 
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and were used to validate the WRF model outputs. The validation of WRF model outputs 

against the observations is reported in the Supplemental Materials. 

3.2 Air quality dispersion modeling 

The HYSPLIT model, developed by Air Resources Laboratory, NOAA, was used to simulate the 

dispersion of airborne pollutant releases (Draxler and Hess 1997; Draxler et al., 2015; Yerramilli 

et al., 2008, 2009, 2012; Srinivas et al., 2009). It computes the dispersion trajectories of the 

pollutants and their deposition, using puff or particle approaches. The dispersion computation 

is based on the transport of particles, by wind and turbulence, and air composition. The 

meteorological parameters, such as horizontal and vertical components of winds, temperature, 

geopotential height, and surface pressure, are mandatory fields to drive the HYSPLIT model; 

moisture and vertical motion are optional fields. The advection of a particle or puff is computed 

from three-dimensional velocity vectors. 

Dispersion simulations were performed with a horizontal resolution of 0.005° × 0.005° 

(roughly 50 m × 50 m) and ten vertical levels: 10 m, 50 m, 75 m, 100 m, 200 m, 400 m, 500 m, 

750 m, 1000 m, and 3000 m above ground level. The mean pollutant concentrations at the 

major industrial elevated point sources located in the NEOM region were derived from US EPA 

emission factors (Supplemental Material Table S2) and sampled for every 30 min to represent in 

HYSPLIT. The seasonal and diurnal variations in the emissions were not considered; the 

emissions from each source were considered, to assign pollutant mass to each virtual particle 

represented in the HYSPLIT model. A maximum of 10000 particles were permitted to be carried 

at any time during the simulation period, and about 500 particles or puffs were released every 

30 min. The turbulence mixing and turbulent velocities were computed, using a short-range 
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diffusivity approach, from the stability parameters. The concentrations at ground level were 

computed as averages for the lowest 50 m within each horizontal grid cell.  

A series of dispersion simulations was performed over the three-year study period, 

using a consecutive integration method with seasonal initializations. The emissions were 

released continuously from each source during the entire period of each simulation (~122 

days). The simulated air quality concentrations for the NEOM region were collected from each 

simulation and merged, to prepare a three-year sequence of air pollutant concentration data 

for analysis. 

4. Analysis of atmospheric conditions and air quality in NEOM 

Section 2 provides a detailed analysis of the observed air pollutants in the NEOM region, based 

on the four-month field campaign. In this section, the validated WRF and HYSPLIT model 

outputs are analyzed to investigate the local mean atmospheric conditions, and associated 

mechanisms, that modulate the air quality in the NEOM region. 

4.1 Analysis of atmospheric conditions  

WRF outputs are used to analyze the atmospheric conditions, and associated circulation 

patterns, that are important for the dispersion of pollutants in the NEOM region. The analysis is 

conducted at eight locations — four locations each over land (marked by L) and sea (marked by 

S), as shown in Figure 1. The mean monthly diurnal variation of wind, temperature, relative 

humidity, and latent and sensible heat fluxes are presented and discussed. 

The mean monthly diurnal variations in wind speeds at the eight selected locations are 

presented in Figure 6, and the corresponding wind directions are presented in Figure 7. A clear 
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diurnal variation in wind speed (mainly in summer and spring) is present at all locations. The 

nighttime winds over sea are stronger at S3 and S4 than at S1 and S2, and the daytime winds 

are stronger at all land locations. The winds are mostly northwesterlies at S1, S2, and S3 but are 

northerlies at S4. Significant directional changes are noticeable between months at the land 

locations; these are related to local effects on the wind flow patterns, such as land–sea 

temperature gradients and orography. 

