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A B S T R A C T  

Bromine plays a crucial role in polar atmospheric composition. During springtime, 

photochemistry converts bromine compounds originating from ice and snow into gaseous 

reactive bromine radicals (Br), which deplete ozone in the boundary layer, forming bromine 

oxides (BrO). Due to the autocatalytic nature of the reaction mechanism, it has been called 

bromine explosion. The strong relationship of bromine photochemistry and release from its 

sources to ozone depletion events (ODEs) was discovered in the late 1980s. Since then, and 

because of the importance of tropospheric ozone (the primary source of hydroxyl radical (OH), 

the major oxidizing agent of the atmosphere), many studies focused on the mechanisms which 

release bromine into the troposphere and the driving parameters which enhance BrO production 

and therefore ozone depletion.  

Arctic Amplification (AA) is the phenomenon that surface temperature in high latitudes 

increases more rapidly than at lower latitudes. One of the most profound consequences of AA is 

the significant changes in sea ice conditions. Sea ice extent, age and thickness are drastically 

changing. Inevitably, all aspects of the Arctic ecosystem are expected to be affected by Arctic 

Amplification. 

Remote sensing from satellites can be extremely useful for studying the Arctic region. By the 

end of the 1970s, sea ice concentration was successfully monitored by satellite sensors. Since 

1995, we also have the ability to study atmospheric composition worldwide with data retrieved 

from nadir radiance spectra from a series of European satellite sensors: GOME on ERS-2 (1995 - 

2003), SCIAMACHY on ENVISAT (2002 - 2012), GOME-2A on MetOpA (2007 - today) and 

GOME-2B on MetOpB (2012 - today).  

The focus of this thesis is twofold: firstly, to create the first consolidated and consistent long-

term (1996 to 2017) tropospheric BrO dataset for the Arctic region and the Hudson Bay (a well-

known hotspot for bromine explosion events), retrieved from the four ultraviolet-visible (UV-

VIS) sensors mentioned above, in order to assess the changes and the impact that AA has on 

tropospheric BrO.  Since the different satellite instruments have different instrumental attributes 

and the fact that BrO is a weak absorber in the UV spectral region, many sensitivity retrieval tests 

have been performed in order to identify the proper fitting settings for each instrument and to 

derive a high-quality BrO dataset with high consistency between the instruments. Vertical 

column densities (VCD) of tropospheric BrO are extracted from total (geometric) VCDs, using a 

climatology of stratospheric BrO VCDs from a chemical transport model. The BrO time-series 

(geometric and tropospheric VCDs) show remarkable agreement during the overlapping periods 

between the sensors (the best agreement being between SCIAMACHY and GOME-2A with a 
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correlation coefficient squared of 0.97). Additionally, the agreement is verified by studying daily 

and monthly maps of geometric and tropospheric BrO VCD. This agreement allows us to create a 

merged tropospheric BrO VCD dataset, the basis for deriving geophysical conclusions on the 

impact of AA on the Arctic BrO atmospheric composition. By studying the trends of tropospheric 

BrO VCDs, we infer an increase of around 1% per year. The increase is significant during polar 

spring, reaching 1.5% per year. A similar increase can be observed for the Hudson Bay, where 

tropospheric BrO VCD have increased around 0.9% per year for the spring period and 2.3% per 

year for the winter period. However, the increasing trend is not monotonic, and variability on the 

tropospheric BrO VCD appear (e.g. 2016 and 2017 are lower than 2015 for the Arctic region), as 

many parameters influence bromine release and subsequent BrO formation. 

Secondly, the link of observed tropospheric BrO VCDs to possible bromine sources and 

favoring weather conditions was investigated. The primary source of inorganic bromine release in 

the Arctic atmosphere is sea ice, especially first year ice, which is rich in sea salts. Therefore, a 

long-term sea ice age dataset from NSIDC was compared to the tropospheric BrO VCD dataset. 

The increase of first year ice extent due to the changes in the Arctic climate is in general 

agreement with the observed increase in tropospheric BrO, with a moderate daily correlation 

coefficient of +0.32, but a strong yearly one of +0.62. Also, the increase of the occurrences of 

first year ice over some regions in the Arctic (i.e. northeast of Greenland) is correlated with the 

increase of tropospheric BrO VCD in these regions. Apart from the bromine sources, driving 

mechanisms, like air temperature, wind speed, boundary layer height, and cyclone activity, can 

contribute to the Amplification, transport, vertical uplifting and recycling of tropospheric BrO 

plumes. Consequently, similar comparisons have been performed between tropospheric BrO and 

meteorological data. We infer that the parameter with the most substantial influence on the 

formation of bromine explosion events is air temperature, with a correlation coefficient of -0.54 

(anti-correlation) for the Arctic during spring and -0.78 for Hudson Bay spring. Furthermore, the 

spatial agreement and correlation between trend maps of tropospheric BrO VCD and air 

temperature verify the anti-correlation between the two quantities. 

However, the bromine release and the formation, transport, and re-cycling of BrO plumes are 

complex and dynamic phenomena. They depend on many geophysical parameters, and there are 

also complex relationships between these parameters. Therefore, single individual linear 

comparisons between tropospheric BrO VCDs and key parameters of BrO formation cannot fully 

represent the actual relationship between them. This leads us to the effort of employing, for the 

first time, an artificial intelligence neural network in order to model and predict Arctic 

tropospheric BrO VCDs using the parameters contributing to tropospheric BrO formation. By 

training the neural network only with one year of data, it can reproduce accurately (both spatially 

and in magnitude) many BrO plumes which occurred in other years. This ability of the neural 

network to efficiently model some bromine explosion events allows us to distinguish them 

between those occurring at the surface and those at higher altitudes. From studying the effect of 

each of the individual key parameters on the magnitude of modeled tropospheric BrO VCD, we 
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conclude that air temperature and mean sea level pressure (which can describe the boundary 

conditions under which bromine is released) have the highest impact. 
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M O T I VAT I O N  A N D  O U T L I N E  

Climate change refers to long-term climate variations that occur over decades or more and 

eventually re-shape the local or global climate. Such changes happen since the formation of the 

Earth (for example, the current composition of our atmosphere is a product of many changes, 

which took place over millions of years). However, since the industrial revolution, around 1760, 

the climate has been increasingly affected by human activities that are causing global warming 

and climate change (see Figure 1). The rate of these changes is unprecedented, as, in such a short 

period, the Earth has transformed to a warmer, less forest-covered, and less biologically diverse 

place (Steffen et al., 2007). The main contributors to man-made climate change are greenhouse 

gases, most notably CO2) emitted from anthropogenic activities, such as fossil fuel combustion, 

land change and deforestation. The extent to which a potential increase in CO2 could result in an 

increased Earth's surface temperature was already investigated more than 100 years ago 

(Arrhenius, 1896). These unprecedented changes, in combination with the rapid increase of 

human population (to almost 8 billions), which creates further needs for resources, have 

motivated the term "Anthroposcene" (Crutzen, 2002) for the current era of the Earth system. 

 

Figure 1: Surface temperature evolution versus the 1850-1900 average as a pre-industrial reference (Knutson et al., 

2017). The contribution of human and natural drivers are based on an empirical approach using multiple linear 

regression and energy balance models. 

Although most of the human activities contributing to global warming are taking place locally 

in cities, the implications on the climate are global. Fifty years ago, an observation-based study 

predicted a fast Arctic warming (Budyko, 1969). According to it, "Sea ice loss affects Arctic 
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temperatures through the surface albedo feedback". Since then, numerous studies using both 

models and measurements have shown that the Arctic is warming at a much faster rate than the 

rest of the globe (Sellers, 1969; Manabe and Wetherald, 1975). This phenomenon is called Arctic 

Amplification (Serreze and Francis, 2006; Wendisch, M. et al., 2017; Serreze and Barry, 2011) 

(see Figure 2). 

 

Figure 2: Mean surface temperature anomalies (by location and year, measured in Kelvin), with respect to the 1951-

1980 reference time frame. (Figure provided by the NASA Goddard Institute for Space Studies Team through their 

webpage at https://data.giss.nasa.gov/gistemp/). 

Even though the leading cause of polar Amplification is widely considered to be the feedback 

associated with sea ice and snow cover (as the temperature increases, the bright surfaces that 

were dominant in the Arctic region vanish and are replaced by open water, which, having a lower 

reflectivity, absorbs more of the incoming solar radiation), model studies are suggesting that the 

Arctic would still be warmer from the rest of the globe, even without ice or snow (Alexeev et al., 

2005). Therefore, it appears that dynamics and heat transport between the tropics and the Arctic 

also play a role. These rapid and significant changes will impact many other physical, chemical 

and biological processes in the Arctic region. Additionally, many studies are indicating that the 

rapidly rising Arctic temperatures are related to extreme weather events in mid-latitudes (Francis 

and Vavrus, 2012). 

Every polar spring, under the presence of sunlight, a unique natural phenomenon takes place in 

the polar regions: the so-called “bromine explosion” (Barrie and Platt, 1997), a set of auto-

catalytic chain reactions, which allow bromine molecules to be released into the Arctic 

atmospheric boundary layer. The sources of bromine are both inorganic (cold saline surfaces, e.g. 

sea ice, liquid brine, frost flowers and blowing snow (Sander et al., 2006; Kaleschke et al., 2004; 

Wagner et al., 2001) and organic (algae, phytoplankton, dissolved organic matter). After the 

bromine molecules release, photochemistry occurs, where one bromine molecule is split into two 

https://data.giss.nasa.gov/gistemp/
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bromine atoms. These atoms, as they miss one electron from their outermost shell, are highly 

reactive. This is why they react with and strongly deplete ozone, thereby forming bromine oxide 

(BrO). Since the bromine explosion is an autocatalytic multiphase chain reaction, it has the 

ability to deplete ozone efficiently and fast, even in the presence of small (ppt) amounts of 

bromine molecules. A simplified scheme of the inorganic release of bromine molecules and the 

basic reactions and products involved can be seen in Figure 3: 

 

Figure 3: The bromine explosion (Figure from Jones et al., 2009). 

After the release of bromine molecules and the formation of BrO, BrO plumes with strongly 

enhanced BrO concentrations occur under two distinct weather conditions: A stable boundary 

layer with low wind speeds or an unstable boundary layer with high wind speeds. Also, cold 

temperatures favour the bromine explosion chemical reaction cycle (Blechschmidt et al., 2016; 

Jones et al., 2009; Begoin et al., 2010; Zhao et al., 2016). Potential changes in sea ice (which are 

occurring in the Arctic due to Arctic Amplification) will influence both the organic (more open 

water, so potentially more organohalogen production) and inorganic (less sea ice coverage, but 

more salty first year sea ice, which favours the release of bromine) releases of bromine into the 

Arctic atmosphere. Furthermore, the meteorological conditions that favour the formation and 

enhancement of BrO plumes (e.g. wind speeds, cyclone activity, mean sea level pressure, and 

temperature) are affected by the recent changes in the Arctic climate. Since ozone is essential in 

the Arctic atmosphere, acting both as a greenhouse gas (and therefore modulating the temperature 

and radiative forcing) and as an oxidizing capacity regulator (as it is the primary source of the 

hydroxyl radical, OH, the principal oxidizing agent of the atmosphere), potential changes in 

tropospheric bromine release and formation may impact on the composition and radiative 

properties of the Arctic troposphere. In addition to the impact of bromine on ozone, BrO is also 

involved in transforming mercury from the gas to the liquid phase, which can be potentially 

detrimental, as it can enter the food chain (Ariya et al., 2004).   
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Satellite remote sensing provides us with a unique opportunity to study the Earth's atmospheric 

composition on a global scale. Platt and Wagner, 1998 and Richter et al., 1998 were the first to 

study satellite observations of BrO in the polar regions, using the GOME instrument (Burrows et 

al., 1999; Chance, 1998). Since then, many other satellite remote sensing studies for BrO 

followed: Hollwedel et al. (2004) used the instrument to derive a six-year time-series of Arctic 

BrO (Hollwedel et al., 2004a). Van Roozendael et al. (2004) used measurements from 

SCIAMACHY and compared them to GOME, showing satisfactory agreement (Van Roozendael 

et al., 2004), while Theys et al. (2009) used a chemical transport model to isolate the tropospheric 

BrO component from the satellite column (Theys et al., 2009), and applied this method to the 

GOME-2A instrument (Theys et al., 2011). 

In this study, a consistent long-term consolidated multi-sensor tropospheric Arctic BrO dataset 

was developed. The dataset spans over 22 years, allowing the investigation of changes that 

occurred to BrO formation and intensity under the impact of Arctic Amplification. By comparing 

different datasets (e.g. sea ice age and thickness, temperature), the links between the changes of 

tropospheric BrO plumes and their sources and driving mechanisms are investigated. Finally, a 

first effort of modeling tropospheric BrO plumes by employing an artificial neural network was 

implemented to understand and predict appearances of enhanced BrO and integrate these 

predictions in models or use them for potential future measurement campaigns.  

This thesis is structured as follows: 

 In Chapter 1, the theoretical background of the research is introduced: definition and 

explanation of Arctic Amplification, the chemistry behind the appearance of halogens in 

the atmosphere, basic principles of absorption spectroscopy, together with the 

background of satellite remote sensing, the instruments used in the study and an 

introductory presentation of artificial neural networks are given. 

 In Chapter 2, the technical background of the study is described: the methodology 

followed in order to obtain the BrO VCD from the satellite sensors, the criteria used for 

the selection of the proper fitting settings, the stratospheric separation applied and 

finally, the steps followed for obtaining the exemplary neural network architecture for 

our case are presented.  

 In Chapter 3, the retrieved satellite BrO VCD are analysed and presented. The 

agreement of the overlapping periods between the sensors is highlighted, both from map 

and time-series comparisons. In addition, the trends and changes observed over time are 

calculated and discussed for both the magnitude and spatial scale. 

 In Chapter 4, the link of the changes of tropospheric BrO VCD to source and driving 

mechanism datasets is discussed through map comparisons, scatter plots, time-series and 

trend maps. 

 In Chapter 5, the implementation of the artificial neural network for tropospheric BrO 

VCD modeling is presented. The network's performance is discussed for individual case 
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studies and for long-term re-construction of maps and time-series, which are compared 

with satellite measurements. 

