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Abstract:



The long-term temporal trends and spatial distribution of Ozone (O3) over Egypt is presented using monthly data from both the Atmospheric Infrared Sounder (AIRS) and the model Modern-Era Retrospective analysis for Research and Applications (MERRA) datasets. The twelve-year monthly record (2005–2016) of the Total Ozone Column (TOC) has a spatial resolution of 1 × 1° from AIRS and 0.5 × 0.625° from the MERRA-2 dataset. The average monthly, seasonal and interannual time series are analyzed for their temporal trends, while the seasonal average spatial distributions are compared. It was found that MERRA-2 underestimated AIRS measurements. Both AIRS and MERRA-2 have their minimum monthly averages of TOC in February 2013. The maximum monthly average TOC from AIRS is 321.48 DU in July 2012, while that from MERRA-2 is 303.48 in April 2011.
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1. Introduction


Ozone is a major greenhouse gas, thus, it plays an important role in both weather and climate, and its impact varies from global to regional scales [1,2]. While it represents only 0.0012% of the atmospheric composition [3], ozone acts as an absorber for the energetic particle from the solar ultraviolet radiation (UV), protecting the earth from harmful radiation [4,5], which has a harmful effect on human health particularly on the skin [6,7]. The observed increase in UV radiation at the earth’s surface has been due to the decrease of amount of ozone at the stratospheric atmospheric layer [8,9,10], which is caused by photochemical losses related to anthropogenic reasons [11,12,13,14].



Therefore, the spatial and temporal variation of O3 over global and regional domains has become an important research subject [14]. Global total column ozone concentration (which is referred to as ozone in the stratosphere) decreased a few percent between the 1970s and the start of this century [15]. In the stratosphere, ozone plays the role of a natural and beneficial screen in relation to the harmful effects of ultraviolet for the organic matter. In the troposphere, ozone is a secondary pollutant that is produced during the atmospheric photo-oxidation of volatile organic compounds under the presence of nitrogen oxides emitted, mainly, by anthropogenic activities, while surface ozone is considered to be the most damaging air pollutant in terms of adverse effects on human health, vegetation, crops and materials in Europe and may become worse in the future [16,17,18,19,20]. The total amount of ozone at any location on the globe is defined as the summation of all the ozone in the atmosphere directly above that location [21]. Evaluation of ozone profile and variability from different satellite data against in situ measurements (on board the NSF/NCAR Gulfstream-V aircraft during the Stratosphere-Troposphere Analyses of Regional Transport in 2008 (START08) experiment) from Atmospheric Infrared Sounder (AIRS), Infrared Atmospheric Sounding Interferometer (IASI), and the Ozone Monitoring Instrument (OMI) shows that the three satellite products have an acceptable capability to represent the variability of ozone in the upper troposphere and lower stratosphere. Statistical analyses revealed that the three satellite products captured 80% of the variability of ozone monitored in the aircraft data [22]. The comparison between the measured and reanalysis of Total Ozone Column (TOC) over Cairo city between 1979 and 2014 shows good agreement with (r = 0.91) the correlation coefficient [23]. The highest ozone measurements were recorded in the summer of 2007 over Cairo city [23]. The long-term variability of ozone from the main four ground urban observation stations in Cairo, Aswan, Matrouh and Hurgada shows that negative trend values in ozone are the dominant features during the period 1990–2014 at all stations [24]. Formation of Ozone over the greater Cairo was investigated based on two measurement campaigns. The first one was in 1990 and lasted for 3 weeks based on measurements from three different sites (Shoubra El-Kheima, Mokattam Hills and Helwan). The second one was in 1991 and lasted for 7 months from April to October based on one site at El-Kobba. It was found that ozone is produced over the industrial sites at north and center of Cairo and transported southward by the northerly winds [25]. Also, high average ozone levels were observed during the night in the spring and the summer [25]. The automatic station located 30 km south of Dekhla Oasis in Egypt in the Lybian desert (powered by a photovoltaic generator system to measure the vertical ozone flux) confirmed that high ozone fractions were recorded when northerly winds prevailed [26].