The simulated mean hourly (diurnal) temperature variations at a height of 2 m (Figure 8) 

show that daytime air temperatures at the sea locations (S1, S2, S3, and S4) are around 20 °C 

during winter and fall below 5 °C during nighttime. In summer, the daytime air temperatures 

are above 30 °C and about 25 °C during nighttime. At the land locations, the summer mean 

hourly temperatures are above 40 °C and the nighttime temperatures are around 20 °C. The 

diurnal variations at the land locations are more pronounced than at the sea locations. The 

changes in temperature between the land and sea can significantly modulate the wind patterns 

over this region, as seen in the analysis of the winds. The mean diurnal variations of relative 

humidity (%) for each month (Figure 9) are largely associated with the orography and land–sea 

temperature gradient, which varies in different months. The sea locations show little difference 

in humidity values during the day. In contrast, the land locations show lower humidity in the 

morning hours. The diurnal variations of humidity significantly change between seasons and 

between land and sea locations. 

The mean diurnal variations in latent and sensible heat fluxes for each month 

(Supplemental Material Figures S4 and S5) at the selected locations are largely associated with 

the monthly temperature variations. The sea locations show higher latent heat flux (Figure S4) 
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values during daytime, indicating the temperature increase with the rising of the sun, which in 

turn increases evaporation and the associated release of latent heat. The magnitudes of the 

latent heat flux variations over the sea are also much (one order of magnitude) stronger than at 

the land locations, and significantly change between the months and seasons. In contrast, the 

land locations exhibit a clear diurnal cycle in all months, with the maximum values occurring 

around noon. Although the magnitudes of latent heat flux at the land locations are weaker, 

seasonal variations are still noticeable at those locations. Similarly, the diurnal variations in 

sensible heat flux (Figure S5) at the sea/land locations exhibits higher/lower values during 

evening/noon hours, with distinct diurnal cycles. The magnitudes of sensible heat flux at the 

land locations are (one order of magnitude) larger than at the sea locations in all months except 

winter. 

4.2 Air quality in NEOM from HYSPLIT dispersion model 

The spatial distributions of ambient air pollution show (Figures 10 to 12) the highest 

concentrations in the Duba region in all seasons, with noticeable seasonal variations. The NOx, 

SO2, CO, VOC, and PM concentrations are higher during spring and winter, because of lower 

boundary layer heights during these seasons. The distributions of the maximum concentration 

of CO and VOC averaged over the entire year show significant seasonal and spatial variations, 

with their highest concentrations in the Red Sea coastal regions. The maximum concentrations 

of other pollutants NOx, SO2, and PM, exhibit weak spatial and seasonal variations. The analysis 

of the atmospheric conditions in the previous section suggests that the northern Red sea is 

subject to northwesterly winds among most of the months and significant directional changes 

in diurnal winds are noticed. These northwest winds are likely contributing to higher air-
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pollution concentrations over the southern NEOM region, i.e. Duba and adjoin areas. The 

predicted NOx and SO2 concentrations that are greater than 40 µg/m3 and 25 µg/m3, 

respectively, persist for about three hours and occur two to three times per season. The 

predicted CO and VOC concentrations that are greater than 10 µg/m3 and 0.05 µg/m3, 

respectively, last for less than three hours and occur about two to three times in spring and 

winter. A PM concentration greater than 4 µg/m
3
 persists for about two hours, and occurs less 

than three times per season. The maximum values are mainly concentrated at the emitting 

source locations near the Duba region.  

At all five locations, the average concentrations of the different pollutants over the 

study period, and the maximum concentrations and number of their exceedances at different 

numbers (1 and 24) of hours, along with the recommended standards, are reported in Table 2. 

In summary, and despite the relatively high values that are predicted to occur not-frequently, 

the ambient air pollutant concentrations in the study region remain within the air quality 

standards recommended by GAMEP and the Royal Commission (Table 2). The dominant 

northwesterly winds flash out the pollutants from the NEOM region, and which may 

concentrate the pollutants, if any, in the southern regions. It is important to note that these 

simulations were performed based on the estimated emissions from the eleven major industrial 

sources, without considering any background emissions (such as dust and vehicle pollution), 

and the actual emissions may be greater than those predicted here. 