 Finally, in Chapter 6, a summary of the thesis's main research findings and conclusions 

are presented, the limitations encountered are described, and an outlook on further 

improvements in future studies is given. 
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1. Theoretical Background 

 

 
Parts of this section have been previously published as part of Bougoudis et al., (2020)                1 

1. T H E O R E T I C A L  B A C K G R O U N D  

In this first chapter, the theoretical background of the thesis will be presented. Most of the sub-

sections are based on the following books: Seinfeld and Pandis, (1998); Wallace and Hobbs, 

(2006); Platt and Stutz, (2008); Jacob, (1999); Burrows et al., (2011); Roedel and Wagner, 

(2017).  

1.1 The Earth’s Atmosphere 

The vertical structure of an atmosphere can be described by the change of pressure, temperature, 

density and composition, as a function of altitude from the surface. The Earth’s atmosphere is 

divided into five layers using the vertical temperature changes: the troposphere, the stratosphere, 

the mesosphere, the thermosphere and the exosphere. Figure 1.1 shows the vertical profile of the 

Earth’s temperature at mid-latitudes, together with the layers mentioned above:  

 

Figure 1.1: The vertical structure of the Earth’s atmosphere, as a function of temperature 

(https://www.azimuthproject.org/azimuth/show/Blog+-+the+color+of+night). 

https://www.azimuthproject.org/azimuth/show/Blog+-+the+color+of+night


1. Theoretical Background 

 

 
2 

The troposphere is the lowest part of the atmosphere, extending from the surface up to 

approximately 12 km, although this varies based on latitude zones. At the Equator, the tropopause 

is approximately up to 17 km, while at the poles, it is 9 km or lower. The temperature is generally 

decreasing with height in the troposphere, the main reason being that solar radiation reaching the 

ground heats the surface. The stratosphere is the next layer, extending up to approximately 50 

km. Here we see a temperature inversion as the temperature is increasing with height. The main 

reason is the existence of the ozone layer, which absorbs solar ultraviolet radiation. The 

mesosphere extends from 50 km up to approximately 80 km and is the coldest layer of the 

atmosphere. This is due to decreasing absorption of solar radiation, as the layer is transparent and 

without many trace gas molecules. Above the mesosphere, the thermosphere starts and extends 

up to 100 km. The temperature increases as extreme ultraviolet radiation is absorbed by residual 

atmospheric gases (O2, N2, N2O). The exosphere is the final layer of the atmosphere, where light 

molecules (e.g. hydrogen and helium) can escape the gravitational field. 

The composition of the Earth’s atmosphere was not always the same. Rather, the current 

composition is a result of constant changes. According to current estimations, Earth's first 

atmosphere was similar to that of the Sun, having large quantities of hydrogen and noble gases. 

This atmosphere, in combination with high temperatures occurring at that time, vanished to 

space. The secondary atmosphere mainly consists of H2O, H2, CH4, N2, CO, but not oxygen. 

These gases were produced by the internal core of the Earth. Water vapor which escaped the 

molten rocks of the Earth formed the oceans after the Earth’s surface had cooled to a temperature 

below the boiling point of water, while ultraviolet radiation helped towards the formation of 

oxygen, which resulted in the creation of life on the planet, through the following overall 

reaction: 

2H2O + hv  2H2 + O2                                                                                                                                                                       (R1) 

Although nowadays oxygen formation in the atmosphere is through photosynthesis from plants, 

at that early stage, life did not exist on the planet. From the first little oxygen that was created at 

that point, ozone (O3) formed, following the UV photolysis of O2. Ozone provided a “shield” for 

the first living structures on the planet from the hazardous ultraviolet solar radiation. Ozone can 

be created photochemically under the following set of reactions: 

O2 + hv (λ< 242nm)  O + O                                                                                                     (R2) 

O + O2 + M  O3 + M                                                                                                                (R3) 

O + O3  2O2                                                                                                                             (R4) 

O3 + hv  O + O2                                                                                                                       (R5) 

This set of reactions was proposed by Chapman, (1930). The formation of ozone allowed living 

organisms to survive outside water (where they were initially protected from ultraviolet radiation) 

and contribute to the formation of oxygen through photosynthesis. 
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Figure 1.2 shows the evolution of the composition of the Earth’s atmosphere. 

 

Figure 1.2: Evolution of the composition of the Earth’s atmosphere 

(http://elte.prompt.hu/sites/default/files/tananyagok/AtmosphericChemistry/ch01.html). 

Nitrogen (N2), oxygen (O2) and Argon (Ar) are the most dominant gases in the current 

composition of the atmosphere, with mixing ratios of 78%, 21% and 0.9%, respectively. Water 

vapor follows (0.25%). However, its mixing ratio varies, depending on season and latitude. All 

the remaining gases are present in small mixing ratios and are referred to as trace gases. 

However, some of them are more reactive and have a significant impact on life upon Earth. For 

example, greenhouse gases, which can absorb radiation in the infrared spectrum, keep the 

temperature of the Earth high enough for life to be sustained. Without them, the temperature at 

the surface of the Earth would have been about –18
o 

Celsius, rather than the present average of 

+15
o 
Celsius.  

Table 1.1 summarizes the most important gases of the current atmosphere (adapted from 

Wallace and Hobbs, (2006). 

 

 

 

 

http://elte.prompt.hu/sites/default/files/tananyagok/AtmosphericChemistry/ch01.html
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Table 1.1: Fractional concentrations by volume of the major gaseous constituents of the Earth’s atmosphere (Wallace 

and Hobbs, 2006). 

Constituent Volume mixing ratio 

Nitrogen (N2) 78.08 % 

Oxygen (O2) 20.95 % 

Argon (Ar) 0.93 % 

Water vapor (H2O) 0 – 5 % 

Carbon dioxide (CO2) 380 ppm 

Neon (Ne) 18 ppm 

Helium (He) 
5 ppm 

Methane (CH4) 
1.85 ppm 

Krypton (Kr) 
1 ppm 

Hydrogen (H2) 
0.5 ppm 

Nitrous oxide (N2O) 
0.3 ppm 

Ozone (O3) 
0 – 0.1 ppm 

Since the beginning of the Industrial Revolution (i.e. approximately since 1750), human 

activities have increased the atmospheric mixing ratio of greenhouse gases, especially of carbon 

dioxide (i.e. from 280 ppm in 1750 to 413 ppm in 2021). These increases in greenhouse gases 

concentrations’ have brought an increase in the temperature of the surface of the Earth in almost 

all regions of the planet. However, the most profound increase is occurring in the Arctic region. 

1.2 Arctic Amplification 

Arctic surface air temperature has risen twice the global mean rate over the past three decades. 

This phenomenon is called Arctic Amplification (Serreze and Barry, 2011) and our understanding 

of its causes is inadequate (Pithan and Mauritsen, 2014; Stjern et al., 2019). The most cited 

explanation for this increase is the ice-albedo positive feedback that is created when the sea ice 

that existed for many years in the region melts due to an increased temperature. This melting 

creates more open water, which can absorb more solar radiation (and therefore more heat, 
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creating a positive feedback, which increases the temperature even more). (Kashiwase et al., 

2017).    Figure 1.3 shows this rapid increase of air temperature in the Arctic.  

 

Figure 1.3: Yearly temperature anomalies, based on a long-term temperature average (1951 to 1980), from 

meteorological stations and ocean areas. Y-axis is latitude, x-axis is the year, color coding shows is the temperature 

anomaly (NASA GISTEMP, http://data.giss.nasa.gov/gistemp). 

Significant consequences of the rapidly increasing temperature in the Arctic are the loss of ice, 

resulting in the reduction of ice extent, thickness and a reduced fraction of multi-year ice (Stroeve 

et al., 2012) and the increasing rate of loss of the Greenland ice cap (Mouginot et al., 2019). The 

multi-year ice is being replaced by first year ice, which is more saline. (Galley et al., 2016). The 

maximum and the minimum yearly sea ice extent started to become noticeably smaller over a 

decade ago. The minimum sea ice extent, which usually occurs in September, reached its record 

low in 2012 (Yang and Magnusdottir, 2018). The yearly maximum sea ice extent, which occurs 

every March, is shrinking significantly (Serreze and Meier, 2019). The thickness of sea ice has 

declined dramatically in recent years as the portion of thick multi-year ice decreases (Perovich 

and Richter-Menge, 2009). Sea ice is replaced by open ocean, which, being darker, reduces 

surface reflectivity in the Arctic. As a result, more of the incoming solar radiation is absorbed by 

the ocean and its biosphere (e.g. phytoplankton). Consequently, the temperature of the ocean and 

the air in the boundary layer increases, creating a positive feedback loop. This is one of the most 

pronounced effects of Arctic Amplification (Hansen et al., 1997; Kirtman et al., 2013). Figure 1.4 

shows the rapid decrease in Arctic sea ice extent on a monthly basis compared to a long-term 

average (1981 to 2010). 

 

http://data.giss.nasa.gov/gistemp
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Figure 1.4: Climatological means of Arctic sea ice extent for the record low years derived from satellite 

measurements. The grey curve is the long-term average (1981 – 2010) (https://www.meereisportal.de/en/). 

These evolving conditions impact many other physical, chemical and biological processes in the 

Arctic. However, not only the Arctic is affected by Arctic Amplification. Recent studies suggest 

that there is an impact on mid-latitudes (Coumou et al., 2018; Cvijanovic et al., 2017), although 

other studies debate about the impact (Screen, 2017; Fyfe, 2019). In addition, changes in the 

atmospheric composition over mid-latitudes may potentially accelerate Arctic warming (Krishnan 

et al., 2020).  

1.3 Halogens in the Atmosphere 

Halogens are the group 17 in the periodic table. They consist of five elements: fluorine (F), 

chlorine (Cl), bromine (Br), iodine (I), astatine (At) and the artificially created tennessine (Ts). 

Their name means “salt-producing”, as they produce a wide range of salts when reacting with 

metals. Also, most halogens are typically produced from minerals and salts. Halogens are the 

only periodic table group containing elements in all three primary states of matter at standard 

temperature and pressure. They are often used as disinfectants and are dangerous, and can be 

lethally toxic. Also, they are highly reactive, as they have seven valence electrons in their 

outermost energy level. Therefore, they tend to gain an electron by reacting with other atoms of 

other elements to satisfy the octet rule.  Figure 1.5 shows the basic properties of the four halogen 

elements. 

 

https://www.meereisportal.de/en/
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Figure 1.5: The four main halogens, together with their relative size, melting and boiling point, and state 

(https://www.slideshare.net/KALYANIPALANICHAMY/aspects-of-halogens). 

As we move down in Figure 1.5, there is a decrease in reactivity as the size of the molecule and 

the atomic mass increase. That means that the power of a halogen to attract an electron to form a 

negative ion decreases. 

Bromine is a chemical element with atomic number 35 and an atomic weight of 79.9. It is liquid 

at its elemental state and has a red-brown color at room temperature. Its name means “stench” 

due to its disagreeable smell. Figure 1.6 shows a representation of a bromine atom. 

 

Figure 1.6: A bromine atom with its energy levels (https://www.shutterstock.com/image-vector/bromine-atom-shell-

1259526367). 

Elemental bromine is very reactive and thus does not occur in nature but only in soluble mineral 

salts. At high temperatures, organobromine compounds dissociate to yield free bromine atoms, a 

https://www.slideshare.net/KALYANIPALANICHAMY/aspects-of-halogens
https://www.shutterstock.com/image-vector/bromine-atom-shell-1259526367
https://www.shutterstock.com/image-vector/bromine-atom-shell-1259526367
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process that stops free radical chemical chain reactions. Due to this, more than half of the 

bromine produced worldwide each year is used as fire retardants. Ultraviolet radiation can 

dissociate bromine molecules in the atmosphere to yield free bromine atoms, which deplete 

ozone. As a result, many organobromine compounds that were used in the past were linked to 

stratospheric ozone depletion and are no longer used (Salawitch et al., 2005). 

1.3.1 Halogens in the Stratosphere 

The dissociation from ultraviolet radiation also applies to chlorine and iodine. The primary 

source of halogens in the stratosphere is the transport of chlorofluorocarbon compounds (CFCs) 

or halogenated hydrocarbons (halons) from the troposphere. These compounds were known to be 

volatile and chemically inert in the troposphere. However, when they reach the stratosphere, 

through ultraviolet solar radiation, halogen molecules are dissociated. Since the discovery of the 

Antarctic ozone hole (Farman et al., 1985) and its relationship to halogen species, the Montreal 

Protocol was agreed upon in 1987. The agreement suggests that the production of CFCs should 

be reduced by half and eventually end by 1996 in developed countries. The main set of reactions 

between halogens and ozone are the following (Sinnhuber et al., 2005): 

X + O3  XO + O2                                                                                                                     (R6) 

XO + O  X + O2                                                                                                                       (R7) 

Net: O3 + O  2O2                                                                                                                      (R8) 

Where X is the halogen atom. This is one way BrO is produced. Halogen species can 

catalytically destroy ozone until they are converted into stable reservoirs. Another catalytic ozone 

destruction cycle involving species of different families is the following: 

X + O3  XO + O2                                                                                                                     (R6) 

Y + O3  YO + O2                                                                                                                     (R9) 

XO + YO  XY + O2                                                                                                               (R10) 

Net: 2O3  3O2                                                                                                                         (R11) 

During high chlorine activation (i.e. inside the polar vortex), the following reactions are 

important (Theys et al., 2009 and references therein): 

BrO + ClO  BrCl + O2                                                                                                           (R11) 

BrO + ClO  Br + OClO                                                                                                         (R12) 

BrO + ClO  Br + ClOO                                                                                                         (R13) 

The reactive halogens are converted into reservoirs in the stratosphere through the following 

reactions (Cicerone, 1981): 

BrO + NO2 + M  BrONO2 + M                                                                                             (R14) 
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BrO + HO2  HOBr + O2                                                                                                         (R15) 

Br + HO2  HBr + O2                                                                                                                                                                      (R16) 

Br + HCHO  HBr + CHO                                                                                                      (R17) 

While the following reactions are converting the halogen reservoirs into reactive species 

(McElroy et al., 1986): 

BrONO2 + hv  Br + NO3                                                                                                       (R18) 

BrONO2 + hv  BrO + NO2                                                                                                     (R19) 

HOBr + hv  Br + OH                                                                                                             (R20) 

HOBr + O  BrO + OH                                                                                                           (R21) 

HBr + OH  Br + H2O                                                                                                             (R22) 

HBr + O  Br + OH                                                                                                                 (R23) 

Heterogeneous reactions release halogens (particularly Cl) from the reservoirs and remove 

nitrogen oxides from the atmosphere. They occur primarily inside polar stratospheric clouds 

(Molina et al., 1987): 

BrONO2 + H2O  HOBr + HNO3                                                                                            (R24) 

OH + O3  HO2 + O2                                                                                                               (R25) 

HOBr + hv  Br + OH                                                                                                             (R20) 

Br + O3  BrO + O2                                                                                                                    (R6) 

BrO + NO2 + M  BrONO2 + M                                                                                             (R14) 

Net: H2O + 3O3  2HO2 + 3O2                                                                                                (R26) 

1.3.2 Halogens in the Troposphere 

Bromine monoxide (BrO) plays a significant role in the atmospheric chemistry of the Arctic. 

