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Methane (CH4) is a potent greenhouse gas with an important contribution to global warming. While national and international efforts have been put in place to reduce methane emissions, little is known about its variability, especially in hotspot regions where natural and anthropogenic emissions are compounded. In this study, the current state of CH4 concentrations and their trends over the United Arab Emirates (UAE) and surrounding region are investigated with satellite and reanalysis data. CH4 concentrations have increased over the last 5 years, with a trend in the satellite-derived column values (XCH4) of about 9 ppb/year. A clear annual cycle is detected in XCH4, with an amplitude of up to 75 ppb and peak values in the warmer months. The largest concentrations are found in coastal sites, where sabkhas and landfills are present, and along the Al Hajar mountains, where agricultural activities and microhabitats that may host CH4-producing microbes occur and where advection by the background flow is likely an important contributor. The reanalysis data shows a good agreement with the satellite-derived estimates in terms of the spatial pattern, but the magnitudes are smaller by up to 50 ppb, due to deficiencies in the data assimilated. Surface CH4 concentrations in the reanalysis data account for more than 50% of the corresponding XCH4 values, and exhibit a seasonal cycle with the opposite phase due to uncertainties in the emissions inventory. Our findings provide an overview of the state of CH4 concentration in the UAE and surrounding region, and may aid local authorities to propose the appropriate emission reduction strategies in order to meet the proposed net-zero greenhouse gas emission target by 2050. This study highlights the need for the establishment in the Arabian Peninsula region of a ground-based observational network for greenhouse gas concentrations which is still lacking to date.
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HIGHLIGHTS

➢ Variability of methane concentration in the eastern Arabian Peninsula over 2018–2021 is analyzed with satellite-derived and reanalysis data.
➢ Satellite data shows a trend of 9 ppb/year, 50% larger than that estimated elsewhere, consistent with the region being a methane hotspot.
➢ Largest column methane concentrations in coastal sites, due to the presence of sabkhas and landfills, and at the Al Hajar mountains.
1 INTRODUCTION
Methane (CH4) is a potent greenhouse gas, absorbing roughly 80 times more energy over a 20-year period compared to the same mass of carbon dioxide (CO2) (Forster et al., 2021). It has an atmospheric residence time of about 10 years (Prather et al., 2012) and hence has an important short-term effect on the atmospheric warming potential in comparison to CO2, which is longer-lived but has a lower radiative efficiency (i.e., reduced ability to absorb energy). The global mean methane concentration has increased since 2007 (Rigby et al., 2008; Zou et al., 2019), as evident in both surface observations (Houweling et al., 2014; Dalsoren et al., 2016) and remote sensing data collected by the instruments onboard the Greenhouse Gases Observing Satellite (GOSAT; Butz et al., 2010; Yokota et al., 2009; Zhang et al., 2021) and the Environmental Satellite (EnviSat; Houweling et al., 2014; Schneising et al., 2009). Global mean concentrations are currently around 1900 parts per billion (ppb; Dlugokencky, 2022a), and have increased by as much as 13 ppb/year in the past 15 years (Feng et al., 2022). Currently, methane is estimated to contribute to an increase of 0.5°C in the global mean temperature (IPCC, 2021), with a 30% reduction in global CH4 emissions predicted to lower the expected rise in global mean temperature by 2050 by around 0.12°C or a third of the expected rise in the global mean temperature (Meinshausen et al., 2022) Given its short residence time, lower CH4 levels will have a relatively rapid impact on rising temperatures, in particular in comparison to CO2 and nitrogen oxides (NOX) that have residence times of about 200 and 100 years, respectively (IPCC, 2021).
The mechanisms driving the increase in atmospheric methane concentration are a topic for debate (c.f. Jackson et al., 2020; Lan et al., 2021; Lauvaux et al., 2022; Turner et al., 2019). There are both natural (e.g., wetlands and sabkhas) and anthropogenic (e.g., agriculture, industry and energy activities) sources of CH4 (Schaefer, 2019). Microbes in wetlands release methane as a natural process. The emission rate is linked to their respiration rate, which increases as the climate warms and atmospheric CO2 becomes more abundant (Spahni et al., 2011; Nisbet et al., 2016; Nisbet et al., 2019; Lan et al., 2021; Nisbet et al., 2022). Sabkhas, which are coastal, supratidal (i.e., seawater only penetrates during storms with high tides) mudflats or sandflats that form in semi-arid or arid regions as a result of strong surface evaporation (Bebout et al., 2004; Kelley et al., 2012; Tazaz et al., 2013; McKay et al., 2016), are important methane emitters. The hypersaline layer sits on top of the freshwater layers below, with the salt crust shielding the microbes from the extreme conditions outside, allowing for the emission of CH4 with instantaneous concentrations as high as 3,400 ppm (McKay et al., 2016).