There is an interest in investigating the impact of air pollutants on agricultural crops, and this interest has focused on the long-term low-level effects of the main phytotoxic gases on crop production [27,28,29,30,31,32]. Periodic exposure to air pollutants may cause yield losses [27,33,34,35,36,37,38,39]. Apart from crop yield losses, changes in plant development and reduction in net growth can occur [40,41,42], as well as changes in crop quality [43,44,45,46]. Ozone is the main phytotoxic air pollutant in the Mediterranean area [47,48,49,50,51,52,53,54]. The high levels of O3 over Egypt can cause significant decrease in the growth and the local varieties of crop plants [45]. On testing and selecting multiple sensitive and environmentally successful Egyptian bioindicator plants for ozone (O3), four plant species (jute, clover, garden rocket and alfalfa) were found to be more sensitive to O3 than the universally used O3-bioindicator, tobacco Bel W3 [55].



The objective of the current work is to highlight the analysis of spatial-temporal of TOC over Egypt (23.7–36.2° N and 21.5–32.3° E), which could help understanding how Egypt contributes in this issue. In this study, TOC from the remote sensor AIRS and MERRA-2 datasets is used to generate the long-term trend and the spatial distribution over Egypt; a comparison between both sources of TOC is established. As far as the author is aware, research of this kind has not been conducted over Egypt before.




2. Methodology


In this study, TOC data from two different sources is introduced. Those sources are: AIRS and the model Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) dataset.



2.1. AIRS Sensor


AIRS was launched into orbit in 2002 aboard NASA’s Aqua satellite; its primary goal is to support weather and climate research [56]. An innovative atmospheric sounding group of visible, infrared, and microwave sensors constitute the multispectral range of AIRS. The Level-3 data from AIRS (Daytime/Ascending) is used with a 1 × 1° spatial resolution monthly gridded retrieval product (AIRX3STM) version (v006) [57].



AIRS has previously demonstrated its capacity to capture TOC. AIRS/Aqua level-3 daily gridded products (AIRX3STD) 1 × 1° spatial resolution (version 5) data could successfully detect O3 from large forest fires [58]. Benchmarking of AIRS (version 5)-retrieved ozone profiles with TOC has already been done by the World Ozone and Ultraviolet Radiation Data Center. The biases from the collected ozonesonde (O3SND) were less than 5% for both stratosphere and troposphere [22].




2.2. MERRA-2 Model Data


The MERRA-2 [59] dataset consists of worldwide meteorological variables hosted by NASA and generated by the Goddard Space Flight Center. This dataset is generated by the Goddard Earth Observing System Model, version 5 (GEOS-5). The spatial resolution is 0.625° in latitude and 0.5° in longitude (approx. 50 km). It replaces the original MERRA reanalysis [60]. Daily TOC and relative humidity (RH) from AIRS on NASA’s Aqua satellite are used to identify the presence of SI over Rocky Mountain National Park in observational data, and to validate MERRA-2 reanalysis of TOC, since AIRS data are not assimilated by MERRA-2. AIRS is equipped to measure both meteorological variables and chemical profiles [61,62,63].



The MERRA-2 dataset is monthly averaged [64]. Since 2004, MERRA-2 has assimilated satellite retrievals of TOC from the Ozone Monitoring Instrument [33,65] and stratospheric O3 profiles from the Microwave Limb Sounder [66,67,68]. TOC from the MERRA-2 dataset in the lower stratosphere has good representation and has proven the agreement with ozonesondes [69,70]. MERRA-2’s total ozone agrees with Total Ozone Mapping Spectrometer (TOMS) data (1980–1993) very well, with less than 2% bias and less than 6% difference in standard deviation, which is close to the assumed observation error of 5% [70]. There is a good representation of the variability of stratospheric ozone in MERRA-2. The difference in standard deviations between the reanalysis data and the independent limb satellite data range from 11% for SAGE II in the lower stratosphere to less than 5% at 4.3 hPa [70].





3. Results


The temporal trends of TOC, which include monthly average, seasonal and interannual time series, are introduced in Section 3.1. The spatial distribution seasonal maps are presented in Section 3.2. Both time series and spatial maps of TOC are in Dobson units (DU).