During polar springtime, episodes of strongly enhanced amounts of BrO have been observed in 

the boundary layer (Barrie and Platt, 1997). The formation of these intense plumes of BrO results 

in tropospheric ozone depletion. Tropospheric ozone depletion and the link to halogen chemistry 

events was first discovered over 30 years ago (Barrie et al., 1988) and has been the subject of 

many studies and research campaigns over the past three decades (Toohey et al., 1990; 

Tuckermann et al., 1997; Saiz-Lopez and Glasow, 2012). The release of reactive halogens and 

the decrease in ozone (O3) impact the oxidizing capacity of the troposphere. The photolysis of O3 

in the UV-B leads to the formation of the most essential tropospheric oxidising agent, the 

hydroxyl radical, OH (Lelieveld et al., 2016). Although bromine radicals can contribute to the 

formation of OH on short timescales, the destruction of ozone caused by reactive bromine 
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decreases the OH concentrations and is more profound (Stone et al., 2018). While in plumes of 

tropospheric BrO, the oxidising agents O3 and OH are reduced, the reactions of BrO also play 

other vital roles in atmospheric chemistry. For example, BrO efficiently reacts with elemental 

mercury. This oxidation initiates a process whereby deposition of mercury, Hg, to snow and ice 

increases. This results in Hg entering the food chain (Lu et al., 2001; Ariya et al., 2004). BrO 

plumes' rapid and sudden appearance over the polar regions has been called the "bromine 

explosion"(Barrie and Platt, 1997; Platt and Perner, 1983). It is explained by an autocatalytic 

multiphase chemical cycle, which occurs on cold saline surfaces (Fan and Jacob, 1992; Sander 

and Crutzen, 1996). Although there are studies that try to model BrO plumes from their driving 

mechanisms (Falk and Sinnhuber, 2018; Toyota et al., 2011; Huang et al., 2020), each 

parameter's exact level of impact on the formation of enhanced tropospheric BrO is uncertain. 

However, there is the consensus that the potential sources of BrO plumes are (a) rich in sea salts 

and relatively cold (conditions occurring in potential frost flowers regions; (Kaleschke et al., 

2004; Sander et al., 2006), (b) surfaces covered with liquid or frozen brine (Sander et al., 2006), 

(c) associated with blowing snow (Yang et al., 2020; Blechschmidt et al., 2016; Zhao et al., 

2016), (d) surface snow packs (Peterson et al., 2018) and young salty sea ice regions (Wagner et 

al., 2001; Simpson et al., 2007, 2017). A pH lower than 6.5 is required for efficient bromine 

activation (Fickert et al., 1999; Halfacre et al., 2019).  

Organic sources of BrO, such as oceanic organobromine compounds, have also been discussed 

in the literature (Salawitch, 2006). Their relatively long lifetimes result in a slow release of Br 

throughout the Arctic troposphere or beyond and are currently not considered to explain a 

significant part of the bromine explosion mechanism.  

Starting with molecular bromine in the gas phase, the sequence of autocatalytic chain reactions 

describing the bromine explosion can be written in its simplest form as:  

Br2 + hv (350 nm < λ < 500 nm)  2Br                                                                                   (R27) 

2(Br + O3  BrO + O2)                                                                                                (R6)  

2(BrO + HO2  HOBr + O2)                                                                                  (R15) 

2(HOBr(g) ⇌ HOBr(aq))                                                                        (R28)   

2(HOBr(aq) + Br
-
(aq) + H

+
(aq)  Br2(g) + H2O(aq))                                                    (R29) 

Net: 2O3 + 2HO2 + 2Br
-
(aq) + 2 H

+
(aq)  4O2 + 2H2O + Br2                                                     (R30) 

The reason that the set of reactions is called bromine explosion is that each Br atom in the gas 

phase releases another Br atom from the liquid phase. In short, the autocatalytic multiphase chain 

reaction releases molecular bromine, Br2, to be photolysed by solar radiation (hv) (R27). The 

resulting bromine atoms rapidly remove tropospheric O3 (R6). The resultant BrO reacts with HO2 

to form HOBr (R15). This enters the aqueous phase or quasi liquid layers on cold brine or snow 

and ice (R28), where it reacts with halogen ions to release an additional bromine atom as Br2 to 
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the atmosphere (R29). The efficiency of such a chain reaction depends on the chain length in the 

atmosphere. The ratio of the relative rate of chain propagation to chain termination reactions of 

the chain carriers, i.e. the Br and BrO, determines the chain length. In addition, there are cycles 

involving chlorine ions, also initiating the release of BrCl, which leads to further catalytic loss of 

O3 (Vogt et al., 1996): 

BrCl + hv (350 nm < λ < 500 nm)  Br + Cl                                                                           (R31) 

Br + O3  BrO + O2                                                                                                (R6)  

BrO + HO2  HOBr + O2                                                                                                 (R15) 

HOBr(g) ⇌ HOBr(aq)                                                                                  (R28)   

HOBr(aq) + H
+
 + Cl

-
  BrCl(aq) + H2O                                                                                      (R32) 

BrCl(aq) + Br
-
 ⇌ Br2Cl

-
                                                                                                              (R33) 

Br2Cl
-
 ⇌ Br2 + Cl

-
                                                                                                                     (R34) 

Net: BrCl + O3 + HO2 + Br
-
 + H

+
  Cl + Br2 + H2O + 2O2                                                                               (R35) 

The bromine explosion slows down through the depletion of O3 in the air mass or through 

reactions of Br or BrO with formaldehyde or NO2: 

Br + HCHO → HBr + HCO                                                                                    (R36)  

BrO + NO2 + M → BrONO2 + M                                                                                   (R14) 

BrONO2(g) ⇌ BrONO2(aq)                                                                                                    (R37)  

The effectiveness of the bromine explosion in ozone depletion can be described by the fact that 

the process ends when there are no more O3 molecules (it can nearly completely remove O3). 

Figure 1.7 summarizes the bromine release and cycles discussed above. 
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Figure 1.7: Graphical depiction of the bromine explosion (Simpson et al., 2007). 

Also, the following mechanism (Seigneur and Lohman, 2008) causes mercury depletion by Br 

and BrO: 

Hg
0
 + Br  HgBr                                                                                                                      (R38) 

Hg
0
 + BrO  HgO + Br                                                                                                            (R39) 

Hg
0
 + BrO  HgBrO                                                                                                                (R40) 

Hg
0
 + BrO  HgBr + O                                                                                                            (R41) 

1.4 Absorption Spectroscopy 

In order to perform remote sensing atmospheric measurements, a light source is needed. This 

light source is, in most cases, the Sun. The absorption of radiation by trace gases allows us to 

receive information regarding the composition of the atmosphere and the concentration of trace 

gases in the atmosphere. 

1.4.1 Solar Spectrum 

The two fundamental characteristics of radiation are the wavelength (λ) measured in meters (nm 

in most cases) and the frequency (v) measured in Hertz. The wavelength describes the distance 
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between two peaks of the electromagnetic wave, while the frequency is the number of wave 

periods per time. The two quantities are connected with the equation below: 

c =λ
.
v                                                                                                                                         [1.1] 

where c is the speed of light. The solar spectrum is divided into regions based on these two 

quantities (Figure 1.8). 

 

Figure 1.8: The electromagnetic spectrum (https://www.radio2space.com/components-of-electromagnetic-spectrum/). 

The ultraviolet (UV) part of the spectrum is where BrO absorbs radiation and is suitable for 

satellite remote sensing. The visible spectrum is the part that humans can understand through 

vision. It is essential to mention how small the fraction of the visible spectrum is, compared to the 

whole range of electromagnetic radiation. It covers a range from 400nm to 700nm. This is the 

only part of the spectrum which we can relate to colors. Sunlight, although it can be seen as a 

unified color, in reality, consists of a variety of wavelengths. The infrared (IR) part of the 

spectrum covers the wavelength range from 0.7μm to 100μm, 100 times broader than the visible. 

Some trace gases (i.e. CO2) absorb radiation in these regions. Therefore, there are satellite 

instruments that also provide measurements in this wavelength region. 

1.4.2 Absorption  

Absorption is a fundamental mechanism that occurs when electromagnetic radiation interacts 

with the atmosphere. It causes molecules of trace gases to absorb energy in various wavelengths 

and is described by the Beer-Lambert law: 

      
       λ      

 
                                                                                                                  [1.2] 

where I is the measured intensity of the electromagnetic radiation, I0 is the initial intensity, J is 

the total number of trace gases absorbing, j denotes a particular trace gas (e.g. BrO),  (λ) is the 

cross section of the absorber at wavelength λ,   the concentration of the trace gas. The integral is 

https://www.radio2space.com/components-of-electromagnetic-spectrum/
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taken along the light path s. Ozone, water vapor and CO2 are three primary gases that can absorb 

solar radiation at different wavelengths. There are wavelength regions in which light is mainly 

absorbed, while there are other regions in which light is transmitted. These regions are called 

atmospheric windows and are useful for satellite remote sensing, as the backscattered radiation 

can reach the satellite without much attenuation. 

 

Figure 1.9: Main absorption bands by atmospheric gases and atmospheric windows. (https://www.chegg.com/). 

1.4.3 Scattering  

Scattering is another mechanism of radiative transfer that occurs in the atmosphere. It arises 

when particles or molecules in the atmosphere interact with radiation and cause its redirection 

and deviation from a straight trajectory. There are two main categories of scattering: elastic and 

inelastic scattering. The type and the actual form of scattering depend on many parameters, such 

as the wavelength, air particles' size, and composition. Rayleigh scattering is the dominant elastic 

scattering of light. It occurs when the particles are small compared to the wavelength of incoming 

radiation. It causes shorter wavelengths to be scattered much more than longer wavelengths (the 

scattering cross section is inversely proportional to the fourth power of the wavelength). This 

mechanism is mainly the reason why the sky is blue. A simplified equation describing the 

Rayleigh scattering cross section is given in [1.3] (Nicolet, 1984). 

          
          

     
  (m

2
 mol

-1
)                                                                                             [1.3] 

Mie scattering occurs when the particles have approximately the same size as the wavelength of 

the incoming solar radiation. Dust, smoke, and water droplets are common causes of Mie 

scattering, affecting longer wavelengths than Rayleigh scattering. Mie scattering appears mainly 

in the lowest parts of the atmosphere, where bigger particles are present in larger numbers, and 

https://www.chegg.com/
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there are often clouds. The scattering cross section of Mie scattering can be described as (Platt 

and Stutz, 2008): 

        
 

  
  (m

2
 mol

-1
)                                                                                                             [1.4] 

where   is the Ångström exponent. 

Raman scattering is, in contrast to Rayleigh and Mie scattering, an inelastic form of scattering. 

This means that the scattering molecule changes its state of excitation during the scattering 

process, while the frequency of the scattered radiation also changes. In most cases, only the 

rotational state of the molecule is affected (rotational Raman scattering). However, the 

vibrational state can also change (virbrational Raman scattering). Although it is rare in the 

atmosphere (i.e. around 4% of Rayleigh scattering), it is essential, as it can explain changes in the 

apparent depth of Fraunhofer lines. This effect is referred to as the Ring effect (Grainger and 

Ring, 1962). 

1.5 Satellite Remote Sensing 

Solar radiation that is not absorbed or scattered in the atmosphere can reach and interact with 

the Earth’s surface. When radiation reaches its destination, three actions can occur: absorption at 

the surface, transmission through the surface, or reflection. The total transmitted energy from 

radiation will interact with the surface in one or more of these three ways, depending on the 

surface's state. Satellite remote sensing is based on the principle of solar radiation reaching the 

satellite after interaction with the Earth’s surface and atmosphere. The Sun provides a proper 

power source for remote sensing. Such sensors, which are using an external power source, are 

called passive remote sensors. On the other hand, active sensors provide the light source 

themselves. Many satellite sensors are using passive remote sensing. The satellite's orbit is the 

path that the satellite follows, and it is a critical parameter. Geostationary satellites are placed at a 

high altitude (i.e. 36.000 km) and observe the same part of Earth’s surface at any given time. 

These satellites rotate with velocities aligned with the Earth’s rotation so that they seem to remain 

stationary. Many satellite sensors are designed to follow a specific orbit (mostly North-South), 

which, combined with the Earth’s rotation (West-East), allows them to observe most of the 

Earth’s surface. These satellites are in polar orbits (altitudes between 200 and 1000 kilometres). 

Many satellites are also synchronized with the sun (sun-synchronized) to cover every region at a 

specific local time, which is called the overpass time. 

Many satellite remote sensing studies have been dedicated to BrO in the polar regions. Richter 

et al. (1998), Platt and Wagner. (1998) and Chance (1998) were the first studies on satellite 

observations of BrO plumes in polar regions, using the GOME instrument (Burrows et al., 1999). 