Agriculture, in particular domestic livestock, also contributes to increases in CH4 emissions especially in the tropics where forests are being rapidly replaced with rangelands (Nisbet et al., 2016). While some analysts argue that this is the major source of increased emissions since 2007 (Nisbet et al., 2016; Nisbet et al., 2019; Lan et al., 2021; Nisbet et al., 2022), evidence also suggests that the increase in global atmospheric methane concentration is linked to emissions from the oil and gas industry, as methane is the primary component of natural gas (Worden et al., 2017; Howarth, 2019; McIntosh et al., 2019; de Gouw et al., 2020; Hmiel et al., 2020; Saunois et al., 2020; Scarpelli et al., 2020). Emissions from oil and gas facilities are often unplanned and related to leaks during daily operations or sporadic accidental releases (Alvarez et al., 2018; Pignal et al., 2020). These unplanned emissions, however, can be abated in the short-term, slowing the increase in atmospheric methane concentrations and atmospheric warming. Landfills, which comprise solid waste, emit CH4 through anaerobic decay (i.e., in an oxygen-deprived environment) of organic material (Maasakkers et al., 2022). In the Middle East landfills are the main way of disposing municipal solid waste, and with an increasing population, they play an important role in CH4 emissions in the near future (Elmi et al., 2021). In Bahrain and Saudi Arabia there has been an increase not just in municipal landfill generation, but also in the amount of CH4 emitted by these landfills (Ouda et al., 2016; Coskuner et al., 2020), with the emissions continuing for decades after a landfill is closed (Al-Yaqout and Hamoda, 2020). Although CH4 has a lower dispersion rate than CO2, model simulations in Kuwait City suggest it can reach distances of up to 25 km from the landfill site, depending on the atmospheric conditions (Elmi et al., 2021). The study of Maasakkers et al. (2022), which makes use of satellite data and considers landfills in Argentina, Pakistan and India, reveals that CH4 can be detected even further away from the source, therefore presenting a health risk to individuals living in the area. The role of advection on the CH4 concentration has been highlighted by Metya et al. (2022), which reported on in-situ measurements collected at an urban site in western India from March 2018 to December 2020. The authors found a minimum in the CH4 concentration in the summer season, when clean air originating from the Southern Hemisphere was transported to the site, while continental air masses in the post-monsoon and winter seasons led to higher CH4 values, as also noted by Sreenivas et al. (2016). In general, high CH4 events co-occurred with air coming from the Indian landmass, while low CH4 values were associated with an air mass coming from southern India and the Arabian Sea.
The aforementioned methane sources (namely, landfills, wetlands, sabkhas and agricultural and energy activities) are spatially confined. Satellite detection has therefore been hindered by the small-scale nature of CH4 emissions, as plumes can only be identified if much larger than the background values. However, the recent deployment of higher spatial and temporal resolution satellite products is making it possible to detect them (Lorente et al., 2021). Satellites such as GOSAT, EnviSat and the Sentinel-5 Precursor (Sentinel-5P; Landgraf et al., 2022) carry instruments that allow for a global monitoring of CH4 emissions. Their products, however, have different spatial and temporal resolutions: GOSAT, launched on 23 January 2009 and still operating, methane data are available at ∼10.5 km resolution with a global coverage achieved in 3 days; EnviSat data has a horizontal and vertical resolution of 30 km and 3 km, respectively, with the satellite orbiting the Earth in about 100 min and with measurements available from July 2002 to April 2012; CH4 data collected by the Sentinel-5P are available at least on a 7 km × 7 km grid and on a daily basis since 01 July 2021. Landfill emissions have to be considered as well, and statistical techniques have been proposed to quantify them (Ishigaki et al., 2005; Kormi et al., 2017). The same is true for emissions from wetlands and sabkhas (Fiedler and Sommer, 2000; Duan et al., 2005; Lovelock and Duarte, 2019).
Despite the studies listed above, a regional assessment of the CH4 concentration in the Arabian Peninsula is yet to be conducted. What is more, over 100 countries, including the United Arab Emirates (UAE), have signed a pledge to reduce global methane emissions by at least 30% from 2020 levels by 2030 at the United Nations Climate Change Conference-26 (COP26) in 2021 (GMP, 2022), with the UAE further announcing a drive to achieve net-zero greenhouse gas emissions by 2050 (Ibrahim et al., 2022). As a result, there is a need to accurately assess and monitor the CH4 concentration as a first step to develop and subsequently implement emission-reduction strategies (Ganesan et al., 2019). This is crucial for the Arabian Peninsula, which is a methane hotspot in global maps (Stavert et al., 2021). The objective of this study is to perform an analysis of CH4 concentrations over the UAE and surrounding region based on global datasets of methane concentration, which can later be used to develop mitigation strategies.
The paper is structured as follows: the methods and datasets used are described in Section 2. A brief summary of the methane sources in the UAE is provided in Section 3, while a discussion of the annual variability in CH4 concentration is given in Section 4. In Section 5 the focus is on its trends over 2004–2021, while an overview of the seasonality of the methane concentration is presented in Section 6. Closing remarks and conclusions are outlined in Section 7.
2 DATASETS AND METHODOLOGY
2.1 Observational datasets
The TROPOspheric Monitoring Instrument (TROPOMI; Veefkind et al., 2012) on board the Sentinel-5P satellite is used to characterize total column methane concentration (XCH4; X refers to total column). TROPOMI has a wide swath of 2,600 km and a horizontal pixel resolution of 7 × 5.5 km. The ascending limb of the orbit crosses the equator at 13h30 local time (LT) every day, meaning that detection at the center of the swath is 6 min later. Over the study region, the detection timing is a function of the swath position (instrument viewing angle), which can be over ±1 h with respect to 13 h 36 LT (i.e., as early as 12 LT and as late as 15 LT).