3.1. Temporal Trend


Tropospheric ozone ground observations show that ozone has increased globally during the 20th century. Ozone records over Europe show that ozone has doubled between the 1950s and 2000 [71]. Daily total ozone observations from TOMS over Dundee city in Scotland in the period (1979–1992) show a significant negative trend [72]. Aircrafts measured significant upper tropospheric trends in one or more seasons above multiple locations the North Atlantic Ocean, the north-eastern USA, the Middle East, Europe, northern India, southern Japan and China. From 1990 to 2010, surface ozone trends have varied according to the region. Western Europe showed increasing ozone in the 1990s followed by a decrease since 2000 [71]. In eastern US, surface ozone has decreased strongly in the summer, remained unchanged in the spring, and it has increased in the winter; in other locations such as the in western US, ozone has increased the most in the spring. Surface ozone in East Asia is increasing [71]. In general, MERRA-2 underestimates TOC compared to AIRS over Egypt. Monthly average of TOC—in DU—over 12 years (2005–2016) is introduced in Figure 1 for both AIRS and MERRA-2. From AIRS, average TOC was 294.5 ± 16.5 DU. The max TOC was 321.14 DU on 1 July 2012 (286.2 DU from MERRA-2), while the minimum was 253.89 DU in February 2013. On the other hand, from MERRA-2, the average TOC was 277.8 ± 11.934 DU. The max TOC was 303.478 DU in April 2011 (317.01 DU from AIRS), while the minimum was 248.655 DU in February 2013. The basic statistics are summarized in Table 1.


Figure 1. Temporal evolution of monthly average total ozone column over Egypt for the period (2005–2016) from AIRS and MERRA-2.
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Table 1. Basic descriptive statistics for monthly average total ozone column over Egypt for the period (2005–2016) from AIRS and MERRA-2.










	
	AIRS
	MERRA-2





	Max
	321.4 (July 2012)
	303.4 (April 2011)



	Min
	253.8 (February 2013)
	248.6 (February 2013)



	Average
	294.5
	277.8



	Variance
	272.4
	142.4



	Std. Deviation
	16.5
	11.93









Figure 2 shows the probability density function (PDF) of TOC over Egypt of the 11-year dataset for both AIRS and MERRA-2, along with four tested distributions. Errors of fitting for the tested PDF using Kolmogorov–Smirnov goodness of fit are given in Table 2. The best fit between the given distribution and the hypothesized continuous distributions has the lowest error value. The best fit is ordered, and the order is shown in the parentheses. For AIRS, it is shown that that Weibull distribution has the best goodness of fit, with 0.08744 between the four tested distributions. Regarding the normal distribution case, the best goodness of fit, with 0.0473, was for the MERRA-2 data.


Figure 2. TOC histogram over Egypt for 12 years from AIRS (upper) and MERRA-2 (lower).
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Table 2. Goodness of fit for both AIRS and MERRA-2 data over Egypt.












	
	Logistic
	Lognormal
	Normal
	Weibull





	AIRS
	0.095 (2)
	0.111 (4)
	0.108 (3)
	0.087 (1)



	MERRA-2
	0.048 (2)
	0.053 (3)
	0.047 (1)
	0.055 (4)









Interannual monthly regional average time series (2006–2016) of TOC—in DU—over Egypt from both AIRS and MERRA-2 are shown in Figure 3. For AIRS, it is shown that July had the highest TOC values, while December had the lowest. It is noticeable from both AIRS and MERRA-2 that February had negative slope between 2010 and 2013, with an increase starting from 2014. February 2013 had the lowest TOC concentration in the eleven-year period of shown data with no clear reason behind this bottom point until now. On the other hand, for the MERRA-2 dataset, it can be seen that October 2011 had the highest TOC values, while February 2013 had the lowest. The basic statistics (maximum, minimum, average, variance and standard deviation) for interannual monthly average TOC from both AIRS and MERRA-2 are summarized in Table 3 and Table 4. The corresponding year for max and min monthly average TOC is represented between the parentheses.


Figure 3. Interannual monthly average time series of TOC in Dobson Units (DU) over Egypt for the period (2005–2016) from AIRS (upper) and MERRA-2 (lower).
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Table 3. Interannual monthly regional average statistics TOC for 12 years from AIRS. Numbers in parentheses represent the corresponding year.





	
AIRS




	

	
Max.

	
Min.

	
Average

	
Variance

	
Std. Deviation






	
January

	
291.1

(2005)

	
259.1

(2013)

	
276.4

	
109.5

	
10.4




	
February

	
299.8

(2007)

	
253.8

(2013)

	
279.8

	
153.1

	
12.3




	
March

	
301.9

(2011)

	
278.8

(2013)

	
291.4

	
48.2

	
6.9




	
April

	
317.1

(2011)

	
293.7

(2008)

	
304.5

	
52.8

	
7.2




	
May

	
316.1

(2005)

	
299.8

(2008)

	
308.6

	
32.4

	
5.6




	
June

	
314.5

(2013)

	
303.3

(2016)