Using observations from the same instrument, Hollwedel et al. (2004) derived a six year time-

series of Arctic and Antarctic total vertical column densities (VCDs) of BrO. This was the first 

scientific effort to study the evolution of BrO in the polar regions. The transport of BrO plumes, 
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which represents a photo-stationary state with production and loss processes and their capability 

of depleting ozone, far away from the initial release area, was studied with satellite remote 

sensing (Ridley et al., 2007; Begoin et al., 2010). The relationship between BrO release and 

young sea ice was also discussed (Wagner et al., 2001), where it was indicated that high BrO 

concentrations are always found over or near sea ice on the Caspian Sea. Van Roozendael et al. 

(2004) used SCIAMACHY observations for Arctic BrO and compared them to GOME data, 

showing satisfactory agreement between the two different sensors. Theys et al. (2011) compared 

tropospheric BrO columns derived from GOME-2A to a chemical transport model, showing 

consistency with possible release mechanisms of bromine. Sihler et al. (2012) compared GOME-

2 BrO columns to ground-based measurements in the Arctic, demonstrating good agreement 

between them. Seo et al. (2019) presented the first BrO retrievals from the TROPOMI 

instrument, showing high-resolution BrO retrievals with low fitting errors. Other studies have 

also used satellite remote sensing to link bromine explosion events to their sources and triggering 

meteorological conditions to understand this complex and significant phenomenon better. For 

instance, Blechschmidt et al. (2016) investigated a bromine explosion event using GOME-2A and 

associated its long lifetime with continuous release of bromine molecules from blowing snow 

along the front of a polar cyclone. 

1.5.1 DOAS 

The Differential Optical Absorption Spectroscopy (DOAS) method (Platt and Perner, 1983; 

Burrows et al., 2011) is a method used to estimate concentrations of trace gases in the 

atmosphere. DOAS evolves from the Beer and Lambert law, which describes the attenuation of 

electromagnetic radiation in a medium (Equation 1.2). The atmospheric absorption of trace gases 

of interest can be retrieved by using their characteristic spectral fingerprints. This is achieved by 

separating the extinction signal into a low frequency and a high frequency part. The low 

frequency part is treated as a closure term and is fitted by a low order polynomial. The higher 

frequency term contains the absorption structures of the trace gases. The final output of the 

retrieval is the slant column density of the trace gas, i.e. the density of the trace gas, integrated 

along the light path (Platt and Stutz, 2008): 

        
 
                                                                                                                         [1.5] 

The radiance upwelling at the top of the atmosphere is approximated at a given wavelength by  

  λ     λ    λ   
      

 
   

 λ            λ                λ            
                                   [1.6] 

where   is the scattering efficiency, SCDj the slant column density of the gas with index j,  Ray(λ) 

and  Μie(λ) are the scattering cross sections of Rayleigh scattering molecules (e.g. primarily air 

molecules, molecular nitrogen N2 and oxygen, O2) and Mie scattering particles (e.g. aerosol 

particles), SCD(Ray) and SCD(Mie) are the corresponding slant columns of Rayleigh and Mie 
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scatterers. As Rayleigh and Mie scattering efficiency varies smoothly with wavelength, they can 

be approximated by low order polynomials. This results in the following approximation: 

  
   λ 

  λ 
      λ           λ

 
                                                                                           [1.7] 

where bp are the coefficients of the polynomial. It should be stated that the DOAS method can be 

applied to other platforms as well (e.g. instruments on ships, cars and stationary buildings). 

Figure 1.10 shows a DOAS fit performed for BrO with the settings we applied in this thesis: 

 

Figure 1.10: Examples of a typical DOAS fit for BrO with the settings used in this thesis. 

1.5.2 Instruments 

The GOME (Global Ozone Monitoring Experiment) (Burrows et al., 1999) instrument was 

launched in 1995 on ERS-2. It was a nadir viewing scanning spectrometer, observing solar back-

scattered radiation upwelling from the Earth’s surface and atmosphere. It measured continuously 

in four spectral channels from 240 to 790 nm, with a spectral resolution between 0.2 and 0.4 nm. 

For 27 days per month, the spatial resolution of the forward scans was 40x320 km
2
, and the swath 

was 960 km. For approximately three days per month, the instrument operated in narrow swath 

mode with a swath width of 240 km and ground scenes having a spatial resolution of 40x80 km
2
. 

ERS-2 was in a Sun-synchronous orbit with a 10:30 local time equator overpass in the 

descending node. GOME was the first satellite instrument, which measured vital tropospheric 

gases that have weaker absorption lines than ozone: examples being NO2, BrO, HCHO and SO2 

(Burrows et al., 1999). The instrument was launched in July 1995 and lost its global coverage in 

error: 11.1% 
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2003 due to data rate limitation (the onboard storage capability of the instrument was disabled, 

and as a result, data could only be transmitted directly to ground stations) (Bracher et al., 2005). 

SCIAMACHY (SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY) 

(Bovensmann et al., 1999; Burrows et al., 1995) was a satellite spectrometer on board Envisat. It 

was launched into space in 2002. The main advantage of SCIAMACHY compared to GOME was 

its broader spectral coverage, ranging from 210 nm to 2380 nm, allowing the observation of 

many trace gases in the near-infrared (0.75 to 1.4 μm) and short wave infrared (1.4 to 3 μm) 

spectral regions. SCIAMACHY’s spectral resolution was 0.2 nm to 0.5 nm, and its spatial 

resolution in the spectral region used for BrO retrievals was 30x60 km
2
, with a 960 km swath 

width in nadir. The overpass of Envisat over the equator was at 10:00 local time. SCIAMACHY 

observed the Earth in nadir, limb and occultation geometries, providing a wealth of trace gas data 

of the atmosphere from the surface to the upper atmosphere (Bovensmann et al., 1999). In April 

2012, Envisat lost contact with the ground station, and as a result, the mission was terminated. 

The series of GOME-2 (Global Ozone Monitoring Experiment–2) Callies et al. (2000) 

instruments were developed as the successors of GOME. There are currently three instruments in 

orbit, one launched on board Metop-A in 2006, one on Metop-B in 2012, and one on Metop-C in 

2018. Here, we use data from GOME-2A and GOME-2B. All GOME-2 instruments share the 

same attributes and sense the Earth’s backscattered radiance and extra terrestrial solar irradiance 

in the ultraviolet and visible part of the spectrum (240 nm to 790 nm). They have a spectral 

resolution between 0.2 nm and 0.4 nm, while the footprint size is 80x40 km
2,

 and the swath is 

much wider (1920 km) than for the previous instruments. However, GOME-2A changed its swath 

to 960 km and footprint to 40x40 km
2
 in June 2013. The GOME-2 instruments are crossing the 

equator at 09:30 local time (Callies et al., 2000). All three instruments are currently in operation. 

Table 1.3 summarizes the instruments used in this thesis and their attributes: 

Table 1.2: Satellite instruments used in this study and their attributes. 

Instrument Platform Period Footprint 

Equatorial 

Overpass Swath 

GOME ERS-2 1996 – 2003 320x40 km
2
 10.30 LT 960 km 

SCIAMACHY Envisat 2002 – 2012 30x60 km
2
 10.00 LT 960 km 

GOME-2A MetOp – A 
2007 – 

present 

80x40 km
2 

40x40 km
2 
(since June 

2013) 

09.30 LT 

1920 km 

960 km (since June 

2013) 

GOME-2B MetOp – B 
2012 – 

present 
80x40 km

2
 09.30 LT 1920 km 

Space-borne optical instruments often suffer from a decrease in throughput in the ultraviolet 

spectral region, which arises from the deposition of absorbing layers on the optical surfaces such 

as mirrors, lenses or gratings. This results in a variety of effects, such as loss of throughput and 

changing etalons in the instrument. The quality of the retrieved BrO data produced from the weak 
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absorption signal in the UV region is influenced by these degradations. The GOME, 

SCIAMACHY and GOME-2 teams identify any degradation in the reflectances and correct 

where appropriate and possible. For example, organic compounds and water emitted by the 

spacecraft are photochemically transformed by UV-B and vacuum UV from the Sun and most 

likely form long chain polymers, which have low vapor pressure and are adsorbed on the mirrors. 

In this context, Tanzi et al. (2000) showed that the GOME sensor experienced degradation in all 

wavelength regions but in particular in the UV, consistent with degradation of the scan mirror. 

Krijger et al. (2007) compared the degradation of GOME to SCIAMACHY with respect to 

reflectivity. Most of the degradation effects on the sensors are identified and documented in the 

literature and, where possible, are accounted for (Munro et al., 2016). MetOp-A has started to 

drift in orbit, and there are periods during which solar measurements are no longer feasible for 

GOME-2A. 

1.6 Artificial Neural Network 

Artificial Neural Networks are computing systems inspired by biological neural networks 

similar to those in the human brain (Wang, 2003). They are part of artificial intelligence and 

machine learning algorithms. Artificial intelligence is the section of computer science that deals 

with the design and implementation of programs capable of imitating human learning behaviours, 

showing characteristics that are commonly attributed to humans, such as problem solution, 

conclusion extraction, recognition through vision, natural language processing. It is a rapidly 

evolving research area in a broad spectrum of fields (Vlahavas et al., 2011). Machine learning is a 

mechanism that allows the addition of new knowledge in the database of the system. We could 

say that it is the creation of information from the processing mechanism using the existing 

knowledge in the database (data). Machine learning is split into two major categories. In 

supervised learning, the learning process is achieved based on some rules and labels of the data. 

In unsupervised learning, the mechanism defines new rules and patterns using the existing data 

and its correlations (Vlahavas et al., 2011; Haykin, 2009). 

Artificial neural networks provide a mathematical representation of the human mind. An 

artificial neural network comprises many independent processing units (neurons) connected and 

structured in a hidden layer, where the processing of the connections between the input and the 

output layer is performed to interpret complex systems. It acquires knowledge through training. 

Some of the many advantages are that they can extract hidden knowledge from highly complex 

data, either by supervised or unsupervised learning and that this is generally a fast approach 

(Zurada, 1992). 
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Figure 1.11: A schematic of a typical neural network.  

Machine learning, especially neural networks, is often used to tackle non-linear problems 

(Zurada, 1992). Implementations of neural networks in atmospheric research include weather 

prediction (Rasp and Lerch, 2018), ozone forecasting (Comrie, 1997), remote sensing (Blackwell 

and Chen, 2005; Müller et al., 2002), air quality (Hooyberghs et al., 2005, p.1) and OH modeling 

(Nicely et al., 2019).  
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2. M E T H O D S ,  A L G O R I T H M S  A N D  

D AT A S E T S  

In this chapter, the practical implementation of the theory will be discussed in order to 

investigate the retrieval settings for the satellite remote sensing of BrO for the Arctic region. This 

chapter is separated into two sections. The first includes the methods and algorithms used to 

derive the consistent long-term BrO dataset, apply the stratospheric separation of BrO, obtain the 

tropospheric vertical column density, and develop the artificial neural network to identify 

enhanced BrO plumes. The second section addresses the various additional datasets we used, 

either for technical reasons (e.g. stratospheric separation, flagging of scenes, training of the 

neural network) or for scientific analysis and interpretation (comparisons to the long-term 

tropospheric BrO dataset). At the end of this chapter, all the technical details concerning the 

results shown in the following chapters will be covered. For all the figures, which include results 

from different satellite instruments, GOME will be shown in red, SCIAMACHY in blue, GOME-

2A in green and GOME-2B in brown color.  

 

2.1 Satellite Retrieval 

In this section, the approach followed to create the consolidated long-term BrO dataset is 

described. This includes the procedure of the final cross sections and fitting windows selected, 

together with the criteria evaluated for each of the set of settings applied. Afterwards, some of the 

sensitivity tests performed to assess each satellite sensor's final settings will be presented, 

together with a short sub-section about the OMI instrument.  

2.1.1 Approach 

As discussed in the introduction, the first immediate output of applying the DOAS method to 

satellite remote sensing is the Slant Column Density (SCD), which describes the concentration of 

the trace gas of interest along the entire light path. Since the central area of interest is the Arctic, 

we decided to select the retrievals in the region from 70.0
o
 N to 85.0

o
 N latitude and from 180

o
 W 

to 180
o
 E longitude. This is based on sea ice covered scenes (that is why we set the southern limit 

to 70.0
o
 N) and that all instruments provide measurements over the same area so that our results 

are consistent (that is why we set the northern limit to 85.0
o
 N). The maximum Solar Zenith 

Angle (SZA) was set to 80 degrees to ensure good sensitivity for tropospheric BrO. To retrieve 

accurate BrO SCDs, an optimal selection of the spectral window, which maximises the 
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information content concerning the BrO absorption, and the selection of corresponding cross 

sections of other trace gases absorbing in the same spectral window is the first step. We chose to 

use temperature dependent cross sections of ozone (dominant absorber in the UV) by 

Serdyuchenko et al. (2014) at 223K and 243K and a BrO cross section (Fleischmann et al., 2004) 

at 223K. Figure 2.1 shows the BrO cross section used, as a function of wavelength, before the 

convolution with the instrument’s slit function. 

 

Figure 2.1: The absorption cross section of BrO used in this work in vacuum at 223 Kelvin (Fleischmann et al., 

2004). 

