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Abstract  

In August 2013, the Qatar Environment and Energy Research Institute (QEERI), part of Qatar 

Foundation, was the first to launch weather balloons with ozonesondes in the Middle East region. 

The data from the initial 20 launches consistently show changes in meteorological parameters at 

about 5 kilometers above the surface, including temperature inversions, corresponding change in 

potential temperatures, a dramatic drop in relative humidity, and significant wind shear. These 

changes are typically associated with a large scale subtropical subsidence layer in accordance 

with previous aircraft studies in this region. Below the inversion layer, the ozone follows typical 

patterns for lower tropospheric measurements, starting higher near the surface at about 60ppbv 

and gradually decreasing to 40ppbv with increasing altitude. However, above the subsidence 

inversion, ozone concentrations begin to increase from 40ppbv to a peak of 100ppbv at 7 or 8 

kilometers, then decreasing again to 40ppbv just before reaching the stratosphere. 

The focus of this research is to identify the sources of higher ozone concentrations in the 6-12 

km altitude range above the subsidence inversion in the month of August. The spatial 

coordinates of the ozonesondes at 6, 9, and 12km were obtained through the use of Global 

Positioning System (GPS) data acquired by the attached radiosonde, and HYSPLIT (Hybrid 

Single Particle Lagrangian Integrated Trajectory Model) back trajectories using these coordinates 

as a starting point were run to trace the origins of the air mass up to 3 days prior. World Wide 

Lightning Location Network (WWLLN) lightning data for the northern hemisphere in August 

and National Oceanic and Atmospheric Administration (NOAA) weather analysis charts of the 

region at the surface, 500 and 200hPa levels were also evaluated for meteorological conditions 

such as high or low pressure systems, monsoon, or jet streaks that may have impacted the long-

range transport of ozone. 
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Introduction 

The Qatar Environment and Energy Research Institute (QEERI), a subsidiary of Qatar 

Foundation, is currently conducting a research project on ozone (O3) in the Middle East. Data are 

collected using ozonesondes attached to weather balloons which reach over 30 kilometers into 

the atmosphere to obtain vertical profiles of the ozone concentration. Conventional radiosondes 

attached to the ozonesondes also collect meteorological data, such as temperature, pressure, and 

relative humidity. They also have an onboard Global Positioning System (GPS) from which 

horizontal position and altitude is determined by satellite, and wind speed and direction are 

calculated. Data are transmitted from the radiosonde and collected by the ground receiving 

station every second. 

Ozone in the troposphere is of interest because of its negative effects on human health and global 

warming (US Environmental Protection Agency, 2012). Tropospheric ozone is primarily formed 

photo-chemically through the break-down of nitrogen oxides (NOx) by sunlight in the presence 

of volatile organic compounds (VOCs). Contrary to the tropospheric ozone, ozone in the 

stratosphere is formed through photolysis of oxygen and forms a barrier protecting the Earth 

from the sun’s ultra-violet radiation; however, it is sometimes mixed into the troposphere 

through a process known as Stratospheric-Tropospheric Exchange (STE).  

In the period from 4 to 20 August 2013, 20 ozonesondes were launched from the College of the 

North Atlantic-Qatar campus in Doha (Lat 25.36 N Long 51.48 E) at various times of day, 

including early morning (7:00 a.m. local time), mid-day (between 12:00-13:00 local time), and 

night (23:00-24:00 local time). The data consistently show a marked change in temperature, 
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pressure, relative humidity, wind direction, and potential temperature at an altitude of about 5 

kilometers—factors indicative of a strong inversion. Previous studies (e.g. Reid, et al., 2008) 

have shown that this phenomenon at 5km is in fact a subtropical subsidence inversion, which 

seems to occur persistently at that time of the year. 

Above the subsidence inversion, ozone begins to increase significantly from 40 ± about 20ppbv 

within the free middle troposphere, peaking at up to 100-105ppbv in the 7-8 km range then 

decreases back to 40 ± about 20ppbv before entering the stratosphere between 14km -16km 

(Figure 1).  Previous research has postulated that ozone in the mid to upper troposphere is being 

transported from Europe and the Mediterranean (Li, et al., 2001). The purpose of this research is 

to trace the potential source areas of the elevated ozone found in the mid to upper troposphere 

between 6 and 12km.  This will be achieved through a series of HYSPLIT (Hybrid Single 

Particle Lagrangian Integrated Trajectory Model)  (Draxler & Rolph, 2013) back trajectories at 

altitudes of 6, 9, and 12km, based on the GPS coordinates of each ozonesonde when it was at 

these altitudes.  In order to identify patterns or trends for the month of August, World Wide 

Lightning Location Network (WWLLN) lightning data, as well as National Oceanic and 

Atmospheric Administration (NOAA) surface, 200 and 500hPa weather analysis charts of the 

region (NOAA National Climatic Data Center, 2013) will also be used to determine what factors 

might have influenced the long-range transport of ozone.  
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Figure 1 Ozone mixing ratios-all 21 flights 

Hypothesis 

The increases in ozone mixing ratios above the 5 km subsidence inversion, peaking over 

100ppbv at around 7km and remaining high up to almost 12 km, are due to long-range transport 

from the Mediterranean region, and/or possible lightning NOx influences from the Indian 

Monsoon or other convective activity.    
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Significant Prior Research 

There are very few previous studies of ozone in the Arabian Gulf, and so far they all concur that 

there is unusually high ozone in the region, yet they do not agree on the reasons for it. The 

following are brief summaries of these studies and their results. 