Methane detection is based on the absorption of solar light and is measured at different wavelengths including the short-wave infrared (SWIR) channel at a wavelength of 2.3 µm (Hu et al., 2018) considered here. The principle of methane detection is based on the difference in absorption and reflectance of the atmosphere in the SWIR channel. The RemoTec full physics algorithm is used to detect methane from TROPOMI measurements (Hasekamp et al., 2019; Lorente et al., 2021). The algorithm takes into account measurement of reflectance in the SWIR and concurrent atmospheric scattering properties to calculate the methane retrieval. The albedo of the land surface, which is derived from Tilstra et al. (2017), is required to remove this component from the reflected measurements. Cloud identification is done using the Visible and Infrared Imager Radiometer Suite (VIIRS; Wolfe et al., 2013) cloud product at 750 m spatial resolution (Veefkind et al., 2012), as cloudy pixels are not retrieved in the standard operational processor. VIIRS and Sentinel-5P were designed to complement each other and are in the same orbit, with VIIRS preceding Sentinel-5P by about 5 min (Apituley et al., 2021).
Level-2 data, available at the Copernicus Open Access Hub (COAH, 2022), was downloaded over the period 01 May 2018 to 21 September 2021 over the UAE and surrounding region (21.76–26.25 N; 49.66–57.11 E). This data gives the total column mixing concentration, which is reported as XCH4 ppb. The bias-corrected methane mixing ratio was used in the analysis as recommended in the user guide (Apituley et al., 2021). This data set has an average bias of −3.4 ppb over the period December 2018—December 2019, which is less than 1% of its absolute magnitude, when evaluated against observations from the Total Carbon Column Observing Network (TCCON; Wunch et al., 2011) network (Apituley et al., 2021). The TROPOMI data was re-gridded from its coarser 7 × 5.5 km resolution onto a regular 1 × 1 km grid to allow for easier processing of annual and seasonal mean methane concentrations. This is required as TROPOMI data is not on a regular grid, in fact the pixel size changes in both the across-track and along-track directions, and hence pixels from overlapping overpasses do not align. To re-grid the data, thiessen polygons were created around each pixel. A thiessen polygon uses the halfway point between two pixels as the border of a grid cell. The value of each pixel is assigned to the polygon that it is located within. These polygons are then converted to a 1 × 1 km regular grid, allowing for co-located pixels from multiple overpasses. There is no specific reason for selecting a resolution of 1 km, other than that it is practically feasible and some information is lost when averaging to a coarser resolution. The mean maps are then constructed from the 1 km re-gridded overpasses. TROPOMI’s high spatial resolution means it can be used to detect leakages e.g., from coal mining activities (Peng et al., 2023).
It is important to note that, despite the processing described above, there could still be biases in the TROPOMI estimates in particular in areas of complex albedo patterns and topography that are not accounted for. However, the goal of this work is not to validate the TROPOMI estimates over the UAE but to use them to gain insight into the spatial and temporal distribution and variability of the CH4 concentration in the country, acknowledging they likely still have biases. In addition, TROPOMI’s low temporal frequency (at best available once daily) precludes it from being used to isolate the contribution of the sources from the background flow, with the focus being on the total concentrations.
In addition to satellite-derived observations, globally-averaged, monthly-mean atmospheric CH4 concentrations averaged over marine sites maintained by the National Oceanic and Atmospheric Administration (NOAA; Dlugokencky et al., 2022a) are used for comparison with the UAE-averaged values. These global monthly means are generated following Masarie and Tans (1995) from the measurements collected at the 36 fixed sites from 90 S to 82 N given in Supplementary Figure S1, and ship observations in the Pacific Ocean between 45 N and 35 S (Dlugokencky et al., 1994). Such a comparison will highlight how different the magnitudes and trends in a methane hotspot region are with respect to those estimated at mostly remote and largely undisturbed areas.
Anthropogenic CH4 emissions for the UAE are extracted from the Emissions Database for Global Atmospheric Research (EDGAR) version 7.0 (EDGARv7; European Commission, 2023; Crippa et al., 2021; Crippa et al., 2022). These include the total emissions as well as the emissions from different sources ranging from the energy sector to the transport sector and waste treatment, from which the respective relative contribution can be estimated.
2.2 Reanalysis data
The Copernicus Atmosphere Monitoring Service (CAMS; Inness et al., 2019) is an integrated model forecast system which assimilates satellite data and emissions inventories to provide a coupled model simulation of atmospheric composition. For the analysis in this study, the CAMS global greenhouse gas reanalysis (EGG4; ECMWF, 2022) was used. Anthropogenic emissions of methane are sourced from EDGAR v4.2FT 2010 (Janseens-Maenhout et al., 2014; Muntean et al., 2018; European Commission, 2022), while natural emissions from wetlands are sourced from the Lund-Potsdam-Jena dynamic global vegetation model with Wetland Hydrology and Methane (LPJ-WHyMe; Spahni et al., 2011). The LPJ-WHyMe model has a seasonal cycle in emissions, with peak values occurring during the Northern-Hemisphere summer months of July and August (Spahni et al., 2011). Satellite data of total column mixing ratio is sourced from the Infrared Atmospheric Sounding Interferometer (IASI; Blumstein et al., 2004; de Wachter et al., 2017; Razavi et al., 2009) instrument on board Metop-B from 2011 until 2020 in the CAMS EGG4 dataset (ECMWF, 2022). It is worth mentioning that Metop-B has an equator crossing time of 09 h 30 LT on the descending limb of the orbit.