In addition, a pseudo cross section is used for simulating the filling-in of Fraunhofer lines by 

Raman scattering known as the Ring effect (Vountas et al., 1998), and another pseudo cross 

section, which deals with spectral undersampling (Chance et al., 2005), was included in the 

fitting for all instruments. The high spectral resolution absorption cross sections were convolved 

by the slit function of each instrument. The impact of using different combinations of trace gas 

absorption cross sections in the fit of BrO SCD was investigated. It was found that the omission 

of the explicit fitting of NO2 and SO2 has a minimal impact on the fit of the BrO SCD north of 

70
o
 N. The differences in BrO SCD between fits with and without NO2 or SO2 in the selected 

spectral ranges were typically less than 1% of the BrO SCD. Consequently, we decided to use 

only the cross sections of the dominant absorber O3 in this region and of the trace gas of interest 

itself, BrO, in the non-linear least squares SCD fitting. The differences between fits of BrO SCD 

using fourth and fifth order polynomials were small, and the quality of the fit improved 

significantly for a fourth order compared to a third order polynomial fit. These results led to the 

selection of the use of the fourth order polynomial in our retrieval. The selection of parameters 

used in this study is appropriate for BrO columns in the region defined as the Arctic. 
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As BrO is a relatively weak absorber, small changes in the input parameters and especially of 

the fitting window of the retrieval lead to significant changes in the quality of the fit. Although 

there are many good practices developed for the DOAS fitting window selection for an absorber 

(e.g. it must include at least two absorption peaks from the trace gas of interest, no large 

Fraunhofer lines, little interference from other species), there is no precise and agreed 

methodology to determine the optimal selection. Consequently, different spectral fitting windows 

for BrO retrievals have been used in previous studies. For example, Richter et al. (1998) used a 

345 – 359 nm wavelength region for GOME, Afe et al. (2004) used a 336 - 347 nm fitting 

window for SCIAMACHY, while Theys et al. (2009) used a 336 to 359 nm fitting window for 

GOME-2A. Each of the sensors has slightly different instrumental characteristics, and each of 

them shows different degradation behavior. Consequently, we chose the optimal spectral fitting 

window for each of the sensors using the following set of selection criteria: a) smallest root mean 

square error (RMSE) of the fit, b) minimal trend of BrO SCDs over a clear Pacific reference 

region, where no strong trend in BrO is expected and c) good agreement between retrievals from 

the different sensors for periods of overlapping measurements. The RMSE of the fit in absolute 

units is defined as: 

RMSE =   
 
 

    
   λ  

  λ  
       λ          λ    

 

 
 
                                                                              [2.1] 

where Ν is the number of spectral points, and  (λ) is the low order polynomial. The RMSE was 

averaged over all the scenes in the region of interest (i.e. the Arctic from 70.0
o
 N to 85.0

o
 N 

latitude, 180
o
 W to 180

o
 E longitude, the Pacific reference region from 50.0

o
 S to 10.0

o
 N latitude 

and 90.0
o
 W to 125.0

o
 W longitude and the Hudson Bay from 50.0

o
 N to 66.0

o
 N latitude and 

264.0
o
 W to 284.0

o
 W longitude). 

Figure 2.2 shows the SCDs of BrO and the RMSE of the fit over the Pacific reference region for 

the final set of settings. 
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Figure 2.2: Evaluation criteria for the retrievals. Top: SCDs of BrO over the Pacific reference area. Bottom: the 

RMSE of the fit for the same region (50.0
o
 S to 10.0

o
 N latitude and 90.0

o
 W to 125.0

o
 W longitude). 

The RMSE for the Pacific region shows similar behavior for GOME-2A and GOME-2B, as 

both increase strongly with time. GOME appears to have lower RMSE values on average than the 

GOME-2A and GOME-2B instruments, presumably because of the lower spatial resolution, but 

the RMSE shows large variability. Generally, daily mean RMSE values are below 2.0x10
-3

 for all 

instruments. There is no clear trend in the SCD of BrO over the Pacific region for any of the 

instruments. 

Figure 2.3 shows the RMSE of the fit over the Arctic region and the Hudson Bay for the final 

set of settings. 
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Figure 2.3: Evaluation criteria for the retrievals. Top: RMSE of the fit over the Arctic region (70.0
o
 N to 85.0

o
 N 

latitude, 180
o
 W to 180

o
 E longitude). Bottom: RMSE of the fit for the Hudson Bay (50.0

o
 N to 66.0

o
 N latitude and 

264.0
o
 W to 284.0

o
 W longitude). 

The annual cycle in the fitting RMSE for the Arctic results from changes in the Sun's position 

and its impact on the upwelling radiance. In spring and autumn, when the solar zenith angle is 

larger, the scattering and attenuation increase, and as a result, the radiance signal is low. In the 

Arctic, SCIAMACHY has the lowest fitting RMSE of all instruments. GOME-2A shows a rapid 

increase in RMSE up to 2009 and a more minor upward trend in the following years. A similar 

systematic increase in RMSE occurs for GOME-2B. The seasonality of the RMSE is similar for 

the Hudson Bay, except that there we have values throughout the entire year. We see that 

SCIAMACHY is stable, with an absence of a trend, and much lower RMSE errors, from both 

GOME (i.e. 2003 the only overlapping year) and GOME-2A (i.e. from 2007 to 2012).  

The use of a reference area over the Pacific as background spectrum is an alternative to solar 

irradiance measurements, which removes systematic errors arising from interfering instrumental 

structures in the solar irradiance measurements. The region of the Pacific is selected because of 

its relatively small annual cycle of BrO (Richter et al., 2002). In this way, the quality of the fit 

improves as problems in the radiances mainly cancel out. Consequently, the Pacific background 

spectrum has been used instead of the Sun background spectrum for all instruments in the present 

study. Although trends over the clean Pacific background region resulting from instrumental 

degradation were minimised, residual trends had to be accounted. This has been achieved by 

applying an additional Pacific correction to each instrument separately. The normalization 

method computes the average BrO SCD in a small Pacific area (0.0
o
 ± 10.0

o
 latitude, 180.0

o
 ± 

20.0
o
 longitude) and then subtracts this average from every pixel of the BrO SCD on a daily 
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basis. To compensate the negative bias imposed by the method, a constant offset of 7x10
13

 

molecules/cm
2
 was added for every day (Richter et al., 2002; Sihler et al., 2012). This correction 

tackles offset errors that occur for weak absorbers and are due to instrumental degradation 

(Alvarado et al., 2014). Figure 2.4 shows the impact of such a correction on some early GOME-

2A retrievals (old settings). We compare the application of the Pacific correction to the final 

retrieval settings that we applied (new settings) to point out that solid trends were already 

excluded. 

 

Figure 2.4: Two examples of the application of the pacific correction on GOME-2A retrieval settings. Top: old 

settings, where the correction has an impact. Bottom: new settings, where the correction can be described as an 

offset. Both plots are showing BrO SCDs for the Arctic region. 

In the old settings, there is a clear trend without the application of the pacific correction. 

However, as the trend vanishes with its application, it is safe to conclude that it is artificial and 

not produced by geophysical phenomena. In the new settings, though, there is no obvious trend 

without the application of the pacific correction, something that verifies the improvement on the 

quality of the retrieval settings.  

The final step of the methodology for the satellite retrieval is to derive the geometric BrO VCD, 

which includes only the vertical concentration of BrO. This is done by dividing the BrO SCD 

with a simple stratospheric air mass factor (AMF), which considers the scattering at the surface 

but ignores the impact of scattering within the atmosphere. Consequently, the geometric VCD 

differs from the sum of the tropospheric and stratospheric columns. 
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The empirically determined sets of parameters used in the fitting of BrO in the spectral 

windows are reported in Tables 2.1 and 2.2. 

Table 2.1: Final parameter selection for all instruments. 

Parameters Cross sections - Application Selection 

Ozone, O3 (Serdyuchenko et al., 2014), 223K and 243K 

BrO (Fleischmann et al., 2004), 223 K 

Ring effect Ring cross section calculated by SCIATRAN model 

Under-sampling correction Yes 

Fraunhofer lines Chance and Kurucz (Chance et al., 2010) 

Background spectrum Pacific area (50.0
o 
S to 10.0

o 
N lat., 90.0

o 
W to 125.0

o 
W lon.) 

Degree of the polynomial 4
th

 

 

Table 2.2: Fitting windows used for the different instruments.  

Instrument Fitting Window [nm] 

GOME 336.8 - 358 

SCIAMACHY 336 - 347 

GOME-2A 337.5 - 357 

GOME-2B 338 - 360 

2.1.2 Sensitivity Tests 

As mentioned before, although there are many empirical suggestions on how to perform a 

retrieval of a trace gas of interest, there is no established precise algorithm on how to perform it. 

Since the long-term agreement between the sensors was an additional criterion that we applied, it 

was not valuable to perform sensitivity tests for single days (or short periods) and then evaluate 

the produced retrieval using the metrics described above (i.e. SCD over the pacific and RMSE 

over the areas of interest). Therefore, we have performed several sensitivity tests, spanning the 

whole period of the dataset we want to derive (i.e. 1996 – 2013 for GOME, 2003 – 2012 for 

SCIAMACHY, 2007 to 2017 for GOME-2A and 2013 – 2017 for GOME-2A). In total, 33 

sensitivity tests were performed for GOME, 23 for SCIAMACHY, 55 for GOME-2A and 93 for 

GOME-2B. The two parameters that mostly influenced the produced retrievals were the fitting 

window and the cross section selections. Consequently, we will present some of the sensitivity 

tests we performed to justify the final set of settings introduced in tables 2.1 and 2.2.  

In the first sensitivity test, an older BrO cross section (Wahner et al., 1988) is used, while the 

fitting window for all instruments is set to 336 – 347 nm, except for GOME (334.7 – 359 nm). 
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Figure 2.5 shows the SCD of BrO over the Pacific reference area, the RMSE of the fit for the 

same area, and the RMSE for the Arctic region: 

 

Figure 2.5: Evaluation of early retrieval settings. a) SCDs of BrO over the Pacific reference region. b) RMSE of the 

fit for the Pacific reference region. c) RMSE of the fit for the Arctic region. 

The SCD of BrO over the Pacific region shows an upward trend for all instruments (in contrast 

to Figure 2.2 top). The trend is pronounced for GOME-2A and GOME-2B. Also, the RMSE of 

the fit for the Pacific shows higher values when compared with Figure 2.2 bottom, especially for 

the GOME instrument. Similar conclusions can be drawn by comparing Figure 2.5c with Figure 

2.3 top. The improvement of the final set of settings is evident. 

The agreement of the geometric BrO VCDs between the different sensors for their overlapping 

periods was another metric that we applied. Although we have not shown the geometric BrO 

VCDs for the final set of settings yet (i.e. Figure 3.3 top), it is shown for the initial set of settings 

in Figure 2.6. 
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Figure 2.6: Geometric BrO VCDs for the initial set of settings.  

The agreement between the instruments is far from satisfactory (for example, the difference 

between GOME-2A and GOME-2B during polar spring is approximately 1.0x10
13

 

molecules/cm
2
). The columns during summer (i.e. background BrO, when bromine explosions do 

not occur) should be approximately on the same level. However, for GOME-2A and GOME-2B, 

the summer columns are much lower than those for GOME and SCIAMACHY (i.e. 

approximately 0.5x10
13 

molecules/cm
2
). These differences are more pronounced when we 

compare Figure 2.6 to Figure 3.3 top. 

In Figure 2.7, we investigate the quality and agreement of another set of settings for each 

instrument. For each sensor, we used the settings in Table 2.1, while the fitting window for 

GOME, GOME-2A and GOME-2B was 338 – 355nm, while for SCIAMACHY 336 – 347 nm. 
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Figure 2.7: Sensitivity test with the final cross sections, but not fitting windows. a) SCDs of BrO over the Pacific 

reference region. b) RMSE of the fit for the Pacific reference region. c) RMSE of the fit for the Arctic region. 

We infer that all panels of Figure 2.7 improved when compared with the corresponding plots of 

Figure 2.5. The trends of BrO SCDs over the Pacific region became less pronounced, and the 

RMSE values for both the Pacific and the Arctic decreased for each instrument. However, 

compared to Figures 2.2 and 2.3, we see that this set of settings still lacks quality for all three 

criteria.  

Figure 2.8 shows the geometric BrO VCDs for the Arctic for the set of settings we presented in 

Figure 2.7. 
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Figure 2.8: Geometric BrO VCDs for the set of settings with the final cross sections, but not fitting windows. 

Similar to the other criteria, there is a significant improvement in the agreement between the 

sensors during their overlapping periods. However, the summer columns vary significantly (i.e. 

in some cases, even 1.0x10
13

 molecules/cm
2
), and the general agreement is not satisfactory 

(especially when compared to Figure 3.3 top). 

The investigation of the optimal retrieval settings is a complex and intriguing process, which 

requires many sensitivity tests. The following example is for GOME, where we slightly modified 

the fitting window (i.e. from 338 – 355 nm that we saw in the previous example to 337 – 355 nm) 

to indicate the immense impact the fitting window has in the retrieval of BrO. 
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Figure 2.9: Sensitivity test for GOME, with 1nm change of the fitting window (338 – 355 nm (brown) against 337 – 

355 nm (blue)). a) SCDs of BrO over the Pacific reference region. b) RMSE of the fit for the Pacific reference 

region. c) RMSE of the fit for the Arctic region. 

Although we might expect that the differences from the 1nm change would be negligible, we 

can see clearly that the change affects the fit, with the 338 – 355 nm fitting window yielding 

slightly better results. A similar difference is also observed in the geometric VCD, where we are 

primarily interested in small fluctuations affecting the agreement between the sensors. A large 

number of sensitivity tests to derive a set of fitting parameters that minimize the RMSE of the fit, 

the trend of BrO SCD over the pacific and achieve an agreement between the instruments is 

justified. 

2.1.3 OMI 

The OMI instrument was launched on satellite Aura in 2004. It is a spinoff from GOME and 

SCIAMACHY. It was much better spatial resolution in nadir (13x24 km
2
) and an even broader 

swath (2600 km). It has a spectral resolution of about 0.5 nm, while the light entering the 

instrument is split into two channels: the ultraviolet (270 nm to 380 nm) and the visible (350 nm 

– 500 nm). The instrument has a local afternoon equatorial overpass at 13.30. It is still in orbit, 

monitoring the changing global climate (Levelt et al., 2018). OMI suffers from row anomaly 

(Kroon et al., 2011): Starting in June 2007, some detector rows were blocked by a thermally 

insulating material. As a result, the incoming light is blocked and scattered, creating errors in 

level 1b data and consequently on the retrieval of SCDs. Initially, only two rows were affected. 
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However, as the years passed, and especially after January 2011, the problems grew; more rows 

were affected (approximately one-third of the total sixty). The row anomaly problem appears 

dynamically, meaning that the affected rows change over time. A flag for pixels affected by the 

row anomaly is inserted in level 1b data (i.e. the instrument's data upon which the retrieval is 

performed). On the left side of Figure 2.10, we see one OMI orbit for 2005, on the right side the 

same for 2017; both figures display the SCD of the retrieved BrO, while the pixels affected by 

the row anomaly are excluded:  

Starting from 2011, the orbits of the instrument looked similar to the right side of Figure 2.10 

(2017). As a result, for sampling issues, we decided to exclude all the middle rows (21 to 54) 

from all years (and keep the row anomaly flagging as well), as they do not contribute signal for 

the Arctic region, from 2011 and onwards. However then, we have encountered another problem, 

which is shown in Figure 2.11 (monthly mean BrO VCDs for April 2011): 

 

Figure 2.11: Geometric BrO VCDs from OMI for April 2007. 