 

A Tropospheric Ozone Maximum over the Middle East  

The 2001 paper by Li et al. claims that there are unusually high levels of ozone, over 80ppbv in 

the mid to upper troposphere, in the Middle East region as a result of anti-cyclonic circulation 

over the Arabian Peninsula and the Indian sub-continent “funneling” in pollution from Europe 

and nitrogen oxides (NOx) generated by lighting outflow from the Indian Monsoon, as well as 

pollution from eastern Asia transported in the Easterly Tropical Jet Stream. Most of the ozone 

concentration (up to 50%) is attributed to local production due to large-scale subsidence and little 

mid-level outflow, while 20-30% is estimated to have been transported from anthropogenic 

sources and 10-15% is from lightning. According to the paper, stratospheric ozone does not 

contribute significantly.  

Li et al.’s study used the GEOS-CHEM (Goddard Earth Observing System) global 3-D model of 

atmospheric chemistry in conjunction with vertical ozone profiles collected by the MOZAIC 

(Measurement of Ozone and Water Vapour on Airbus in-service Aircraft) program in Tel-Aviv, 

Dubai, and Tehran. Data from the NASA (National Aeronautics and Space Administration) Data 

Assimilation Office for the years 1993-1997 were used as input for the model along with an 

anthropogenic base emissions inventory from 1985 adjusted for the study period which included 
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NOx, Non-Methane Hydrocarbons (NMHC), and Carbon Monoxide (CO). Lightning influence 

was estimated by deep convection in accordance with a previous study they cited by Price and 

Rind (1992).  

The Li et al. study focuses on July 1997, and sensitivity simulations are conducted to determine 

contributions to ozone at various levels, as well as distinguish between the influence of 

anthropogenic and lightning sources. Results indicate that the largest source of ozone (35-50%) 

is due to production in the upper troposphere and large-scale subsidence in the region. 

Stratospheric ozone is not thought to be a major contributor, although it seems to have a greater 

impact than in other regions of the world.  
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Severe Ozone Air Pollution in the Persian Gulf Region 

In their 2009 paper Lelieveld et al. postulate that the Middle East is an ozone “hotspot” due to 

long-range transport of pollutants, unusually strong STE, substantial natural upwind sources of 

NOx such as lightning, the lack of precipitation, and contribution from local emissions such as 

those from oil and gas refineries combining to create ideal conditions for ozone production and 

entrainment. They find that there is a distinct ozone maximum between the surface and 750 hPa, 

which is even more pronounced in the summertime when conditions favor photochemistry. 

Unlike Li et al. (2001), this study suggests that stratospheric ozone does have a major impact on 

the regional tropospheric ozone budget, making up about two thirds of it in winter and one 

quarter in the summer.  

The Lelieveld study uses the EMAC (European Center-Hamburg 5th generation model MESSy 

[Modular Earth Submodel System] Applied to Atmospheric Chemistry) model in conjunction 

with satellite imagery from the Tropospheric Emission Spectrometer (TES) and Scanning 

Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) to identify 

where the highest ozone concentrations are. The model is nudged toward the meteorological 

conditions in 2006 based on re-analysis data from the European Centre for Medium-Range 

Weather Forecasts (ECMWF) and uses EDGAR 3.2 (Emissions Database or Global Atmospheric 

Research) for inputs of anthropogenic emissions. The model includes a stratospheric ozone tracer 

as well which is set to ozone in the stratosphere and follows through transport and destruction, 

but not recycling in the troposphere. 
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The study finds that the main source of ozone in the region is in-situ photochemical production, 

but that the influence of STE is non-negligible, constituting at least one quarter of the total upper 

tropospheric ozone in the summertime. The average ozone mixing ratio in the mid to upper 

troposphere in the summer is around 80ppbv and its synoptic variability follows that of CO, 

indicating that much of it is produced by polluted air. Also NOx levels in the region of 1-1.5ppbv 

are close to optimal for ozone formation according to Lelieveld et al. (2009) A comparison with 

other subtropical areas including Los Angeles, California, showed that the diel variation of mid-

tropospheric ozone in Bahrain was related more to the long-range transport of pollutants than to 

local production, and that after removing anthropogenic sources from the model, the region still 

had higher ozone than the other areas, indicating a natural upwind source of NOx, most likely 

lightning. 
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Summertime Free Tropospheric Ozone Pool over the Eastern Mediterranean/Middle East 

Continued study by Zanis et al.  (2013) indicates that the enhanced tropospheric summer ozone 

levels in the Eastern Mediterranean and Middle East are the result of stratospheric ozone being 

transported to the tropopause through subsidence induced by the anti-cyclonic action of high 

pressure systems in the region. While local photochemical formation is still the dominant 

contributor to ozone concentration, stratosphere to troposphere transport (STT), a type of STE, 

plays a critical role in places with favorable conditions.  