CAMS EGG4 data has a spatial resolution of 0.75⁰ × 0.75⁰ and a temporal resolution of 3 h starting at 00 UTC. The total column mixing ratio data was downloaded for the years 2018–2020 from the available years of 2003–2020. The time stamp 09 UTC (13 LT) was used in the analysis as it is the closest time to the TROPOMI overpass. The coarse CAMS EGG4 data was bilinearly interpolated to the same resolution as the TROPOMI data (1 km × 1 km) for the spatial plots presented in this manuscript. It is important to note that the TROPOMI data used in this study were not assimilated in CAMS. The bilinear interpolation works as follows. Let’s assume we know the methane concentration at four points (x1,y1), (x1,y2), (x2,y1), and (x2,y2) with x2 > x1 and y2 > y1 and would like to know the concentration at (x,y), denoted as [image: image], with x1 < x < x2 and y1 < y < y2. First we perform a linear interpolation in the x-direction
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with [image: image] then given by
[image: image]
As CH4 emissions are linked to changes in meteorological fields such as the temperature, relative humidity and precipitation (e.g., Javadinejad et al., 2019; Peacock et al., 2021), ERA-5 reanalysis data (Hersbach et al., 2020) are analyzed over the eastern Arabian Peninsula. ERA-5 is available every hour on a 0.25° × 0.25° grid (∼27 km) from 1950 to present. It is selected as its spatial and temporal resolutions are higher than those of other reanalysis datasets (e.g., Francis et al., 2021), and is found to compare well with in-situ observations in the region (e.g., Al Senafi et al., 2019; Arshad et al., 2021; Fonseca et al., 2022). In order to explore the effects of advection on the methane concentration, the XCH4 fluxes, obtained by multiplying TROPOMI’s XCH4 by ERA-5’s 10-m wind vectors following Li et al. (2023), are estimated for each season. First, and for each TROPOMI overpass, the median of the XCH4 values in the reanalysis 0.25° × 0.25° grid is computed and subsequently multiplied by the 10-m wind vector. The process is subsequently repeated for all overpasses in a given season and the seasonal average is extracted. The ERA-5 winds used depend on the timing of the overpass: if it took place before minute 15 of hour X, the winds at hour X are used; if it occurred after minute 45, the winds at hour X + 1 are considered, whereas in between the average winds at hours X and X + 1 are employed.
3 METHANE EMISSIONS IN THE UAE
The UAE is located in the eastern Arabian Peninsula, bounded by Saudi Arabia to the south and southwest, Oman to the southeast, the Arabian Gulf along its northwestern coastline and the Sea of Oman along its eastern coastline (Figure 1A). The country is relatively flat except for the Al Hajar mountains located in the northeastern part, with the highest peak (Jebel Jais) reaching around 1,700 m above ground level. The UAE features an arid climate, with air temperatures generally in the range 15-20°C in winter to 30–40°C in the summer (Nelli et al., 2020; Nelli et al., 2022), Figure 2A, and annual precipitation amounts ranging from around 30 mm in the inland (Rub’ Al Khali or the Empty Quarter) desert to 120 mm at the Al Hajar mountains (Temimi et al., 2020), Figure 2B The vast majority of the precipitation falls in the cold months from December to March in association with mid-latitude weather disturbances (Wehbe et al., 2017; Wehbe et al. 2018; Wehbe et al. 2020). Summertime rainfall, although less common, does occur, and is more frequent on the eastern side along the Al Hajar mountains, Figure 2B Here, convection develops due to the interaction of the sea-breeze and topography-driven flows with the cyclonic circulation associated with the thermal/heat low, occasionally aided by the presence of a mid-level trough (Branch et al., 2020; Francis et al., 2021; Fonseca et al., 2022). The prevailing wind flow is from the northwest, with typical speeds of 1–3 m s−1 (Naizghi and Ouarda, 2017; Nelli et al., 2022), Figure 2A, and with a marked sea-breeze circulation on a daily scale (Eager et al., 2008; Weston et al., 2021). The moist air arriving in the UAE comes primarily from the Arabian Gulf, Figure 2A However, and in particular in the colder months, the Red Sea, Arabian Sea and Mediterranean Sea are also important moisture sources for the eastern Arabian Peninsula (Massoud et al., 2020; Nelli et al., 2021; Fonseca et al., 2023).
[image: Figure 1]FIGURE 1 | (A) Topography (m) of the UAE at 30 m resolution from a Digital Elevation Model (Hulley et al., 2015). The hatched regions denote the approximate location of the sabkhas, following Qureshi and Ismail (2017). The three major cities, namely, Abu Dhabi, Dubai and Al Ain, are highlighted with a star, and the Al Hajar mountains are labelled. The inset shows the Middle East and highlights the location of the UAE and surrounding countries and water bodies. (B) UAE CH4 emissions (kt) as given by the EDGARv7 dataset. The black line gives the total annual emissions for 2000–2021, with the colour lines showing the three largest contributors: oil and natural gas in red; solid waste disposal in green; wastewater treatment and discharge in blue.
[image: Figure 2]FIGURE 2 | (A) Winter (December to February, DJF; left) and summer (June to August, JJA, right) air temperature (ºC; shading), relative humidity (blue solid contours, every 10%) and integrated vapour transport (kg m−1 s−1; vectors) averaged over 2018–2021 from ERA-5. (B) is as (A) but with the shading giving the seasonal-mean precipitation rate (mm day−1), the red solid contours giving the 10-m wind speed (m s−1) and the arrows giving the 10-m horizontal wind vectors (m s−1).