	
310.5

	
12.5

	
3.5




	
July

	
321.4

(2012)

	
307.1

(2016)

	
314.1

	
18.2

	
4.2




	
August

	
314.9

(2012)

	
305.4

(2005)

	
310.1

	
11.03

	
3.3




	
September

	
305.7

(2015)

	
290.8

(2016)

	
300.5

	
17.9

	
4.2




	
October

	
295.6

(2006)

	
280.2

(2010)

	
286.9

	
17.8

	
4.2




	
November

	
286.4

(2011)

	
264.4

(2008)

	
277.7

	
57.7

	
7.6




	
December

	
284.5

(2015)

	
256.9

(2007)

	
269.8

	
66.9

	
8.1









Table 4. Interannual monthly regional average statistics TOC for 12 years from MERRA-2. Numbers in parentheses represent the corresponding year.





	
MERRA-2




	

	
Max.

	
Min.

	
Average

	
Variance

	
Std. Deviation






	
January

	
278.1

(2005)

	
250.8

(2013)

	
268.5

	
70.7

	
8.4




	
February

	
286.4

(2010)

	
248.6

(2013)

	
271.2

	
124.5

	
11.2




	
March

	
291.3

(2012)

	
271.3

(2013)

	
281.9

	
46.4

	
6.8




	
April

	
303.5

(2011)

	
280.1

(2008)

	
291.8

	
52.9

	
7.3




	
May

	
299.5

(2005)

	
286.2

(2008)

	
293.7

	
17.4

	
4.2




	
June

	
295.7

(2015)

	
282.6

(2008)

	
288.4

	
12.6

	
3.5




	
July

	
289.6

(2015)

	
279.3

(2011)

	
284.2

	
10.3

	
3.2




	
August

	
286.5

(2015)

	
276.6

(2011)

	
280.5

	
8.2

	
2.8




	
September

	
281.6

(2015)

	
270.9

(2016)

	
275.6

	
7.2

	
2.6




	
October

	
275.6

(2015)

	
262.7

(2010)

	
267.8

	
16.0

	
4.0




	
November

	
274.7

(2011)

	
253.5

(2016)

	
263.7

	
53.9

	
64.9




	
December

	
276.4

(2015)

	
250.7

(2005)

	
261.1

	
7.3

	
8.1










Seasonal average time series for TOC—in DU—is highlighted in Figure 4. It is shown that TOC in the summer (JJA) has the highest values, followed by the spring, then the fall season. The winter (DJF) has the lowest TOC. The highest TOC concentration in the summer, especially June, is comparable with previous studies conducted over Cairo by Y. Aboel Fetouh in 2013 [23]. The statistics of the seasonal average time series for TOC are introduced in Table 5. The number between the parentheses corresponds to each maximum or minimum seasonal TOC over Egypt.


Figure 4. Seasonal monthly average time series of TOC in Dobson Unit (DU) over Egypt (2005–2016) from AIRS and MERRA-2.
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Table 5. Seasonal average time series statistics of TOC for 12 years from both AIRS and MERRA-2. The numbers in the parentheses represent the corresponding year.





	
AIRS




	

	
Max.

	
Min.

	
Average

	
Variance

	
Std. Deviation






	
DJF

	
287.2

(2006)

	
261.6

(2012)

	
275.7

	
60.3

	
7.7




	
MAM

	
307.2

(2011)

	
293.2

(2013)

	
302.1

	
23.64033

	
4.8




	
JJA

	
317.0

(2012)

	
306.1

(2016)

	
312.1

	
9.3971

	
3.1




	
SON

	
294.4

(2006)

	
283.1

(2005)

	
288.6

	
13.4

	
3.6




	
MERRA-2




	
DJF

	
276.6

(2006)

	
254.2

(2012)

	
267.6

	
56.6

	
7.5




	
MAM

	
294.7

(2014)

	
279.2

(2008)

	
289.4

	
26.2

	
5.1




	
JJA

	
290.6

(2015)

	
280.3

(2011)

	
284.4

	
8.6

	
2.9




	
SON

	
275.8

(2015)

	
262.5

(2016)

	
269.6

	
12.7

	
3.5










As shown in Table 5, both AIRS and MERRA-2 sensors recorded maximum and minimum TOC measurements in the same years, 2006 and 2012, which occurred in the DJF season; however, this behavior is not repeated in any of the remaining seasons (MAM, JJA or SON), as shown by the table, i.e., the two sensors’ maximum and minimum TOC measurements do not overlap in the same year again. AIRS provides the maximum TOC measurement for the DJF season with a value of 287.227 DU in year 2006, while the minimum was 261.67 DU in year 2012. On the other hand, MERRA-2 shows that the max. TOC in the DJF season was 276.644 DU and the minimum was 254.259 DU. Figure 5 shows the boxplots for the different seasons from both AIRS and MERRA-2. For AIRS, it is shown that the highest average season is JJA and the lowest is DJF, while for MERRA-2 the highest average season is MAM and the lowest is SON.