The research was conducted in a similar way to the previous Lelieveld et al. (2009) study, using 

the EMAC model with ECMWF inputs and the stratospheric ozone tracer, and comparing the 

results to TES satellite data, but this time for a 12 year climatological study from 1998-2009.  

Both the model and satellite show pools of higher ozone concentration in the upper and middle 

troposphere over the Eastern Mediterranean, with the stratospheric ozone tracer indicating a 40-

45% contribution from the stratosphere to the tropopause and upper troposphere. This is 

attributed to the large-scale subsidence and limited outflow resulting from the anti-cyclonic 

motion of the high pressure systems prevalent in the area during the summer months. 
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An Overview of UAE2 Flight Operations: Observations of summertime atmospheric 
thermodynamic and aerosol profiles of the southern Arabian Gulf 
 

Reid et al. (2008) report about dust profiles obtained through aircraft measurements, mostly over 

the area of the United Arab Emirates and vicinity, and also give a detailed overview of 

meteorological patterns in the region, including the mention of a subtropical subsidence 

inversion. While the focus of the paper was on aerosols and dust in the region, their flights 

encountered polluted air masses from Europe, India, and possibly Africa as well.  

 

All of these publications agree that the Middle East area is of specific interest due to some 

unique meteorological conditions and presumably elevated ozone levels which may have a large-

scale impact and contribute to global warming as the ozone is exported from the region. Due to 

the scarcity of data sets in that area, they all call for more in situ measurements. 
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Method 

Data Collection 

The QEERI project uses Electro Chemical Concentration (ECC) ozonesondes produced by 

Droplet Measurement Technologies in Boulder, Colorado in conjunction with International Met 

Systems iMet-1 radiosondes (see Table 2 ECC Ozonesonde Specifications) attached to 1.2 

kilogram Kaymont brand weather balloons. 

These particular ozonesondes are used because they routinely outperform other types of 

ozonesondes such as the Brewer-Mast and KC96 Carbon Iodine Cell, as demonstrated in the 

1996-2000 Jülich Ozone Sonde Intercomparison Experiment (JOSIE) (Smit, et al., 2007) and are 

currently the most commonly used world-wide. (Global Atmospheric Watch , 2013) 

The balloons are inflated with helium to 2 meters diameter, and will expand to roughly 10 times 

their original size before bursting around 30 kilometers above the surface as atmospheric 

pressure decreases. The radiosonde and ozonesonde package is combined to form the complete 

flight package weighing a total of about 1kg. It is attached to the balloon along with a parachute 

and payout reel, which gradually unwinds about 50 meters of string as the balloon climbs to 

ensure that the flight-package does not collide with the balloon and the balloon does not interfere 

with the flight-package in any way. Depending on the launch conditions and amount of helium, 

the balloon will rise at a rate of 2-5 meters per second. 

The ozonesonde is a small device (sized 7.6 x 7.9 x 13.3 cm) containing a motor-driven 

pump and a V2C interface circuit board that links it to the radiosonde and GPS (Global 
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Positioning System). It measures ozone concentration by pumping outside air through an iodine-

iodide redox ECC cell involving two solutions of potassium iodide of different concentrations 

(cathode 0.5% and anode fully saturated) in an anode and cathode chamber linked by an ion 

bridge. When ozone is in the sampled air, iodine is formed in the cathode half-cell according to 

the reaction:  2KI + O3 + H2O → 2KOH + I2 + O2.  The cell then converts the iodine to iodide 

through the reaction:  I2 + 2e
-
 → 2I

-
. This process causes an electrical current proportional to the 

mass flow rate of ozone through the cell.  The analog cell current and other sonde-specific 

parameters, along with the data measured by the radiosonde (temperature, pressure, and 

humidity) and the GPS unit (wind speed/direction and sonde position), is formatted into binary 

packets by the V2C circuitry and sent to the radiosonde transmitter. Using the volume flow rate 

and temperature, software algorithms at the receiving end convert the electrical current to an 

ozone concentration under the assumption that the ozone reaction with potassium iodide is 

quantitatively known. (Russell III, et al., 1998) (University of Houston Department of 

Geosciences, 2007) 

Each flight takes 5-7 hours of preparation distributed over several days. Three to seven days 

prior to launching, the ozonesonde is subject to a procedure that involves high ozone 

conditioning, the addition of anode and cathode solution to the cell chambers, pump performance 

checks, and obtaining low background sensor readings, in order to ensure its full functionality. 