Figure 1B shows the total CH4 emissions, and its three largest contributors, in the UAE for 2000–2021 as given by the EDGARv7 dataset (European Commission, 2023). There has been an increase from ∼1,200 kt in 2000 to ∼1800 kt in 2016, with the values remaining roughly constant in the last 6 years, hovering around 1,600–1800 kt. More than 95% of the emissions come from the oil and natural gas sector, which by itself accounts for 80%–90%, solid waste disposal and wastewater treatment and discharge. At an urban site in western India, Metya et al. (2022) found that the natural gas and waste sectors were the major methane sources in the region. Regarding the emissions from the energy sector, the Abu Dhabi National Oil Company (ADNOC) in the UAE has reduced natural gas flaring, a major source of NOX and CH4 emissions (Calel and Mahdavi, 2020; Ialongo et al., 2021), by about 78% from 1995 to 2010. When combined with more efficient extraction techniques, this has led to a roughly 20% reduction in greenhouse gas emissions associated with oil and gas activities in the Abu Dhabi Emirate from 2016 to 2018 (EAD, 2021), consistent with the drop seen in Figure 1B The increase in emissions from 2019 to 2020 reflects the increased oil production in the region as noted by Farahat (2022), while the subsequent drop from 2020 to 2021 is attributed to the slowdown that followed COVID-19. In addition, there has been an increase in agricultural cultivation and livestock (both dairy and meat) as well as fresh and salt water aquaculture in the country to achieve food security, which has also contributed to the rise in CH4 emissions in the country in particular in the last 5 years (EAD, 2021).
Regarding natural sources, coastal and man-made wetlands created to retain recycled treated sewage water (e.g., Al Wathba Wetlands, Abu Dhabi) and sabkhas are the major contributors in the UAE. Sabkhas are ubiquitous in the Middle East, including in the UAE (e.g., Bontognali et al., 2010; McKay et al., 2016), as highlighted in Figure 1B, meaning they may play a major role in the regional methane budget. In fact, the modeling work of Agarwal and Garg (2009) showed that mudflats and salt flats in India can emit up to 0.08 Tg (or 80 kt) of methane over a month, which is up to 80% of the total anthropogenic emissions for 2000–2021 assuming a constant CH4 emission during the year. This stresses that natural methane emissions in the region can be quite substantial, and have to be quantified. A separation of the contributions from natural and anthropogenic sources is not attempted in this study as it requires ground-based observations, medium- and high-resolution satellite data and perhaps additional measurements which are not available to date.
It is important to note that the focus of this work is on CH4 concentrations and not emissions. The two may be very different in particular in this region due to the high number of sources, including the many oil and gas platforms around the Arabian Gulf (Du et al., 2015). The latter may lead to methane being advected by the background flow towards coastal UAE and increasing the local concentrations here. As the vast majority of the oil and gas fields are located in the adjacent coastal waters (Breteler, 2014), CH4 emitted here can be transported into the country and detected by remote sensing assets. Hence, a one-on-one link between CH4 concentrations and emissions would be inaccurate. What is more, an investigation of the methane emissions would require an estimation of its background values so as to isolate the source concentration from the total value. This can only be achieved through the combination of a dense network of surface observations with measurements collected at high temporal frequency (at least once hourly) with medium- and high-resolution satellite data for background assessment over the entire atmospheric column, which is not available in the region. In fact, the ground-based CH4 concentration is currently not sampled in the UAE and surrounding region. Given this, the discussion in this work will be focused on CH4 total concentrations, as estimated by satellite-derived products and a state-of-the-art reanalysis dataset.
4 ANNUAL VARIABILITY OF METHANE CONCENTRATIONS
The mean annual XCH4 concentration for 2018–2021 from TROPOMI is presented in Figure 3. The number of TROPOMI observations per year is given in Supplementary Figure S2, varying from 200–280 over the vast majority of the domain in 2019, to less than 200 in 2018 and 2021. The range of XCH4 values is ∼100 ppb between 1860 and 1960 ppb, with a year-on-year increase from below 1900 ppb in 2018–2019 to an excess of 1900 ppb in 2020–2021. These XCH4 concentrations are comparable to those measured in-situ at an urban and suburban site in India (Sreenivas et al., 2016; Metya et al., 2022). Overall, the methane concentrations are largely unchanged from 2018 to 2019 (cf. Figures 3A, B), while the CH4 anthropogenic emissions rose steadily from 2018 to 2020 (Figure 1B), largely due to increased oil production in the region (Farahat, 2022). Figure 4B shows the difference in surface temperature and in the 10-m horizontal wind vectors between 2019 and 2018. In 2019 there was a weakening of the background northwesterly flow over the UAE and adjacent Arabian Gulf. This may have led to a reduced advection of the CH4 emitted by the several oil and gas platforms in the region (Bateni et al., 2022; Farahat, 2022) and by the major sources in coastal sites into the country, explaining the small changes in the XCH4 values. The role of advection in the spatial distribution of CH4 by both local mesoscale circulations at low-levels (Sreenivas et al., 2016; Elmi et al., 2021; Metya et al., 2022) and the background flow throughout the column (Ricaud et al., 2014) has been reported in the literature. The XCH4 seasonal fluxes (Supplementary Figure S3) indicate that advection likely plays the largest role over the Al Hajar mountains, where there is low-level convergence of the northwesterly flow from the Arabian Gulf with the easterly flow from the Sea of Oman, in particular in the warmer months. The pronounced increase in XCH4 concentration from 2020 to 2021, in particular in coastal regions, reflects i) the effects of the COVID-19 pandemic in 2020, when there were much reduced amounts of atmospheric pollutants in cities such as Abu Dhabi (Teixido et al., 2021; Francis et al., 2022), and ii) a marked rise in air temperatures (cf. Figures 4C, D), in line with the fact that, for the same biogeochemical state, CH4 emissions increase at higher temperatures (e.g., Javadinejad et al., 2019; Peacock et al., 2021).