5. Summary and conclusions 
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NEOM is a prestigious project of the Kingdom of Saudi Arabia to build a planned megacity along 

the northern Red Sea coast, bordering Jordan and Egypt. This study conducted a detailed air 

quality assessment for the NEOM region, using specially collected air quality observations and 

dispersion modeling. The HYSPLIT model was used to assess the dispersion of different 

pollutants. High-resolution meteorological data, generated at 600-m resolution by downscaling 

the NCEP Global Forecasting System analysis using the WRF model, and the AP-42 emissions 

inventory were respectively used to force and initialize HYSPLIT. Three-year meteorological and 

air quality data from the state-of-the-art WRF–HYSPLIT model were generated and analyze to 

assess the spatial and temporal distributions of the concentration of air pollutants in NEOM. 

The validated atmospheric model outputs were used to analyze the atmospheric conditions, 

and associated circulation patterns, that are important for the dispersion of pollutants in the 

NEOM region. 

 The observed air quality during the monitoring program within the project area was very 

good, with very low concentrations of H2S and SO2, and NO2 concentrations well within the air 

quality standards. Elevated levels of ozone were recorded, but these appear to originate from 

sources outside of the project boundary, likely from the Red Sea. The high concentrations of 

particulate matter are caused by natural sources, including occasional dust storms, rather than 

industrial sources. The diurnal variations of temperatures over land and sea result in changes in 

wind direction, generating land and sea breezes which play a major role in the air quality in 

NEOM. 

 The mean monthly diurnal variation of wind, temperature, relative humidity, and latent 

and sensible heat fluxes were computed and discussed. The diurnal variations of temperature 
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at the land locations are more pronounced than at the sea locations. Differential heating 

between land and sea causes strong land and sea breezes and are responsible for the diurnal 

changes in dispersion and distribution of pollutants in the NEOM region. Higher air pollutant 

concentrations with lower boundary layer heights in Spring and Winter are seen in the mean 

seasonal spatial distributions. 

The predicted air pollutant concentrations are well within the national air quality 

standards recommended by GAMEP and the Royal Commission. Maximum concentrations of 

NOx (~40 µg/m
3
), SO2 (~25 µg/m

3
), CO (~10 µg/m

3
), VOC (~0.05 µg/m

3
), and PM (~4 µg/m

3
) are 

noticed in the Duba region, which is located about 300 km south of NEOM in the three years 

2016–2018. These higher concentrations are mainly due to the northwest winds from north of 

Duba. This clearly suggests that the air quality in NEOM is good and pollution is well within 

the recommended standards. It should be noted that the background emissions (such as dust 

and vehicle pollution) were not considered as such data are not available for this region and 

only the estimated emissions originating from eleven major industrial sources were considered. 

This study assessed the state of the air quality in the NEOM region for the environmental 

impact assessment and planning in the region. 
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Table 1. Observed concentrations (ppb) of different pollutants from the field campaign.  

Pollutant                               Duba Albad Almuway Sharma Gayal GAMEP Standard  RC Standard 

 
 
Sulphur 
Dioxide 
(SO2) 

Annual average concentration 2.1 0.5 0.6 0.9 0.4 30 30 
No. of Exceedance of annual standard  None None None None None None None 

1-hour maximum concentration 55.4 1.9 8.6 5.8 3 280 280 
No. of Exceedance of 1-hour standard None None None None None 2 times per year Twice in 30 days 
24-hour maximum concentration 6.9 0.9 1.0 2.6 1.1 140 140 
No. of Exceedance of 24-hour standard None None None None None Once per year Once per year 

 
Hydrogen 
Sulphide 
(H2S) 

Annual average concentration 0.4 0.2 0.5 0.4 0.2 30  
No. of Exceedance of annual standard  None None None None None None  
1-hour maximum concentration 1.3 1.1 1.2 2.9 0.9  140 
No. of Exceedance of 1-hour standard None None None None None  Once per year 
24-hour maximum concentration 0.8 0.7 0.8 2.6 0.4 100 30 
No. of Exceedance of 24-hour standard None None None None None 10 times per year Once per year 