Figure 5. Boxplot seasonal monthly average of TOC (2005–2016) from AIRS and MERRA-2.



[image: Climate 06 00046 g005]






The Mann-Kendall (MK) [73,74,75] test is a way to identify if a monotonic upward (increase) or downward (decrease) trend exists for a specific variable over time. This test is run on the seasonal monthly average TOC in Figure 4. The results of Mann-Kendall test for all seasonal monthly average TOCs for both AIRS and MIRRA-2 data found that there was no trend. Table 6 summarizes the analysis of the eight seasonal average time series from both AIRS and MERRA-2 under the Mann-Kendall test. There was no significant trend (p > 0.05) in the time series.


Table 6. Summary of the results of Mann-Kendall test for the eight seasonal monthly average TOCs over Egypt (2005–2016).





	

	
p-Value

	
Significant Trend






	
DJF-AIRS

	
0.5

	
No Trend




	
MAM-AIRS

	
0.5




	
JJA-AIRS

	
0.6




	
SON-AIRS

	
0.19




	
DJF-MERRA-2

	
0.27




	
MAM-MERRA-2

	
0.32




	
JJA-MERRA-2

	
0.38




	
SON-MERRA-2

	
0.27











3.2. Spatial Distribution


The spatial distribution of seasonal monthly averages of TOC over the 12-year study period for both AIRS and MERRA-2 is shown in Figure 6. The spatial maps show that MERRA-2 also underestimates TOC over Egypt. Once again, for AIRS, the winter map (DJF) reveals the lowest spatial distribution, while the summer map (JJA) reveals the highest spatial distribution, confirming the time series in Figure 3.


Figure 6. Seasonal average of TOC in (DU) over Egypt for winter (DJF), spring (MAM), summer(JJA) and fall (SON), for the period (2005–2016). Two domains, D1 and D2, are shown for further analysis on MAM map for MERRA-2 (left panel) and AIRS (right panel).
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The right panel from Figure 6 shows also that the north coast of Egypt has the highest TOC in the spring (higher than the summer), which is associated with the main and secondary Mediterranean cyclones [24], while the higher concentration in summer is due to trans-boundary transportation of ozone from Europe [23,76]. Those regions include the Nile Delta (D1) and the Qattara Depression and area (D2). Anthropogenic activities and emissions in urban and industrial areas have had an impact on ozone production and concentration [77]. The Nile Delta (D1) region has high levels of anthropogenic activities. Meanwhile, Qattara Depression is considered an active dust source and contains both clay and sand. In addition, several studies have suggested a link between ozone and fine particulate matter (PM) concentrations [76,77,78,79]. This may be the reason for high ozone in the D2 domain. On the other hand, the left panel from Figure 6 shows that MERRA-2 does not have the capability to capture the same variability of TOC over Egypt as AIRS does, although it has higher resolution.





4. Conclusions and Future Works


The AIRS and MERRA-2 datasets provide observations for the TOC that allow the tracking and monitoring of its concentration and its temporal and spatial variability over Egypt. Monthly and seasonal average time series show that summer months feature the highest TOC. Comparing the two sensors with regard to TOC measurement, it was found that the spatial maps from AIRS over Egypt can identify the location of high and low concentrations of ozone, while spatial maps from MERRA-2 underestimate TOC and do not have the capability to capture the same variability shown by AIRS. It was concluded that the MERRA-2 dataset also underestimates the temporal TOC over Egypt in comparison to the AIRS data set. The statistical quantities for the 12-year temporal trend over Egypt are summarized.



Future work shall include investigation of the construction of TOC from numerical models, such as numerical weather research and forecasting models coupled with chemistry (WRF-chem). The sensitivity of TOC to different chemical mechanisms should be investigated. In addition to a study on the correlation between TOC from AIRS and aerosol optical depth from (MODIS and numerical weather research and forecasting coupled with chemistry (WRF-chem) model) shall be established.
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