[image: Figure 3]FIGURE 3 | Methane total column concentration (XCH4; ppb) from TROPOMI for the UAE and surrounding region for (A) 2018, (B) 2019, (C) 2020, and (D) 2021. The data is bounded between 22 and 27°N and the concentrations are truncated to 1850 and 1960 ppb, with white shading denoting missing data. The correspondent data density maps are given in Supplementary Figure S2.
[image: Figure 4]FIGURE 4 | (A) Surface temperature (shading; ºC) and 10-m horizontal wind vectors (arrows; m s−1) averaged over 2018. (B–D) are as (A) but for the differences between the annual means for 2019, 2020, and 2021, respectively, and that of 2018.
Regarding the spatial distribution, CH4 concentrations tend to be highest in coastal regions and along the slopes of the Al Hajar mountains, decreasing towards the inland desert. The peak concentration in coastal areas of Qatar, UAE and Oman are related to the presence of i) coastal wetlands, including sabkhas, mangroves, and seagrass (Bontognali et al., 2010; McKay et al., 2016; Rosentreter et al., 2018; Jeffrey et al., 2019a; Jeffrey et al., 2019b; Rosentreter et al., 2021), as evidenced by the location of the sabkhas in Figure 1A; ii) landfills, which also emit substantial amounts of CH4 (Maasakkers et al., 2022), and are typically adjacent to the urban areas (Elmi et al., 2021). The highest XCH4 values are concentrated in major coastal cities such as Doha and Abu Dhabi, where both coastal wetlands and landfills are present, and where NO2 emissions are also high (Valin et al., 2011). This is particularly the case in 2021 (Figure 3D), which was hotter compared to 2018–2020 (Figure 4), leading to higher CH4 concentrations (Al-Haj and Fulweiler, 2020; Elmi et al., 2021). Changes in land use and land cover, in particular cultivated areas, urbanization, aquaculture and domestic livestock may also play a role in the increased concentration from 2018 to 2021. The higher amounts of precipitation at the Al Hajar mountains (Wehbe et al., 2017; Wehbe et al., 2018; Francis et al., 2020; Wehbe et al., 2020), Figure 2B, leads to the formation of microhabitats at wadis (dry riverbeds), in particular along the south-facing slopes (El-Keblawy et al., 2016). These environments promote the emission of CH4, as microbes, which release CH4 through anaerobic respiration, can thrive there (Schulze-Makuch et al., 2021; Wang et al., 2021; Wang et al., 2022). The development of aquaculture farms and the Wadi Hatta Dam may be contributors in the Hatta area in the southern part of the mountain range (Tokhi et al., 2016; El Hoummaidi and Larabi, 2019). Advection may also play a role in the higher XCH4 amounts over the Al Hajar mountains, as indicated by the XCH4 fluxes (Supplementary Figure S3). It is important to note that the CH4 concentrations given in Figure 3 are column values whereas the CH4 emission processes discussed above are all surface-based. Some of the sources mentioned can emit very high amounts of CH4 e.g., sabkhas can contain CH4 in concentrations as high as 3.4 × 106 ppb (McKay et al., 2016), with Agarwal and Garg (2009) suggesting that mudflats and salt flats can emit up to 80 kt of CH4 in a month. These amounts are sufficiently high to impact the column CH4 values through vertical mixing in the daytime desert boundary layer that can extend beyond 3 km (Wang et al., 2016). Other mechanisms such as advection by the background flow may also play a role as stated before.
The mean XCH4 concentration per year from CAMS is presented in Figure 5. The range in mixing ratio is narrower than that of TROPOMI at about 30 ppb between 1860 and 1890 ppb. In general, there is a year-on-year increase in XCH4 mixing ratio from 2018 to 2020 with a decreasing gradient in concentration from north to south, as in the TROPOMI maps (cf. Figure 3). The hot spots over Qatar and northern UAE are presumably from the EDGAR emissions inventory, which show the highest anthropogenic emissions in these areas (Janseens-Maenhout et al., 2014). In fact, there is a maximum around Doha in 2019 (Figure 5B). The higher values over the Strait of Hormuz may be attributed to the oil and gas platforms in southern Iran (Bateni et al., 2022). Mixing ratios are lower in CAMS than TROPOMI, which could be due to the assimilation of IASI data in CAMS (Agusti-Panareda et al., 2022) as estimates of XCH4 from IASI are typically lower than TROPOMI. Siddans et al. (2017) reports a maximum mixing ratio of about 1820 ppb XCH4 globally from IASI, increasing to 1900 ppb XCH4 in the lower troposphere. Maximum estimates from TROPOMI are higher, exceeding 1900 ppb (Hu et al., 2018). Siddans et al. (2017) notes that the error range for IASI estimates in the lower troposphere is higher than in the upper troposphere (20–100 ppb and 30–40 ppb, respectively). Schneider et al. (2022) further highlights that TROPOMI has a higher sensitivity near the surface than IASI, which arises because the former observes in the shortwave infrared (2.3 µm) while the latter observes in the thermal infrared (3.62–15.5 µm), and should retrieve a more accurate XCH4 concentration. This is supported by the TROPOMI’s −3.4 ppb bias with respect to in situ measurements over a two-year period reported by Lorente et al. (2021).
[image: Figure 5]FIGURE 5 | Methane total column concentrations (XCH4; ppb) from CAMS for (A) 2018, (B) 2019, and (C) 2020. For an easier comparison, the colour scale matches that used in the TROPOMI images in Figure 3.