Figure 2.10: Operational orbit rows of the OMI instrument. Left: An orbit from the year 2005. Right: An orbit from 

2017. The missing rows on the right figure are due to the row anomaly. 
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Abnormally low values for high latitudes appear for BrO VCDs. Figure 2.12 shows the amount 

(counts) of signal contributing to the plotted quantity for April 2005. On the left side, the case 

using the row anomaly mask (but including all rows) is shown, while on the right side, the 

selection of rows (excluding rows 21 to 54, but still using the mask, as described before) is 

applied for the northern hemisphere: 

 

Figure 2.12: Counts of OMI instrument for April 2005. Left: Selection of all available rows. Right: Selection only of 

rows that contribute for all years (2005 – 2017). 

We see clearly that this selection of rows has a negative effect, as unphysical coverage patterns 

are formed (especially in the region around 80.0o of latitude). However, if we repeat the same test 

for 2011, we get two similar figures: 

 

Figure 2.13: Counts of OMI instrument for April 2011. Left: Selection of all available rows. Right: Selection only of 

rows that contribute for all years (2005 – 2017). 
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From 2011, it does not matter whether one applies the row anomaly flagging or additionally 

exclude the rows, which do not contribute any signal. The amount of the received signal is 

reduced significantly for the Arctic, with strange patterns appearing (although minor differences 

are observed in the figure above, the two maps eventually end up being identical in 2017). We 

have performed various tests, with different cross sections, different fitting windows, even with 

retrievals that included other weak UV absorbers (e.g. O4, HCHO). In all cases, we saw the same 

unphysical patterns in the contributing counts and an underestimation in the values of the 

retrieved trace gas, from 80.0
o 

N
 
onwards. We have performed similar tests for absorbers (e.g. 

NO2 and CHOCHO) in the visible part of the spectrum, and it seems that the problem is not that 

pronounced. As a result, and although OMI is in orbit since 2005, covering 13 years, with the 

highest resolution from all other instruments we used, we decided not to include its data in our 

analysis.   

2.2 Stratospheric Contribution 

In order to derive the tropospheric BrO VCD from the retrieved SCD of BrO, the method of 

Theys et al. (2009) was used. Briefly, this method uses a stratospheric BrO climatology, derived 

with the BASCOE model (Errera and Fonteyn, 2001) and requires year, latitude, tropopause 

height, O3 and NO2 columns as input. This approach has been applied successfully in previous 

studies (e.g. Begoin et al., 2010; Theys et al., 2011; Blechschmidt et al., 2016; Choi et al., 2018). 

In the present study, satellite retrieved O3 VCDs from Weber et al. (2018), stratospheric NO2 

VCDs from the QA4ECV project (Boersma et al., 2018), and from the Tropospheric Emission 

Monitoring Internet Service (TEMIS), (Boersma et al., 2004)  and tropopause heights retrieved 

from NCEP reanalysis (Kalnay et al., 1996) data were used as input. In Theys et al. (2009), a 

correction factor was applied to account for the long-term reduction of bromine emissions in the 

stratosphere. This factor was determined using zenith-sky measurements of BrO over Harestua 

(Hendrick et al., 2008). Here, this factor was excluded, as the long-term development of 

stratospheric BrO VCDs of the model without applying the correction factor comes to a closer 

qualitative agreement with updated measurements of BrO over Harestua (from F. Hendrick, 

BIRA-IASB, personal communication).  In Figure 3.4, the multiplication factor, together with the 

impact it has on the stratospheric and tropospheric BrO time-series is shown. The time-series of 

NO2, O3 and tropopause height are shown in Figure 2.14. 
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Figure 2.14: Time-series of daily averaged input data over the Arctic used for deriving stratospheric BrO VCDs: 

Top: stratospheric NO2 VCDs [molecules/cm2] from QA4ECV (GOME, SCIAMACHY and GOME-2A) and 

TEMIS (GOME-2B. Middle: O3 VCDs [DU] from Weber et al. (2013). Bottom: Tropopause height [km] from NCEP 

reanalysis data. Data for the GOME instrument is colored in red, SCIAMACHY in blue, GOME-2A in green and 

GOME-2B in brown. All three time-series show daily averages over the Arctic region. 

The following formula (Theys et al., 2009) is used to derive the tropospheric VCD of BrO:  

VCDtropo = (SCDtotal - VCDstrato x AMFstrato) / AMFtropo,                                                            [2.2] 

where SCDtotal is the slant column of BrO retrieved by the DOAS method, VCDstrato corresponds 

to the stratospheric BrO VCD retrieved from the Theys et al. (2009) climatology, AMFstrato is a 

stratospheric air mass factor, AMFtropo is a tropospheric air mass factor. For the latter, as in 

Begoin et al. (2010) and Blechschmidt et al. (2016), a surface albedo of 0.9 has been assumed 

above sea ice and that all tropospheric BrO is well mixed within the boundary layer extending to 

400m altitude. Note that the stratospheric BrO VCD column is independent of the BrO SCD 

retrieved by the DOAS method and depends on the Theys et al. (2009) climatology and its inputs.  

2.3 Datasets used in this Study   

In this section, the external datasets that were used to compare them to the tropospheric BrO 

dataset we derived, and extract geophysical relationships between them, are presented. The sea 

ice age dataset was used to identify the satellite scenes over sea ice covered regions. This is 
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consistent with the settings used in the tropospheric AMF (i.e. a surface albedo of 0.9). Also, all 

external datasets (except the one about cyclones) were spatially and temporally interpolated to 

each satellite orbit to provide data only where and when tropospheric BrO was retrieved from the 

satellite sensor observations. 

2.3.1 Sea Ice Age 

In order to study the connection between tropospheric BrO and sea ice under the impact of 

Arctic warming, long term sea ice data (starting from 1996) is required. In addition, since the 

tropospheric AMF applied for the retrieval of tropospheric BrO (see section 2.2) assumes a 

surface albedo of 0.9, the sea ice data was used to remove data with no sea ice cover from the 

BrO data.  For this purpose, the sea ice age dataset from Tschudi et al. (2019) was used. It is 

retrieved from different passive microwave satellite remote sensing instruments (AMSR-E, 

AVHRR, SMMR, SSM/I, SSMIS) and drifting buoys and has a high spatial resolution of 

12.5x12.5 km
2
, while its temporal resolution is seven days. Its temporal coverage is from 

01.01.1984 until 31.12.2019.  

2.3.2 Meteorological Parameters – Sea Ice Thickness 

For the meteorological parameters involved in the formation of enhanced tropospheric BrO 

plumes (i.e. air temperature, wind speed and direction, mean sea level pressure, boundary layer 

height and vertical wind velocity), we have used reanalysis data from two sources. ERA-5 data 

from ECMWF (European Center for Meso-scale Weather Forecast) and ASR-2 (Arctic System 

Reanalysis). ERA-5 data (Hersbach et al., 2020) is provided in 0.25x0.25 degrees resolution and 

has an hourly temporal resolution. We have downloaded ERA-5 data from 

(https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset) and ASR-2 data from 

(https://rda.ucar.edu/datasets/ds631.1/) and used them with a timestamp of three hours, and then 

interpolated them to the satellite orbits. Their temporal coverage is from 1979 to the present. 

ASR-2 (Arctic System Reanalysis version 2, 2017) provides the same parameters mentioned 

above (except boundary layer height), with a temporal resolution of 3 hours and a spatial 

resolution of 15x15 km
2
. The temporal coverage of the dataset is from 2000 to 2016. In addition 

to the parameters mentioned above, ASR-2 provided data for sea ice thickness. The surface level 

was selected for the vertical wind velocity, as it is provided for different altitudes (based on 

pressure). 

2.3.3 Cyclones 

The dataset describing the cyclonic activity (radius of the cyclone, intensity, pressure) in the 

Arctic is presented in Akperov et al. (2019). The data was provided by M. Akpevov, A.M. 

Obukhov Institute of Atmospheric Physics through personal communication. They have 

simulated cyclones using meteorological data from climate models. Although many useful 

https://cds.climate.copernicus.eu/%23!/search?text=ERA5&type=dataset
https://rda.ucar.edu/datasets/ds631.1/
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cyclonic parameters are included in the dataset (i.e. radius, intensity and frequency), the dataset is 

not gridded to a specific spatial resolution. Therefore, it was not interpolated to the satellite 

orbits, as it is quite sparse and not suitable to be interpolated to a pre-defined grid. 

2.4 Artificial Neural Network 

In order to successfully implement an artificial neural network, sensitivity tests regarding the 

architecture of the network, the selection of an appropriate training dataset and input parameters 

should be performed. The goal is to successfully predict the appearance and magnitude of 

enhanced tropospheric BrO plumes during polar spring in order to forecast the formation of 

future tropospheric BrO plumes. For this purpose, we have used all the external datasets 

mentioned in section 2.3. Most of the parameters discussed in 2.3 act either as a source location 

for bromine release (i.e. sea ice age) or as parts of a mechanism in the formation of enhanced 

BrO (i.e. meteorological parameters). No spatial (i.e. latitude or longitude) or temporal (i.e. day, 

hour) information was used as input parameters, as we wanted to investigate the impact of sea ice 

and meteorology on the formation of tropospheric BrO plumes. After tests with all the available 

parameters, we have concluded using sea ice age, 2m air temperature, mean sea level pressure, 

10m wind speed and wind direction, and boundary layer height from ERA-5 (as it covers the 

whole period) as input parameters. The targets (i.e. quantity that the neural network tries to 

model) were the satellite retrievals of tropospheric BrO. 

Regarding the architecture, the most critical parameter is the number of hidden neurons, where 

the calculations and the assignment of the weights for each input parameter are performed. 

Although there are many approaches to choose the number of hidden neurons, the final choice is 

ambiguous and depends on the specific dataset and the number of input parameters (Hornik, 

1991). If the number of neurons is too large, then the so-called “over-fitting” occurs (i.e. the 

neural network learns by heart the training dataset but does not perform well on samples outside 

the training ones). If the number is too small, then the network is too simplistic and cannot 

achieve its maximum potential in prediction. This study used the simple shallow cascade neural 

network architectures (Warsito et al., 2018) with 30 hidden neurons. During the training process, 

the dataset is randomly split into 70% for training, 15% for evaluation and 15% for testing. The 

training data are used to accurately adjust the weighting factors of each input in order to get a 

close approximation of the target. The validation set is used to determine an appropriate stopping 

training point (i.e. when the generalization error increases). In this way, over-fitting is avoided, 

and the model becomes more flexible in adapting to new datasets. The final testing set was used 

to evaluate the model by comparing neural network outputs to measurements without re-adjusting 

the weighting factors. After the training procedure and the steps described, we have re-

constructed the whole time-series with the neural network to assess its performance. Figure 2.15 

shows the neural network architecture of the neural network created. 
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Figure 2.15: Schematic representation of the neural network. 

As a first test, individual neural networks, one for every single day were employed. Every day 

was remodeled by its own neural network. The purpose of this test was not to create a model 

which predicts tropospheric BrO and extrapolate its predictions to different years (as the training 

set is too small, i.e. one day, it is not reasonable to expect from such a neural network to model 

tropospheric BrO of other days robustly). The reason is to investigate the level of agreement 

between the targets (measurements of tropospheric BrO) and inputs (i.e. sea ice age and 

meteorology), whether it is acceptable and if it shows deviations over time. In Figure 2.16, the 

yearly averaged correlation coefficients and root mean square errors between the neural network 

outputs and tropospheric BrO measurements are shown. 
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Figure 2.16: Polar spring averaged correlation coefficients, and root mean square errors between neural network 

outputs and tropospheric BrO measurements (sensor merged for the overlapping years). 

Both the correlation coefficients and the root mean square errors show good agreement between 

the modeled and the measured tropospheric BrO VCDs. This could be an indication that a neural 

network could be actually employed in order to predict tropospheric BrO VCDs successfully. 

Degradation in both quantities is seen as the years pass by. Despite the many sensitivity tests (i.e. 

different selection of input parameters, different architecture and amount of hidden neurons), the 

result we were getting was always similar to Figure 2.15. The only possible explanation could be 

that the well-established relationship between inputs and targets that we see in the early years is 

being diminished. Consequently, this potentially means degradation in either the input parameters 

or the targets. Since the targets dataset was the only quantity that remained stable during every 

test, the reason for this decrease in quality could be related to the instrumental degradation of the 

satellite sensors. Another geophysical explanation could be that there is a change in the bromine 

explosion events, which cannot be explained by the input parameters used. 

Bearing this in mind, we proceeded to an optional training set selection. Ideally, we would 

investigate all the days where there is an obvious relationship between the input parameters and 

targets (e.g. enhanced tropospheric BrO appearing over low temperatures and first year sea ice). 

However, this would create a biased, subjective selection. Therefore, we performed sensitivity 

tests, in which we chose each year separately as the training dataset. By calculating the 

correlation coefficient between modeled and measured tropospheric BrO, we evaluated each of 

the 22 neural networks. Afterwards, we have re-constructed the entire tropospheric BrO time-

series, by using the best neural network and calculated the correlation coefficients and root mean 

square errors for each year’s modeled and measured tropospheric BrO VCDs. These findings are 

shown in Figure 2.17. 
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Figure 2.17: Top: Polar spring averaged correlation coefficients between tropospheric BrO measurements and neural 

network outputs for each training year. Bottom: Polar spring averaged time-series of correlation coefficients, and 

root mean square errors (in percentage) between tropospheric BrO measurements and neural network outputs using 

the best neural network (i.e. 2007) to reconstruct the entire time-series. 