The ozonesondes are then left on the shelf for several days to allow the solutions to saturate the 

ECC cells. On the day of flight the ozonesondes are checked once more for flow rate, sensor 

background levels are measured and recorded for later input to the software, and the chemicals in 

the cells are replaced before connecting the battery and placing the ozonesonde in its polystyrene 
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flight box and physically attaching it with tape to the iMet-1 radiosonde.  (Droplet Measurement 

Technologies , 2013) 

The iMet-1 Radiosonde is attached to the outside of the ozonesonde’s flight box and connected 

by cable to the electronic interface board inside the ozonesonde. The iMet-1 has a thin polymer 

and bead thermistor (thermal resistor) sensor arm protruding from it to collect temperature, 

pressure, and relative humidity data. The unit also contains a GPS which reports the physical 

location of the radiosonde package, along with an internal microprocessor to calculate wind 

speed and direction using time and distance information from the GPS. The iMet-1 transmits 

data via radio signal on 403 MHz to an antenna, and from there to a ground receiving station, 

which sends the signal through a modem to a computer program capable of decoding it (InterMet 

Systems, Inc., 2008). The data are then transferred into Microsoft Excel for further analysis. 

Data Validation 

Data validation and verification are done in accordance with standardized EPA methods listed in 

the Environmental Protection Agency’s Manual EPA-QA/G-8. (US Environmental Protection 

Agency, n.d.) 
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Analysis 

After plotting all of the preliminary ozone data on one chart, the sharp increase in ozone mixing 

ratios between 5 and 10km altitude was observed (Figure 1).The next step was to run HYSPLIT 

back trajectories using as starting points the GPS coordinates of the ozonesondes at 6, 9, and 12 

km. These trajectories were then plotted on Google Earth (Google Inc., 2013) to determine if the 

air mass consistently comes from a certain area, and what the potential source of ozone may be 

(Figure 2). In addition to the lightning data for the northern hemisphere in the month of August 

obtained from the WWLLN, NOAA surface, 500 and 200 hPa weather charts of the region 

(NOAA National Climatic Data Center, 2013) were also used to correlate any major 

meteorological event such as the Indian Monsoon with the movement of pollutants.  

 

Figure 2 Sample HYSPLIT BACK TRAJECTORY at 6, 9, and 12 km altitude 
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Limitations 

Ozone in the troposphere is mainly formed locally near the surface, so the higher concentrations 

aloft may have likely been due to transport processes as in-situ formation is limited in the upper 

troposphere. Apart from horizontal transport, vertical transport (e.g. lifting or subsidence) might 

play an important role. The only previous studies relied on models which predicted the ozone to 

come from Europe and the Mediterranean, but these were done before the rapid urban growth in 

some areas of the Middle East occurred. Though it seems unlikely that pollution in the surface 

layer would reach upper tropospheric levels, this has been found to exist in other tropical regions 

with strong convective processes (Baehr, et al., 2003; Borbon, et al., 2012). Stratospheric ozone 

may also have been pulled in through STE. 

Knowing reactive nitrogen oxides (NOx) concentrations would also be helpful, because they are 

an important factor in the destruction and formation of ozone. 

Although this is a case study, an additional limitation is the small size of the dataset, due to the 

short amount of time the project has been operational. There are no seasonal comparisons, and 

August statistically has the most atypical wind patterns for the whole year in that region, with 

predominantly easterly winds rather than the usual northwesterly winds (Figure 3). 

(Windfinder,2013) 
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Figure 3 Monthly Wind Averages Doha Airport 
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Observations 

Only the 13 mid-day flights are being evaluated in this paper, since there are a greater number of 

twice daily launches after 15 August, and this way there is consistency of only one flight per day 

launched at approximately the same time. The flights were numbered in the format QFxxx with 

xxx representing three numbers to comply with the ozonesonde software’s requirements. (Table 

4 Flights included in study August 4th - August 21st 2013 Doha, QatarTable 4, Appendix B)  

HYSPLIT Back Trajectories 

HYSPLIT back trajectories were run at altitudes of 6, 9, and 12 kilometers for all flights, as the 

majority of peak ozone concentrations fell into this range. The GPS coordinates of each balloon 

were used when it was at those altitudes. Of the 13 flights used in this study (see Table 5, 

Appendix B for balloon flights which were omitted and the reasons for the omissions), 6 days 

between 5 and 13 August showed trajectories coming from the East, from northern India and the 

Himalayas. On 2 days, 14 and 15 August, the trajectories curled around locally, indicating a shift 

in wind direction. After 15 August, the remaining 5 trajectories came from the northwest, the 

Mediterranean and North Africa. (See Figure 4) 
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Figure 4 HYSPLIT back trajectories in Google Earth (altitude color coding: red 6km, blue 9km, green 12km altitude) 
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Weather Charts 

The surface level analysis and lifted index charts are characterized by a constant “heat low” in 

the region due to high surface temperatures. This is capped by high pressure, indicated by 

elevated geopotential heights on the 500 hPa chart, preventing convective lifting, and resulting in 

thin stratus clouds at about 6km above the surface most days. On 12 and 13 August, a stronger 

ridge moves in over Qatar, indicated by the yellow arrow on the 500 hPa chart (see Figure 6 left 

panel). At the 200 hPa level, there is a persistent powerful jet streak north of Qatar between  40 

and  45 degrees north latitude from the beginning of August until the 15
th

 when it suddenly 

disappears (see Figure 6 right panel), after which an upper level trough forms, pulling in air from 

the Mediterranean.  