5 TREND ANALYSIS OF METHANE CONCENTRATIONS
The time-series of the UAE area-averaged XCH4 concentration (i.e., the column methane values are averaged over the UAE, as defined by the country border in the inset in Figure 1A) shows a clear seasonal cycle in the TROPOMI and CAMS products (Figure 6B). Seasonal cycles have been reported also in IASI (Crevoisier et al., 2009), TROPOMI (Lorente et al., 2021) and in-situ observations (Nisbet et al., 2016). XCH4 seasonal cycles have been shown to vary based on location and the relative contribution of methane sources and sinks (Kivimaki et al., 2019). In this case, the month with the highest mean XCH4 concentration is August, which is the estimated month of peak emissions from natural sources (including peatlands, wetlands, wet mineral soil and sabkhas), as reported by Spahni et al. (2011). A similar seasonal cycle is not evident in the NOAA time-series, which indicates that the respective observations and the total column values are representative of different CH4 sources. In other words, the seasonal cycle in TROPOMI and CAMS suggests that a wide range of emission sources are contributing to the total column concentration, while the surface measurements from NOAA are more representative of emission sources close to the monitoring stations (Supplementary Figure S1). In addition, the fact that stations in both the Northern and Southern Hemispheres are considered in the NOAA data, and the opposing time of the yearly maximum in both, means the annual cycle will be smoothed out when computing the average. The TROPOMI and CAMS XCH4 concentrations exhibit a similar seasonal cycle with an amplitude of about 75 ppb (Figure 6B). They demonstrate an upward trend, confirmed with the non-parametric Mann-Kendall test (Mann, 1945; Kendall, 1975), in line with NOAA global background observations (Dlugokencky, 2022a). The TROPOMI trend for 2019–2020 is roughly 9 ppb/year, twice that estimated over northern Finland (Karppinen et al., 2020) and Argentina (Puliafito et al., 2020) using the same dataset.
[image: Figure 6]FIGURE 6 | (A) CAMS total column CH4 (XCH4; ppb) mean over the UAE from 2004–2020 (blue circles). The mean is calculated from the daily 09 UTC timesteps, the closest time to the TROPOMI overpasses. (B) Area-averaged time series of XCH4 concentrations (ppb) from TROPOMI (red) and CAMS (blue). The NOAA deseasonalized monthly mean is given by the black line.
The data range of XCH4 is below 100 ppb (Figure 6A), while the surface observations of CH4 have a wider range of about 200 ppb (Figure 7A). This is expected, as a column concentration has fewer degrees of freedom compared to the values at the surface (or in an individual layer), which are more susceptible to change in particular as CH4 sources are mostly located at the surface. The dispersion of the mid-to upper-level methane levels by the circulation associated with the Asian monsoon anticyclone also modulates the column values (Ricaud et al., 2014). The trends in the surface and column values are given in Figure 7B, with the former only plotted for 2004–2017 as the goal is to place the trends in XCH4 given in Figure 6B in context with the longer-term trends. The surface concentration exhibits an increasing trend as does XCH4, which suggests that local methane emissions are also increasing. Interestingly, the seasonal cycle in the surface concentrations is nearly opposite to that of the column values, with higher magnitudes in winter and spring and lower values in the summer (cf. Blue and green lines in Figure 7B). This likely reflects an incorrect representation of the observed emissions in the reanalysis data. CAMS XCH4 concentrations are higher than the global mean observed by NOAA from January 2018 until about July 2020, at which point the two datasets are of similar magnitude with CH4 concentrations around 1900 ppb. This does not necessarily suggest that the global CH4 concentration is increasing at a faster rate than the regional ones. In fact, it is more a reflection of i) a change in the sign of the CAMS XCH4 bias from positive to negative since 2019, as a result of the assimilation of near real-time satellite retrievals, and ii) an incorrect representation of the emissions during the COVID slowdown in 2020, as highlighted by Agusti-Panareda et al. (2022).
[image: Figure 7]FIGURE 7 | (A) CAMS surface CH4 (ppb) area-averaged over the UAE for the period 2004–2017. The mean is calculated from the daily 09 UTC timesteps. (B) Normalized surface concentrations, so as to allow for a direct comparison between the CAMS surface concentration given in (A) and the column (XCH4) values. The brown line shows the surface concentration divided by the maximum surface value, while the blue and black lines give the CAMS XCH4 and NOAA surface observations normalized to the CAMS XCH4 maximum value, respectively.