Figure 2.17 top does not depict a continuous time-series. Instead, it shows the correlation 

coefficient achieved by each sensitivity test, which used the corresponding year as a training 

dataset. We can infer that 2007 yields the best results, with 2004 being slightly worse. In Figure 

2.17, bottom the quality assessment of the neural network trained with 2007 as a training dataset 

is seen. With this neural network, the entire time-series of tropospheric BrO VCD was 

reconstructed, and then for each year, the correlation coefficients and root mean square errors 

were calculated between modeled and measured tropospheric BrO VCDs. Apart from a higher 

correlation and lower root mean square error for 2007 (which is to be expected), the error 

percentage is around 35% of the measured tropospheric BrO VCDs, while the correlation 

coefficients are around 0.4, values that are considered adequate. 

Another way to evaluate the selected neural network is to plot linear spatial correlations 

between the input parameters and the satellite measurements for each year and then plot the exact 

same figure, but this time between the input parameters and neural network outputs. Although the 
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actual correlations between tropospheric BrO VCD and its driving mechanisms are not linear, 

these plots provide a comparison between the level of agreement of inputs and measured – 

modeled tropospheric BrO VCDs.  

 

Figure 2.18: Polar spring averaged spatial correlation coefficient time-series. Top: Correlation coefficient time-series 

between each input parameter and measured tropospheric BrO VCDs. Bottom: Correlation coefficient time-series 

between each input parameter and modeled tropospheric BrO VCDs using the best neural network (i.e. 2007). 

Figure 2.18 (top) shows the polar spring averaged spatial correlation coefficients between each 

input parameter and tropospheric BrO VCD. We see that 2m air temperature has the most 

significant absolute values correlation with tropospheric BrO VCD, with a negative sign. Mean 

sea level pressure also has a negative correlation, although the correlation coefficient is zero for 

some years (e.g. 2009). Boundary layer height, on the other hand, has the strongest positive 

correlation to tropospheric BrO measurements. Sea ice age, 10m wind speed and direction do not 

seem strongly correlated to tropospheric BrO VCD measurements. We infer from Figure 2.18 

bottom that the same conclusions can be drawn by plotting the spatial correlation coefficients of 

the input parameters and modeled tropospheric BrO VCDs. Both 2m air temperature and mean 

sea level pressure negatively correlate to modeled tropospheric BrO VCD, while boundary layer 

height has the strongest positive one. The other three parameters do not seem to correlate with 

modeled tropospheric BrO significantly. Although there are differences between the two plots 

(e.g. the fluctuations that can be seen on almost every input parameter are much more 

pronounced in the top plot), the general picture is similar. This verifies that the neural network 

trained with the measurements of 2007 is suitable for extrapolating and re-constructing the entire 

time-series of tropospheric BrO VCD. 
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3. B R O  C O L U M N  D E N S I T I E S  A N D  

T R E N D S  

The retrieval methodology, together with the stratospheric separation and the datasets used, 

were described in Chapter 2. This chapter presents the results from the DOAS retrieval algorithm 

for the Arctic region (i.e. from 70.0
o
 N

 
to 85.0

o
 N latitudes and 180

o
 W to 180

o 
E longitudes) and 

the Hudson Bay (i.e. 50.0
o 

N to 66.0
o
 N latitudes and 264.0

o 
E to 284.0

o 
E longitudes). For both 

regions, comparisons of geometric, stratospheric and tropospheric BrO vertical column densities 

(VCDs) time-series and maps for the different sensors are shown. Our purpose is to verify the 

agreement between them for the overlapping periods. For both regions, the temporal evolution of 

tropospheric BrO, for both the magnitude and spatial distribution, is given. The chapter closes 

with a summary and conclusions, where the most significant findings of the assessment of the 

impact of Arctic Amplification of tropospheric BrO VCDs are discussed. In all time-series where 

multiple sensors are displayed, the data from GOME is plotted in red, that from SCIAMACHY in 

blue, that from GOME-2A in green and that from GOME-2B in brown color. The largest solar 

zenith angle (SZA) used is 80
o
, and the gridding resolution was set at 0.125x0.125 degrees. 

 

3.1 Arctic 

The Arctic region (70.0
o 

N to 85.0
o
 N) was the focus of interest and the region where the quality 

assessment of the retrieval process was performed. Latitudes smaller than 70.0
o
 N were not 

included in the long-term analysis because the proportion of sea ice covered areas is decreasing 

significantly there. The extension of the region to latitudes above 85.0
o
 N may result in 

inconsistency, as not all the sensors have the same coverage and measuring capabilities. All the 

results shown in this sub-section are from 70.0
o 

to 85.0
o
 N latitudes and 180

o
 W to 180

o 
E 

longitudes. Figure 3.1 shows this Arctic area (without any plotted data). 
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Figure 3.1: The area defined as "Arctic".  

As there is no light and therefore no satellite retrieval is possible in this region from October to 

February, only results from March until September for every year are shown. For the time-series 

figures shown in the following sections, every data point is a daily average of BrO column 

density of the region described above. Finally, a small section is devoted to the discussion 

regarding the implementation of the multiplication factor on the stratospheric separation method, 

comparing the tropospheric and stratospheric BrO time-series, with and without the application of 

the factor, as mentioned in chapter 2. 

3.1.1 Time-series 

The primary data product of the DOAS retrieval method, as described in chapter 2, is the BrO 

SCD. The SCD depends on the path of the electromagnetic radiation through the atmosphere, i.e. 

the viewing geometry of the sensors. The SCD was used neither to verify the agreement between 

the sensors nor for scientific conclusions. Figure 3.2 shows the SCDs of the four instruments for 

the Arctic region (70.0
o 

N to 85.0
o
 N).  
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Figure 3.2: Time-series of average daily Slant Column Densities of BrO over the Arctic from multiple satellite 

sensors. 

We observe that the seasonality of the SCDs is similar to the RMS figure for the Arctic (Figure 

2.7c). This is mainly due to the light path, which is longer during the beginning and the end of 

each year. In addition, the seasonality of BrO columns also plays a role. Although the SCDs are 

dominated by the light path, high values of SCD are found on some days in springs (for example, 

in 2006 and 2009). These are days where there was a bromine explosion event.  

The quantity that was used for verifying the agreement was the geometric Vertical Column 

Density (VCD). In order to obtain them, we divided the SCDs with a simple stratospheric air 

mass factor (AMF), which corrects for the length of the stratospheric light path by taking into 

account the scattering at the surface. It necessarily differs from the summation of the 

stratospheric and the tropospheric column. This is why we used the term “geometric” instead of 

the “total” column. The stratospheric BrO VCDs were used only as an intermediate step to 

extract the tropospheric VCDs. All these three VCDs (geometric, stratospheric and tropospheric) 

are presented in Figure 3.3. 
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Figure 3.3: Long-term time-series of daily average BrO VCDs over the Arctic region. Top: Daily geometric BrO 

VCDs. Middle: Daily stratospheric BrO VCDs. Bottom: Daily tropospheric BrO VCDs. GOME data is coloured in 

red, SCIAMACHY in blue, GOME-2A in green and GOME-2B in brown. 

The geometric VCDs account for the expected differences between the different viewing 

geometries of the satellite sensors to a good first order. For periods of overlapping measurements, 

there is a satisfactory agreement between the different sensors (GOME and SCIAMACHY from 

August 2002 to June 2003, SCIAMACHY and GOME-2A from March 2007 to March 2012 and 

GOME-2A and GOME-2B from March 2013 to September 2017). A quantitative comparison is 

provided in Figures 3.5 to 3.8. Another criterion that we checked to verify the quality of the 

retrievals, apart from the agreement, is the stability of the summer BrO VCDs, where we may 

generally expect an absence of a trend, due to the absence of inorganic bromine explosions, due 

to the melting of sea ice and the increased temperatures. There is a release of bromine compounds 

from organic sources found in open water, but the oxidation of these compounds is relatively 

slow compared to the release of bromine during springtime (Salawitch, 2006, and references 

therein). 

The stratospheric VCDs show a good agreement, which, however, is not related to the satellite 

retrievals. The stratospheric BrO estimations are produced independently from the retrieval 

algorithm. The stratospheric BrO time-series is similar to the ozone time-series, with 1996, 1997 

and 2011 being significantly lower than the rest. A slight upward trend is observed from 1996 to 
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2001, with a slight decrease afterwards. These trends are in agreement with stratospheric BrO 

measurements from the Harestua station (Hendrick et al., 2008).  

Comparing tropospheric BrO VCD time-series for periods of overlap between the different 

instruments shows a similar level of agreement as to the geometric VCDs. The seasonality of the 

tropospheric time series is also similar to the geometric one. We attribute this seasonality mainly 

to the inorganic release of Br2 and BrCl from sources, which depend on sea ice and 

meteorological parameters. As described in the introduction, in polar spring, the combination of 

low-temperature conditions and the presence of first-year sea ice, as it has sufficient brine, trigger 

the release of Br2 and BrCl into the troposphere. This condition prevails in spring, moving slowly 

northwards with the solar zenith angle. During July and August, the temperature reaches its 

maximum. In September, the minimum sea ice extent is observed. The release of organobromine 

compounds from the oceanic biosphere is highest in summer and early autumn. As noted, this 

provides a biogenic source of bromine, but the oxidation of organic-bromine-containing 

compounds is relatively slow compared to the release of BrO from bromine explosion events. 

During summer and early autumn, tropospheric BrO VCDs reach their minimum values of the 

year. A slight increase is observed each September. The origin of this increase is not yet 

identified. Potential candidate explanations include inaccuracies in the stratospheric BrO VCD 

calculation or potentially lower temperature accelerating the inorganic release of bromine from 

brine without reaching the threshold for an explosion. 

At this point, the application of the multiplication factor used during the stratospheric separation 

process is introduced. The method initially included the implementation of a multiplication 

factor, as the BASCOE model simulations by Theys et al. (2009) did not include the decrease of 

bromine compounds due to the implementation of the Montreal protocol. This “forcing” of a 

downward trend on the stratospheric BrO estimations impacts the tropospheric BrO time-series as 

well. The method by Theys et al. (2009) was introduced in 2009. However, comparison to more 

recent measurements of stratospheric BrO from Harestua (from F. Hendrick, BIRA-IASB, 

personal communication) shows that, by excluding the multiplication factor, the estimated 

stratospheric BrO VCDs are closer to the updated measurements than the estimations with the 

multiplication factor.  Figure 3.4 shows the exact value of the multiplication factor that was 

applied for every year, the stratospheric BrO estimations and the tropospheric BrO VCDs after 

the application of the multiplication factor. 
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Figure 3.4: The multiplication factor and its effect on stratospheric and tropospheric BrO VCDs time-series. Top: the 

actual value of the multiplication factor for every year of the dataset. Middle: The stratospheric BrO estimations with 

the application of the multiplication factor. Bottom: The tropospheric BrO measurements with the application of the 

multiplication factor. 

We see that the multiplication factor follows the conclusions from Hendrick et al. (2008). The 

yearly values of the factor increase until 2001 and decrease afterwards. The impact of the factor 

is clearly seen on the stratospheric BrO estimations, where especially the late years show a 

significant downward trend (compared with Figure 3.3 middle). Also, the early years (until 2001) 

show a much more substantial increase. An increase is also evident in Figure 3.3 middle, but 

without the application of the multiplication factor is not as pronounced. Consequently, the 

tropospheric BrO VCDs time-series is also affected by the factor. Especially for the latest years, 

the increase of the tropospheric columns is much more evident than the one in Figure 3.3 bottom 

(without the factor). Moreover, a potential extension of the time-series will lead to a more potent 

“forced” positive trend as the factor continues to decrease. The stratospheric BrO estimations 

without the factor (Figure 3.3 middle) come to a closer qualitative agreement with the updated 

measurements from the Harestua station (from F. Hendrick, BIRA-IASB, personal 

communication, 2019). Consequently, we decided to proceed without applying the factor. 

Consequently, all results shown in the following will be based on data as shown in Figure 3.3. 

Another way to verify the agreement of the BrO time-series for the different sensors and check 

their seasonality is to compare the climatological seasonal cycles. Of course, sensors that have no 

overlapping period (e.g. GOME and GOME-2B) are expected to be more different from each 



3. BrO Column Densities and Trends 

 

 
 49 

other. Figure 3.5 provides the annual cycles of geometric, stratospheric and tropospheric BrO 

VCDs: 

 

Figure 3.5: Climatological seasonal cycles of BrO VCDs in the Arctic derived from different satellite instruments.  

The seasonal cycles of all three plots are similar. The peak of the cycle every polar spring (i.e. 

March to May) is when bromine explosions occur. Then, as the sea ice melts and temperature 

increases, BrO decreases subsequently. We infer that GOME-2B has the highest monthly average 

columns for the geometric BrO VCDs (as it spans over the last years of the dataset). GOME-2A 

has the second highest, especially for polar springs. GOME appears to have higher monthly 

average columns for July and August from SCIAMACHY and GOME-2A, in contrast to March 

and April. The stratospheric BrO VCD annual cycles are similar for all instruments. The 

tropospheric columns are similar to the geometric cycles. GOME has the lowest monthly 

averages for polar springs (as it covers the beginning of the time-series), while there is a 

satisfactory agreement for the instruments with overlapping periods. 

Scatter plots of BrO VCDs can also be used to identify the agreement level between the sensors' 

overlapping periods. The plot of daily average BrO VCDs is used to verify the agreement of the 

BrO retrievals. Figure 3.6 presents geometric, and tropospheric BrO VCD scatter plots for the 

instruments during overlapping periods, together with the reference line. The best fitting line, its 

equation, the correlation coefficient of the scattered points, and the root mean square errors 

(RMSE) between the points and the best fitting line of each plot are shown. Statistical values 

were calculated using daily averaged columns. 
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Figure 3.6: Scatter plots of geometric and tropospheric BrO VCDs. The upper row shows geometric BrO VCDs, the 

lower row tropospheric ones. The first column is GOME – SCIAMACHY, the second column SCIAMACHY – 

GOME-2A and the third column GOME-2A – GOME-2B. The red line is the best fitting line, while the black dashed 

line is the 1-1. The r
2 

is the correlation coefficient between the two instruments, while the RMSE is the root mean 

square error between the points and the best fitting line. 

For all three instrumental pairs, the comparisons of geometric VCDs show better statistical 

results, i.e. higher correlations and lower RMSEs than the corresponding tropospheric ones. This 

is attributed to the additional uncertainty that the stratospheric separation introduces. However, in 

all cases, the slope of the best fitting line is close to 1. The best agreement is seen for 

SCIAMACHY – GOME-2A (01.2007 – 03.2012) for both geometric and tropospheric columns. 