 

Figure 5 Sample Surface and LI Charts for 18 August 2013 
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Figure 6 NOAA 12:00UTC weather charts depicting ridge over Arabian Peninsula on 12 and 13 August on the 500hPa 

charts as indicated by the yellow arrow (left panel) and jet streak movement at 40-45 N latitude around 15 August on the 

200hPa charts(right panel) 
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Lightning Data 

Lightning data for the northern hemisphere for the month of August was obtained from the 

World Wide Lightning Network (WWLN) and plotted in Google Earth. These data are gathered 

by a global network of sensing stations using VLF (Very Low Frequency between 3-30 KHz) to 

detect “sferics”—electromagnetic discharges caused by lightning. With a current network of 40 

stations, the WWLLN is capable of detecting only about 30% of all lightning strikes. Due to this 

high uncertainty, any lightning activity which is detected can be considered significant in terms 

of potential ozone production.  

The Indian Summer Monsoon took place during August, and there was in fact heavy lightning 

activity over India, often along the HYSPLIT trajectories. There was however also considerable 

lightning in the Middle East, even in Qatar itself on some days. In particular, on 6 August the 

country experienced some thunderstorms. (See Figure 8) 

 

Figure 8 Lightning on 6 August 2013 (WWLLN) 
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Balloon Data 

Table 1 Average, median, range, and standard deviation of measured ozone for all 13 flights at various altitudes 

Layer alt start alt stop Measured Ozone All 13 Flights ppbv   

      max min median average std dev 

6-12km Range 
avg 2878 ±183 data points/flight >=6 <12 108.5 46.3 79.4 80.0 12.8 

Troposphere (approx 14km) 
avg 5767 ±355 data points/flight >=0 <14 108.5 26.7 72.4 71.6 14.4 

Surface (approx 0.5km)  
avg 165 ±25 data points/flight >=0 <0.5 95.3 29.3 66.4 64.3 14.8 

 

As illustrated in the above table, the average measured ozone for all 13 flights between 6 and 

12km was 80ppbv ±13ppbv, with a median of 79.4ppbv. This is higher than the average total 

tropospheric ozone between the surface and 14km of 72ppbv ±14ppbv. The average ozone below 

500m was ~65ppbv. Note that 500m was used as a representation of surface ozone, rather than 

the entire planetary boundary layer (PBL) which varies between 1-2km.  

All flights were characterized by extremely low humidity, between 1-2% above 6km (see Figure 

10). Unlike the flights before 15 August which showed no visible temperature inversions, the 

flights after 15 August all showed a marked temperature inversion of 2-3º Celsius in a space of 

less than 0.5km at around 6km altitude.  
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Figure 9 Box and Whisker Plots  
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Figure 10 Graphs of Flight #QF018 on 19 August 
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On 7 of the 13 days, the ozonesondes measured maximum ozone over 100ppbv between 6 and 

12km. Three of these flights took place before 15 August. On 6 August a peak ozone mixing 

ratio over 100ppbv occurred at an altitude above 12km. On 12 August the peak ozone mixing 

ratio was 105ppbv between 10 and 12km, and on 13 August there is a nearly identical “plume” 

between 8 and 10km (see Figure 11). 

 

 

Figure 11 Comparison of vertical ozone profiles on 12 and 13 August: Flight # QF009 on 12 August and Flight # QF011 

on 13 August (24 hours later). Note the plume height at 10km on 12 August and 8km on 13 August. 
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Discussion  

While all balloon flights used in this study are included for reference in Appendix B, this 

discussion will focus on three examples to explain the causes of high ozone concentrations in the 

Arabian Gulf region. Each case has unique characteristics which can indicate the likely source of 

the ozone peaks. 

Case 1: QF004 launched on 6 August and the effect of lightning 

Lightning from the Indian Monsoon seems to have very little, if any, impact on the ozone 

concentration at mid-tropospheric levels in the Arabian Gulf region (see Figure 12 for 

comparison); however local thunderstorm activity in the Arabian Gulf could be contributing to it.  

 

Figure 12 Comparison of high lightning and low ozone with low lightning and high ozone days 
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On 6 August there was considerable lightning activity in the entire region, about 50% more than 

on other days before 15 August, and the HYSPLIT back trajectory for QF004, which was 

launched that day, passed directly through a nearby thunderstorm in the Arabian Gulf with 

correspondingly increased ozone at 12km (see Figure 13 and Figure 14). 

 

 

 

Figure 13 Lightning and HYSPLIT back trajectory on 6 August 2013 
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The peak ozone mixing ratio that day was 105ppbv at 12km, with a smaller 101ppbv peak at 10 

km (see Figure 14). Lightning is a source of NOx, which is an ozone precursor, and the balloon’s 

actual trajectory took it directly downwind from this source. Ozone produced as a result of this 

lightning activity most likely contributed to the concentrations measured by the ozonesonde over 

Qatar. 