6 SEASONALITY
In this section, the seasonal cycle of the XCH4 concentration in the UAE and surrounding region in TROPOMI and CAMS are analyzed. Both the satellite-derived and reanalysis datasets show higher column concentrations in the warmer months (Figure 8), in line with increased emissions (Spahni et al., 2011) which also result from the higher air temperatures (Figure 2A). They exhibit a broadly similar spatial pattern that features larger values over coastal sites, northern UAE and around the Al Hajar mountains, and lower values in the inland desert as seen in the annual maps (Figure 3). Javadinejad et al. (2019) noted a positive relationship between the methane gas concentration and the 2-m temperature, and a negative relationship with the vegetation, precipitation and relative humidity. As reported in Nelli et al. (2020), Nelli et al. (2022), and as seen in Figure 2, summer months feature the highest air temperatures and the lowest precipitation and relative humidity values (the specific humidity is higher due to the strong evaporation from the Arabian Gulf, but the relative humidity is lower owing to the higher temperatures). This is in line with the findings of Javadinejad et al. (2019), with the region largely devoid of vegetation (e.g. Gherboudj and Ghedira, 2016). Figure 8C quantifies the surface concentration changes between the solstice seasons. The seasonal mean variations are generally within ±15 ppb, or about 0.75% of the absolute values, and hence five times smaller than the monthly annual cycle (Figure 6). The largest differences are seen over the Rub’ Al Khali (Empty Quarter) desert, where the background values are also the smallest in the region (Figures 8A, B). This area, away from the moderating effects of the Arabian Gulf and Arabian Sea, experiences huge swings in surface and air temperature throughout the year, Figure 2A, from near freezing conditions in winter to scorching weather in the summer (Syed et al., 2019). This leads to more pronounced variations in the XCH4 concentrations. The negative change in methane concentration between summer and winter in parts of northwestern Qatar and northeastern UAE and coastal Oman, generally by less than 5 ppb, arises because of the stronger winds (Figure 2A) and associated unstable boundary layers at this time of the year. Such conditions promote increased dispersion of the gas and subsequently lead to locally reduced amounts. This is confirmed by the enhanced divergence of the XCH4 fluxes in the warmer months (Supplementary Figure S3). Summertime precipitation is mostly restricted to the Al Hajar mountains and surrounding region (Figure 2B) and explains the smaller CH4 concentration at some sites. Throughout the year, the advection of the CH4 emitted by the several refineries and oil fields in the region (Bateni et al., 2022; Farahat, 2022) by the background northwesterly flow (Figure 2B; Supplementary Figure S3), contributes to the XCH4 concentration over the region. As is the case for the annual maps (Figures 3, 4), the spatial pattern of the seasonal-mean CAMS XCH4 concentrations largely agrees with the corresponding TROPOMI ones (Figures 8A, B, D, E). The CAMS spatial plots show higher summertime CH4 values over eastern Qatar and northeastern UAE, roughly where the satellite-derived methane concentrations are also the largest.
[image: Figure 8]FIGURE 8 | XCH4 concentration (ppb) over (A) winter (December-February, DJF, 2019–2020) and (B) summer (June to August, JJA, 2018–2020) from TROPOMI. (C) Gives the difference between the summer and winter values. (D,E) are as (A,B) but for CAMS.
7 DISCUSSION AND CONCLUSION
Methane (CH4) is a potent greenhouse gas, whose global mean concentration reached 1900 parts per billion (ppb) in late 2021 (Dlugokencky, 2022b) and has increased at a rate of about 13 ppb/year in the last 15 years (Hersbach et al., 2018; Feng et al., 2022). One of the emission hotspots is the eastern Arabian Peninsula, where an understanding of the spatial and temporal variability of the CH4 concentration is lacking. This is achieved here through the analysis of satellite-derived and reanalysis methane concentrations for the period 2004–2021 for the United Arab Emirates (UAE) and surrounding region.
Column methane concentrations (XCH4), as estimated from the measurements collected by the Tropospheric Monitoring Instrument (TROPOMI) on board the Sentinel-5 Precursor satellite, revealed an increase during 2018–2021. The annual trend of 9 ppb/year is twice as large as that estimated over the Arctic (Karppinen et al., 2020) and Argentina (Puliafito et al., 2020) where the trends in XCH4, as measured by TROPOMI, have also been computed. Spatially, the highest values are observed in coastal regions, where landfills (waste dumps) and coastal wetlands (such as seagrass beds, sabkhas, coastal supratidal mudflats or sandflats), strong methane emitters, are present. Concentrations are also high around the Al Hajar mountains, where microhabitats, which harbor microbes that release CH4 through anaerobic respiration, form in the wadis (dry river beds) in response to higher amounts of precipitation. Here, the convergence of the northwesterly flow from the Arabian Gulf with the easterly flow from the Sea of Oman and subsequent transport of CH4 plays a role in the higher XCH4 amounts, in line with the findings of Metya et al. (2022). Agricultural activities, aquaculture farms and the Wadi Hatta Dam also contribute to the CH4 concentration in the mountains. Other CH4 sources include oil and gas production, urbanization and agriculture (cultivated lands and livestock).
Monthly XCH4 concentrations exhibit a peak in August, when natural and anthropogenic CH4 emissions are maximized, and an overall annual amplitude of 75 ppb. The highest seasonality is found in the Rub’ Al Khali desert, where the largest temperature swings impact local concentrations. A comparison of the satellite-derived XCH4 with the column concentrations given by the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis data revealed the latter underestimates the magnitude by up to 50 ppb (or 1%–2% of the absolute values), even though the spatial pattern is similar. The lower CAMS values arise from the assimilation of CH4 measurements from the Infrared Atmospheric Sounding Interferometer (IASI) on board the Metop-B satellite in the reanalysis dataset, which are typically lower than those of TROPOMI with the latter regarded as more accurate (Agusti-Panareda et al., 2022; Schneider et al., 2022). Surface CH4 concentrations from CAMS are also analyzed, and are found to have the opposite seasonal cycle phase to that of the column concentration, which is attributed to an incorrect representation of the emissions in the reanalysis dataset.
While it is unclear the exact mechanisms behind the positive trend in the CH4 concentration, both TROPOMI and CAMS highlight an increase in the UAE and surrounding regions over the last 5 years, and provide insight into how we may better geographically study and constrain the amount and source of the CH4 emissions. This may result in new policy and procedures to reduce emissions through mitigation and adaptation. Ground-based CH4 measurements, collected through a dense network of surface observations, and higher spatial and temporal resolution satellite products are needed to identify the major sources and further our understanding of the processes behind the observed CH4 variability in the region.
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