 
Carbon 
Monoxide 
(CO) 

Annual average concentration 0.1 0.1 0.1 0.1 0.1   
1-hour maximum concentration 0.7 0.3 0.4 0.8 0.5 32 35 
No. of Exceedance of 1-hour standard None None None None None None Twice in 30 days 
8-hour maximum concentration 0.3 0.2 0.2 0.5 0.3 8.1 9 
No. of Exceedance of 8-hour standard None None None None None None Twice in 30days 

Oxides of 
Nitrogen  

Annual average concentration 8.5 0.9 5.1 9.1 2.6   
1-hour maximum concentration 83.2 8.1 46.1 131.9 26.3   

 
Nitrogen 
Dioxide 
(NO2)  

Annual average concentration 6.8 0.7 4.2 7.2 2.2 50 50 
No. of Exceedance of annual standard None None None None None None None 
1-hour maximum concentration 44.5 7.8 38.5 56.9 22.3 350 350 
No. of Exceedance of 1-hour standard None None None None None Twice in 30 days Twice in 30 days 

 
 
Ozone 
(O3) 

Annual average concentration 37.8 46.2 36.6 39.9 42.9   
1-hour maximum concentration 68.0 61.3 80.0 88.9 88.9 120 120 
No. of Exceedance of 1-hour standard None None None None None Twice in 30 days Twice in 30 days 
8-hour maximum concentration 59.8 59.9 66.5 78.8 80.4 80 75 
No. of Exceedance of 8-hour standard None None None None 1 Twice in a week Maximum 8hr/day 

 
Particulat
e matter 
(PM10) * 

Annual average concentration 50.0 101.0 78.5 141.2 85.6 80 80 
No. of Exceedance of 1-hour standard None Excess None Excess Excess None None 
1-hour maximum concentration 252.3 1098 795.5 7366.1 748.2   
24-hour maximum concentration 81.1 453.7 287.9 642.8 203.9 340 150 
No. of Exceedance of 24-hour standard None 1 None 1 None 24 times per year None 

 
Particulat
e matter 
(PM2.5) * 

Annual average concentration 16 21.9 18.7 29.5 21.5 15 15 
No. of Exceedance of 1-hour standard Exces Excess Excess Excess Excess None None 
1-hour maximum concentration 52.7 154.2 116.5 790.8 80.8   
24-hour maximum concentration 21.2 78.1 41.8 84.7 42.3 35 35 
No. of Exceedance of 24-hour standard None 2 2 27 4 24 times per year None 

*Note that the units of PM10 and PM2.5 are in (µg/m
3
) 
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Table 2. Results of different pollutants from the HYSPLIT predicted concentrations (µg/m3). Note that 

the data used from 1 January, 2016 to 31 December, 2018. 

Pollutant                               Duba Albad Almuway Sharma Gayal GAMEP Standard RC standard 

 
Sulphur 
Dioxide 
(SO2) 

Annual average concentration 2.477 0.168 0.048 0.722 1.170 80 80 
No. of Exceedance of annual standard  None None None None None None None 
1-hour maximum concentration 41.759 11.767 3.376 20.399 104.251 730 730 
No. of Exceedance of 1-hour standard None None None None None Twice per year Twice in 30 days 
24-hour maximum concentration 12.395 1.256 0.536 4.733 8.332 365 365 
No. of Exceedance of 24-hour standard None None None None None Once per year Once per year 

Oxides of 
Nitrogen 
(NOx) 

Annual average concentration 8.143 0.100 0.057 0.586 0.156   
No. of Exceedance of annual standard  None None None None None   
1-hour maximum concentration 64.930 3.403 6.295 29.298 6.383   

 
Carbon 
Monoxide 
(CO) 