 

Figure 14 Vertical ozone profile on 6 August 2013 
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Case 2: QF009 and QF011 on 12 and 13 August 

The 12
th

 and 13
th

 of August were the only two days of the month during which a strong ridge 

was centered over the Arabian Peninsula, as shown on the 500hPa chart in Figure 6. Zanis et al. 

(2013) discuss how the anti-cyclonic activity associated with high pressure systems causes the 

ozone-rich air to be pulled downward out of the stratosphere into the upper troposphere through 

subsidence in the Eastern Mediterranean and Middle East region. Their study used a 

stratospheric ozone tracer in the model which showed the air mass descending over time. This 

seems to be happening on these two days, as the ozone plume is between 8 and 10km on 12 

August, and has fallen to between 6 and 8km only 24 hours later, yet maintains its distinct shape. 

(See Figure 15) 
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Figure 15 Comparison of ozone on 12 and 13 August 2013 
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Case 3: QF018 on 19 August 

The most common pattern of high ozone concentrations in the region during the measurement 

period occurs when the HYSPLIT back trajectories come from the Mediterranean, as 

exemplified by the profile of QF018 on 19 August, and corroborated by all flights on and after 

15 August. Here the ozone begins to increase at a lower altitude, around 7km, and remains high 

up to 12km. In these instances the ozone peak is about 100ppbv, and most likely the result of 

both long-range transport of pollutants (Li, et al., 2001) in the 6-8km range and stratospheric 

ozone which has been mixed in with the tropospheric air as described by Lelieveld et al. (2009) 

and Zanis et al. (2013) in the 10-12km range. The strong temperature inversion at 6km acts as a 

boundary layer, preventing mixing from below or transfer from aloft.  
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Conclusions 

Tropospheric ozone in the Arabian Gulf region is on average 80ppbv ±13ppbv, as predicted by 

the models used in previous studies; however the data are more in agreement with Lelieveld et 

al., (2009) and Zanis et al., (2013) indicating that the source of high ozone is the result of 

stratospheric intrusion rather than lightning, as postulated by Li et al., (2001). For all flights the 

concentration is 72ppbv ±14ppbv between the surface and 14km, and 80ppbv ±13ppbv between 

6 and 12km. The elevated ozone levels occur because of the meteorological conditions allowing 

the precursors which form it to be transported into the area, and as a result of subsidence drawing 

the ozone down from the stratosphere with limited advection.  

When the wind is from the East, the ozone levels are typically 20ppbv lower in the 6-12km range 

than when the wind is from the Mediterranean, except in cases when high pressure leads to 

subsidence of ozone from the stratosphere, or when regional convective activity causes an 

increase due to lightning or STE, either of which could contribute about 20% to the average 

ozone in the mid to upper troposphere increasing the maximum from 80 to 100ppbv. 

This study was limited to 13 flights in the month of August, and much more work needs to be 

done in order to learn more about the regional ozone patterns and long-term trends. As the first 

study of its kind in the region, it can hopefully contribute to the knowledge and help to validate 

model-based studies.   
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Appendices  

Appendix A  

ECC Ozonesonde Specifications  

Table 2 ECC Ozonesonde Specifications 

 

 

(Droplet Measurement Technologies, 2013)  
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i-Met Radiosonde Specifications 

Table 3 i-Met Radiosonde Specifications 

 

 

(InterMet Systems, Inc., 2008) 
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Appendix B Flight Descriptions  

Table 4 Flights included in study August 4th - August 21st 2013 Doha, Qatar 

Balloon Launch Data August 4th - August 21st 2013 Doha, Qatar 

Launch # Launch Time [GMT] Burst Alt. [km] 

Last known Alt. 

[km] Comments 

qf003 05/08/2013 10:07:44 31.908 3.662 All OK. 

qf004 06/08/2013 10:00:35 unknown 26.132 

I-met low Temperature 

Fail due to flight 

without sufficient 

insulation 

qf007 10/08/2013 09:02:57 31.617 5.226 All OK. 

qf008 11/08/2013 08:05:20 31.779 4.825 All OK. 

qf009 12/08/2013 08:49:22 32.417 3.877 All OK. 

qf011 13/08/2013 08:47:01 31.144 2.399 All OK. 

qf012 14/08/2013 10:32:25 unknown 18.841 

 I-met left open resulted 

in Low Temperature 

failure  

qf014 15/08/2013 10:13:58 31.661 5.055 All OK. 

qf015 17/08/2013 09:48:45 33.362 1.731 All OK. 

qf016 18/08/2013 10:08:40 30.974 5.173 All OK. 

qf018 19/08/2013 10:10:59 32.684 4.252 All OK. 

qf020 20/08/2013 09:57:41 33.106 2.241 All OK. 

qf022 21/08/2013 09:58:15 32.693 

  

1.946 All OK. 
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Table 5 Flights omitted from study 4-21 August 2013 Doha, Qatar   

Omitted Flights Balloon Launch Data August 4th - August 20th 2013 Doha, Qatar 

Launch 
# Launch Time [GMT] 

Burst Alt. 
[km] 

Last 
known 

Alt. [km] Comments 

qf001 04/08/2013 11:08:47 Unknown 28.131 
First flight had some issues with the data 
acquisition software. About half data lost 

qf002 04/08/2013 20:27:08 Unknown 21.56 Night flight, I-met Low Temperature Failure 

qf005 07/08/2013 12:07:11 3.517 1.191 Balloon Leak max altitude 5km no burst 

qf006 09/08/2013 09:20:33 32.263 2.736 Problems with data set. 

qf010 12/08/2013 21:15:37 Unknown 23.5 Night flight, I-met Low Temperature Failure 

qf013 15/08/2013 04:01:51 32.225 9.75 Morning flight 

qf017 19/08/2013 03:54:42 32.489 4.193 Morning flight 

qf019 20/08/2013 04:11:42 32.281 1.514 Morning flight 

qf021  21/08/2013 04:00:13  32.331  1.7 Morning flight 
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QF003 Flight Description 

The flight was launched at 7:07am local time on 5 August 2013 from the CNAQ campus. 

Weather was generally clear with a prevailing wind from the east.   The balloon reached a height 

of 31.9 km before bursting and starting its descent, landing near Al Hofuf in Saudi Arabia. Flight 

time was 3 hours and 46 minutes, covering a distance of approximately 212km. 

 

Figure 16 QF003 Flight trajectory 
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Figure 17 QF003, 5 Aug back trajectory, lightning data for 5 Aug (blue), 4 Aug (pink), 3 Aug (green), and 2 Aug (yellow) 

 

 

Figure 18 QF003 10 second average ozone 
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Figure 19 QF003 Graphs 



41 

 

QF004 Flight Description 

The flight was launched at 13:00 local time on 6 August 2013 from the CNAQ campus. Weather 

was overcast with a chance of thunderstorms. Prevailing wind was from the east. The balloon 

reached a height of 26.1km before losing communications due to battery failure. Predicted 

landing was near Al Hofuf, Saudi Arabia.  

 

Figure 20 QF004 Flight trajectory 
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Figure 21 QF004, 6 Aug back trajectory, lightning data for 6 Aug (blue), 5 Aug (pink), 4 Aug (green), and 3 Aug (yellow) 

  

 

Figure 22 QF004 10 second average ozone 
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Figure 23 QF004 Graphs 
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QF007 Flight Description 

The flight was launched at 12:00 local time on 10 August 2013 from the CNAQ campus. 

Weather was generally clear with some alto-stratus clouds. Prevailing wind was from the east. 

The balloon reached a height of 31.6km before bursting and landed 50km east of Al Hofuf, Saudi 

Arabia. Total distance travelled was 142km. 

 

Figure 24 QF007 Flight trajectory 
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Figure 25 QF007, 10 Aug back trajectory, lightning data for 10 Aug (blue), 9 Aug (pink), 8 Aug (green),  and 7 Aug (yellow) 

  

 

Figure 26 QF007 10 second average ozone 
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Figure 27 QF007 Graphs 
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QF008 Flight Description 

The flight was launched at 11:00 local time on 11 August 2013 from the CNAQ campus. 

Weather was generally clear. Prevailing wind was from the east. The balloon reached a height of 

31.7km before bursting and landed 40km east of Al Hofuf, Saudi Arabia. Total distance travelled 

was 155km. 

 

Figure 28 QF008 Flight trajectory 
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Figure 29 QF008, 11 Aug back trajectory, lightning data for 11 Aug (blue), 10 Aug (pink), 9 Aug (green), & 8 Aug (yellow) 

 

 

Figure 30 QF008 10 second average ozone 
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Figure 31 QF008 Graphs 
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QF009 Flight Description 

The flight was launched at 11:50 a.m. local time on 12 August 2013 from the CNAQ campus. 

Weather was clear with a strong high pressure system over the area. Prevailing wind was from 

the east. The balloon reached a height of 32.4km before bursting and landed in Al Hofuf, Saudi 

Arabia. Total distance travelled was 190km. 

 

Figure 32 QF009 Flight trajectory 
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Figure 33 QF009, 12 Aug back trajectory, lightning data for 12 Aug (blue), 11 Aug (pink), 10 Aug (green), and 9 Aug(yellow) 

 

 

Figure 34 QF009 10 second average ozone 
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Figure 35 QF009 Graphs 
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QF011 Flight Description 

The flight was launched at 11:50 a.m. local time on 13 August 2013 from the CNAQ campus. 

Weather was clear with a strong high pressure system in the area. Prevailing wind was from the 

east. The balloon reached a height of 31.1km before bursting and landed 40km east of Al Hofuf, 

Saudi Arabia. Total distance travelled was 155km. 