Annual average concentration 0.794 0.022 0.003 0.160 0.064   
1-hour maximum concentration 16.204 7.242 0.333 23.509 28.356 40,000 40,000 
No. of Exceedance of 1-hour standard None None None None None None Twice in 30 days 
8-hour maximum concentration 4.469 0.322 0.041 1.212 1.034 10,000 10,000 
No. of Exceedance of 8-hour standard None None None None None None Twice in 30days 

 
Total 
Particulate 
Matter 

Annual average concentration 0.456 0.006 0.003 0.044 0.012   
No. of Exceedance of annual standard  None None None None None 80 50 
1-hour maximum concentration 7.109 0.474 0.588 2.633 1.090   
24-hour maximum concentration 2.223 0.052 0.042 0.317 0.088 340 150 
No. of Exceedance of 24-hour standard None None None None None 24 times per year None 

Volatile 
Organic 
Compounds 
(VOC) 

Annual average concentration 0.004 0.001 0.001 0.002 0.001   
1-hour maximum concentration 0.131 0.028 0.010 0.135 0.379   
No. of Exceedance of 1-hour standard None None None None None   
24-hour maximum concentration 0.016 0.002 0.001 0.017 0.008   
No. of Exceedance of 24-hour standard None None None None None   
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Figure 1. The study region NEOM for the air-quality assessment. Red color circles indicate the locations collected the observations of 

different pollutants and meteorological conditions. L1 (S1), L2 (S2), L3 (S3), and L4 (S4) are the locations chosen over land (sea) for 

the analysis of the WRF-HYSPLIT model results.  
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Figure 2. Observed mean daily concentrations of different pollutants at Sharma, Gayal, Al Bad, Almuwaylih, and Duba. 
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Figure 3. Observed mean diurnal variation in the concentrations of different pollutants at Sharma, Gayal, Al Bad, Almuwaylih, and 

Duba. 
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Figure 4. Observed meteorological conditions at the locations of the observed pollutants. (a) wind speed (m/sec); (b) wind direction 

(degrees); and (c) temperature (
0
C).  
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Figure 5. Mean diurnal variations of observed meteorological conditions at the locations of the observed pollutants. (a) wind speed 

(m/sec); (b) wind direction (degrees); and (c) temperature (
0
C). 
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Figure 6. Model simulated monthly mean diurnal variations of wind speed (m/sec) over eight different locations. L1, L2, L3, and L4 

are located over land and S1, S2, S3, and S4 are located over sea.  
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Figure 7. Model simulated monthly mean diurnal variations of wind direction (degrees) over eight different locations. L1, L2, L3, and 

L4 are located over land and S1, S2, S3, and S4 are located over sea.  
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Figure 8. Model simulated monthly mean diurnal variations of temperature at 2m (
o
C) over eight different locations. L1, L2, L3, and 

L4 are located over land and S1, S2, S3, and S4 are located over sea.  
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Figure 9. Model simulated monthly mean diurnal variations of relative humidity (%) at 2m height over eight different locations. L1, 

L2, L3, and L4 are located over land and S1, S2, S3, and S4 are located over sea.  
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Figure 10: Spatial distribution of the mean NOX concentrations (µg/m

3) for different seasons over NEOM as simulated by HYSPLIT during 
Winter, Autumn, Summer, and Spring. 
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Figure 11: Spatial distribution of the mean SO2 concentrations (µg/m

3) for different seasons over NEOM as simulated by HYSPLIT during 
Winter, Autumn, Summer, and Spring. 
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Figure 12: Spatial distribution of the mean CO concentrations (µg/m

3) for different seasons over NEOM as simulated by HYSPLIT during 
Winter, Autumn, Summer, and Spring.  
 

 



Highlights: 

• For the first time, the air-quality assessment reported over NEOM, Kingdom of Saudi 

Arabia.  

• Observations collected over four-month period, and WRF-HYSPLIT model datasets are 

used to understand the air-quality. 

• The spatial and temporal distributions of air-quality and their mean patterns at different 

time scales are reported. 

• We report that the air-quality over NEOM are much lower than the recommended levels.  
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