 

Figure 36 QF011 Flight trajectory 
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Figure 37 QF011, 13 Aug back trajectory, lightning data for 13 Aug(blue), 12 Aug(pink), 11 Aug(green), and 10 Aug(yellow) 

 

 

Figure 38 QF011 10 second average ozone 
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Figure 39 QF011 Graphs 
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QF012 Flight Description 

The flight was launched at 12:30 local time on 14 August 2013 from the CNAQ campus. 

Weather was generally clear with some alto-stratus clouds. Prevailing wind was from the east. 

The balloon reached a height of 18.8km before losing radio signal due to battery failure. 

Predicted landing was east of Al Hofuf, Saudi Arabia.  

 

Figure 40 QF012 Flight trajectory 
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Figure 41 QF012, 14 Aug back trajectory, lightning data for 14 Aug(blue), 13 Aug(pink), 12 Aug(green), and 11 Aug(yellow) 

  

 

Figure 42 QF012 10 second average ozone 
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Figure 43 QF012 Graphs 
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QF014 Flight Description 

The flight was launched at 13:15 local time on 15 August 2013 from the CNAQ campus. 

Weather was generally clear with some stratus clouds. Prevailing wind was from the east. The 

balloon reached a height of 31.6km before bursting and landed south of Al Hofuf, Saudi Arabia. 

Total distance travelled was 175km. 

 

Figure 44 QF014 Flight trajectory 
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Figure 45 QF014, 15 Aug back trajectory, lightning data for 15 Aug(blue), 14 Aug(pink), 13 Aug(green), and 12 Aug(yellow) 

  

 

Figure 46 QF014 10 second average ozone 
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Figure 47 QF014 Graphs 
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QF015 Flight Description 

The flight was launched at 12:50 local time on 17 August 2013 from the CNAQ campus. 

Weather was generally clear with some stratus clouds around 6km. The prevailing wind was 

from the east. The balloon reached a height of 33.36km before bursting and landed 86km 

southeast of Al Hofuf, Saudi Arabia. Total distance travelled was 126km. 

 

Figure 48 QF015 Flight Trajectory 
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Figure 49 QF015, 17 Aug back trajectory, lightning data for 17 Aug(blue), 16 Aug(pink), 15 Aug(green), and 14 Aug(yellow) 

 

 

Figure 50 QF015 10 second average ozone 
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Figure 51 QF015 Graphs 
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QF016 Flight Description 

The flight was launched at 13:00 local time on 18 August 2013 from the CNAQ campus. 

Weather was generally clear with some stratus clouds around 6km. Prevailing wind was from the 

east. The balloon reached a height of 30.97km before bursting and landed 86km southeast of Al 

Hofuf, Saudi Arabia. Total distance travelled was 130km. 

 

Figure 52 QF016 Flight trajectory 
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Figure 53 QF016, 18 Aug back trajectory, lightning data for 18 Aug(blue), 17 Aug(pink), 16 Aug(green), and 15 Aug(yellow) 

 

 

Figure 54 QF016 10 second average ozone 
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Figure 55 QF016 Graphs 
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QF018 Flight Description 

The flight was launched at 13:10 local time on 19 August 2013 from the CNAQ campus. 

Weather was generally clear with some stratus clouds at 6km. Prevailing wind was from the east. 

The balloon reached a height of 32.68km before bursting and landed 57km southeast of Al 

Hofuf, Saudi Arabia. Total distance travelled was 138km. 

 

Figure 56 QF018 Flight trajectory 
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Figure 57 QF018, 19 Aug back trajectory, lightning data for 19 Aug(blue), 18 Aug(pink), 17 Aug(green), and 16 Aug(yellow) 

 

 

Figure 58 QF018 10 second average ozone 
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Figure 59 QF018 Graphs 
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QF020 Flight Description 

The flight was launched at 13:00 local time on 20 August 2013 from the CNAQ campus. 

Weather was generally clear with stratus clouds around 6km. The prevailing wind was from the 

east. The balloon reached a height of 33.1km before bursting and landed 40km east of Al Hofuf, 

Saudi Arabia. Total distance travelled was 155km. 

 

Figure 60 QF020 Flight trajectory 
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Figure 61 QF020, 20 Aug back trajectory, lightning data for 19 Aug(blue), 18 Aug(pink), 17 Aug(green), and 16 Aug(yellow) 

  

 

Figure 62 QF020 10 second average ozone 
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Figure 63 QF020 Graphs 
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QF022 Flight Description 

The flight was launched at 13:00 local time on 21 August 2013 from the CNAQ campus. 

Weather was generally clear with stratus clouds around 6km. The prevailing wind was from the 

east. The balloon reached a height of 32.69km before bursting and landed 57km east of Al 

Hofuf, Saudi Arabia. Total distance travelled was 132km. 

 

Figure 64 QF022 Flight trajectory 
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Figure 65 QF022, 21 Aug back trajectory, lightning data for 21 Aug(blue), 20 Aug(pink), 19 Aug(green), and 18 Aug (yellow) 

  

 

Figure 66 QF022 10 second average ozone 
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Figure 67 QF022 Graphs 