The most preliminary agreement is for GOME – SCIAMACHY (09.2012 – 06.2003), especially 

for the tropospheric BrO VCD comparison. Nevertheless, the agreement of all scatter plots is 

considered satisfactory. 

3.1.2 Maps 

 Figure 3.7 shows geometric monthly (March) average maps, one for every year with two 

instruments in operation. 
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Figure 3.7: Geometric March BrO VCD maps for the Arctic region. Rows indicate different sensors, and columns 

refer to different years of overlapping periods. 

The March of 2003 is the only month when measurements from both GOME and 

SCIAMACHY are available. The pair SCIAMACHY – GOME-2A has six overlapping years, 

while the pair GOME-2A – GOME-2B has 5. The enhanced BrO VCDs appear over the same 

areas and approximately with the same magnitude in all cases. Minor differences are seen 

between the instruments. They are attributed to different observation times, footprints, viewing 

geometries and instrumental degradation.  

Figure 3.8 shows maps of tropospheric BrO VCDs for one bromine explosion event for each 

instrumental pair, spanning over four days (starting from the genesis of the BrO plume to the end 

or dissolving state). Since three different bromine explosion events are shown, each one is 

presented with an individual color scale. 
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Figure 3.8: Polar Projection of the tropospheric BrO VCD for bromine explosion events retrieved from the 

observations of two instruments. Rows indicate the instrument for each case, while columns the date. For each case, 

four consecutive daily average maps of tropospheric BrO VCDs are shown. 

Bromine explosion events are characterized by high values of tropospheric BrO VCDs, which 

occur every polar spring. The agreement between the tropospheric BrO VCDs retrieved from the 
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different sensors for each bromine explosion case is good, with BrO plumes appearing over the 

same areas and with similar magnitudes of tropospheric BrO VCDs. The times of observations 

are similar but not identical, and we have not identified evidence of this influencing the 

comparison of tropospheric BrO VCDs. 

3.2 Hudson Bay 

The Hudson Bay is the second region of interest for which the BrO dataset is investigated. This 

region is a well known tropospheric BrO hotspot. Some of the first satellite retrievals of BrO 

were investigated there (Richter et al., 1998; Chance, 1998). In this study, the Hudson Bay is 

defined as - 96.0
o 

E to - 76.0
o 

E longitudes and 50.0
o 

N to 66.0
o 

N latitudes. The land around the 

Bay was excluded from all results by applying a land mask filtering. As the region is at 

comparatively lower latitudes, the coverage is high throughout the whole year. Figure 3.9 shows 

the area of interest. 

 

Figure 3.9: The area defined as Hudson Bay. 

Time-series and maps of the Hudson Bay for the 22 years of the research will be shown to 

investigate the agreement between the retrieved BrO VCDs for the overlapping periods of the 

sensors. 
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3.2.1 Time-series 

For the Hudson Bay, geometric, stratospheric and tropospheric BrO VCDs are investigated in 

the following and shown in Figure 3.10. 

 

Figure 3.10: Long-term BrO VCD time-series over the Hudson Bay region. 

The consistency is evident for the overlapping periods of measurements of BrO VCDs retrieved 

from different instruments. The coverage is good throughout the whole year. Consequently, the 

time-series is continuous from one year to another. The seasonality is similar; the peaks of every 

year occur during December – February when there is a combination of solar radiation and low 

temperatures. The stratospheric BrO estimations show a remarkable agreement. In the 

tropospheric time-series many days with much larger values than the rest of the time-series, 

associated with bromine explosion events are observed. It is also clear that the earlier years 

(when GOME was in operation) are lower than the later years (when GOME-2A and GOME-2B 

provide measurements), especially for the peaks of each year. This will be discussed in the trend 

section. The seasonality of the tropospheric time-series is also similar to the Arctic tropospheric 

time-series. The peak of every year is during December – February, while in the Arctic during 

March – April. Α decrease until the end of the summer as the air temperature increases, and a re-

increase afterwards is seen for both regions.  



3. BrO Column Densities and Trends 

 

 
 55 

In Figure 3.11, 12 months are averaged and presented for geometric, stratospheric and 

tropospheric BrO VCDs. 

 

Figure 3.11: Climatological seasonal cycles of BrO VCDs over the Hudson Bay. 

The GOME-2B geometric BrO VCD climatological means are higher than the rest of the 

sensors, especially for the first five months. We see that from 2013 onwards, the geometric 

columns are significantly higher (even compared to GOME-2A, starting at 2007). Generally, 

though, a satisfactory agreement is seen here. Regarding the annual tropospheric cycles, we still 

see GOME-2B being higher until May for the same reason. GOME seems to be lower, especially 

for the three winter months (December, January and February). We infer that indeed, there are 

not so many daily averages for GOME, during which a bromine explosion event may have 

happened (peaks in the time-series with significantly larger tropospheric BrO VCDs compared to 

the rest of the time-series). 2001 and 2002 seem to have few such days, but especially compared 

to the later years and the other sensors (for example, 2005, 2009 and 2013), they are fewer. 

Therefore, the smaller winter climatological means for GOME are justified. By comparing the 

climatological seasonal cycles over the Hudson Bay with the ones over the Arctic region, similar 

patterns regarding seasonality are seen. However, some differences are observed in the 

magnitude of tropospheric BrO VCDs during April and May. This may result from the higher 

temperatures in the Hudson Bay during these months. 

In Figure 3.12, scatter plots for the geometric and tropospheric BrO VCDs over the Hudson Bay 

are shown (as in Figure 3.6 for the Arctic region). For GOME and SCIAMACHY have five 

overlapping months for the Arctic region, while for the Hudson Bay, there are ten. Another 

difference is that the daily tropospheric averages go down to zero. This happens during July and 
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August. It is not visible in the GOME – SCIAMACHY tropospheric scatter plot, as their 

overlapping period is from September 2002 to June 2003. 

 

Figure 3.12: Scatter plots of BrO VCDs over the Hudson Bay. 

By comparing these scatter plots with the ones for the Arctic region (Figure 3.6), we see that 

apart from the GOME – SCIAMACHY pair (especially for the tropospheric case), the Arctic 

time-series are in better agreement than the ones for the Hudson Bay, despite the more 

challenging retrieval (higher latitude, longer lightpath) and the smaller number of overlapping 

days. For example, the correlation coefficient for the tropospheric VCDs between SCIAMACHY 

and GOME-2A for the Arctic is 0.94, while for the Hudson Bay is 0.88. This difference is not yet 

explained. Nevertheless, the agreement for the Hudson Bay is equally satisfactory. One 

difference here is that we do not see significant variations between the different instrumental 

pairs (GOME – SCIAMACHY, SCIAMACHY – GOME-2A and GOME-2A – GOME-2B). In 

all three cases, the agreement in the tropospheric BrO VCDs is similar, while for the Arctic, the 

SCIAMACHY – GOME-2A pair was more consistent than the others. 

3.2.2 Maps 

In this sub-section, and similar to the one for the Arctic (3.2.1), we will investigate the 

agreement of the different sensors for the Hudson Bay by comparing geometric and tropospheric 

BrO VCD maps. 
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Similar to the scatter plots, we see that the agreement between the different sensors is not as 

consistent as for the Arctic region (70.0
o 

N to 85.0
o
 N). These differences in the magnitude of 

geometric BrO VCDs are evident by visual inspection, while this is not the case in Figure 3.7. 

However, the enhanced geometric BrO VCDs appear over the same regions for all cases.  

In Figure 3.14, maps of tropospheric BrO VCDs for selected bromine explosion events (similar 

to Figure 3.8 for the Arctic) are compared. We show one figure per instrumental pair only.  

Figure 3.13: Geometric BrO VCDs of overlapping periods between the sensors for the Hudson Bay. 
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Due to the nature of the satellite orbit, there are many days where a full coverage (unlike for the 

Arctic region) is not achieved (e.g. Figure 3.14 top left, GOME for 07.02.2003, where only two 

orbits provide measurements). Still, we see that the enhanced BrO plumes are appearing over the 

same areas for the selected days and with similar magnitude. As before, the agreement may not 

be as consistent as for the Arctic region, but it is considered satisfactory. 

3.3 Trends of tropospheric BrO 

In this section, trends in the tropospheric BrO datasets for the Arctic and the Hudson Bay are 

presented. For the Arctic, the objective is to identify the impact of Arctic Amplification on 

tropospheric BrO plumes, while for the Hudson Bay, it will be investigated how bromine release 

evolved over the last 22 years. In order to be concise, the trends calculated for the Arctic used the 

Figure 3.14: Tropospheric BrO VCDs of overlapping periods between the sensors for the Hudson Bay. 
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tropospheric dataset over sea ice covered surfaces only. The reason for this was discussed in 

chapter 2 (the usage of the tropospheric AMF). This dataset and the flagging process are 

described thoroughly in chapter 4. Also, for both regions, a merged tropospheric BrO dataset was 

derived, where all the overlapping days between the different sensors were averaged. For both 

areas, the tropospheric BrO VCDs time-series show a seasonality, with a maximum every polar 

spring (for the Arctic), or winter (for the Hudson Bay) and a minimum every summer. 

Consequently, a model that combines a linear trend and seasonal variation was selected, similar 

to previous studies (Georgoulias et al., 2019; Hendrick et al., 2008b). Trends were calculated 

using the equation: 

                      
  

 
             

  

 
      

                                                         [3.1] 

where A is the slope, B the intercept, d(t) is the modeled value of BrO VCD on a given day, t  is 

the day of the dataset (expressed in fractional years), and M is the period in years. The number of 

harmonic functions was chosen using the minimization of the residuals between the model and 

the dataset. The error of the trend was calculated as in Weatherhead et al. (1998): 

    
  

 
 

  
 

   

   
                                                                                                                         [3.2] 

where  Μ is the standard deviation of the residuals between the model and the time-series, M is 

the period in years (22), and φ is the autocorrelation of the residuals. Finally, for the trends 

appearing in the individual months (i.e. Figure 3.15 middle) and for the area of the BrO VCDs 

associated with bromine explosions (i.e. Figure 3.15 bottom), the trend model with harmonics 

was not used, but instead the linear equation: 

                                                                                                                                     [3.3] 

3.3.1 Arctic 

As mentioned before, the Arctic time-series were flagged for ice-covered scenes, and only these 

were selected in the trend calculations. The extent of the areas where the merged tropospheric 

BrO VCDs over sea ice exceeded a certain threshold (7.0x10
13 

molecules/cm
2
) was calculated 

and included in the trend analysis. Figure 3.15 shows the datasets used in the trend analysis. 
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Figure 3.15: From top to bottom: a) time-series of daily averages of tropospheric BrO VCDs over sea ice in the 

Arctic region, b) The same, but plotted month-wise, c) the extent of the area where tropospheric BrO VCDs 

exceeded the threshold of 7.0x10
13

 molecules/cm
2
. The best fitting line is plotted for sub-Figures 3.15a and 3.15c. 

A slight positive trend is observed for the total tropospheric BrO dataset, although the two last 

years (2016 and 2017) show a decrease and closer resemblance to the early years. When we look 

at the evolution of tropospheric BrO VCDs on a monthly basis (e.g. for March, starting from 

March 1996 and taking under consideration only the March values of each year, until 2017), we 

see that the most vital trends are occurring during the polar spring month (March, April and 

May). This is interesting, as this period is also when bromine explosions appear. Positive trends 

also appear during June and September, while very weak trends can be seen for July and August. 

By checking individual maps, no significant BrO plumes can be seen for June and September, as 

the sea ice has decreased significantly. The positive trends for these two months are mainly 

attributed to changes in background BrO. Finally, the extent of the area where enhanced 

tropospheric BrO (i.e. above 7.0x10
13 

molecules/cm
2
) has also increased (especially during 2011, 

2013 and 2015). However, this positive trend is also insignificant. 

The table below summarizes the trends calculated in Figure 3.15; for every trend its error was 

calculated, the percentage of the trend based on the first year of the dataset (1996), and whether it 

is significant or not. A trend is considered significant if the ratio between it and its error is greater 

than 2 (Weatherhead et al., 1998): 
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Table 3.1: Trends of tropospheric BrO VCDs for the Arctic region. 

Quantity Trend 

[units/yea

r] 

Error in trend 

[units/year] 

Trend 

percentage 

(%/year) 

Significant 

BrO VCD [molec/cm
2
] (Figure 3.15a) + 2.4x10

11
 1.1x10

11
 + 0.99 Yes 

March BrO VCD [molec/cm
2
]  (Figure 3.15b) + 5.2x10

11
 8.5x10

10
 + 1.50 Yes 

April BrO VCD [molec/cm
2
] (Figure 3.15b) + 4.9x10

11
 5.0x10

10
 + 1.60 Yes 

May BrO VCD [molec/cm
2
] (Figure 3.15b) + 3.9x10

11
 5.0x10

10
 + 1.30 Yes 

June BrO VCD [molec/cm
2
] (Figure 3.15b) + 1.5x10

11
 4.3x10

10
 + 0.74 Yes 

July BrO VCD [molec/cm
2
] (Figure 3.15b) + 2.9x10

10
 2.2x10

10
 + 0.18 No 

August BrO VCD [molec/cm
2
] (Figure 3.15b) + 4.5x10

10
 3.1x10

10
 + 0.26 No 

September BrO VCD [molec/cm
2
] (Figure 3.15b) + 2.8x10

11
 4.3x10

10
 +1.43 Yes 

Area of BrO plumes [km
2
] (Figure 3.15c) + 896 2280 + 0.06 No 

We see that all trends (except for July, August and the extent of the area where enhanced BrO 

plumes appear) are significant. The positive upward trend of the entire tropospheric dataset (i.e. 

Figure 15a) is around 1%. However, this increase becomes much more robust for the polar spring 

periods, where the increase is around 1.5%. A further and more detailed analysis of the polar 

spring period will follow in the following pages.   

In order to better investigate the trends appearing in the full tropospheric BrO VCD dataset, it is 

valuable to investigate the evolution of the rate of change of tropospheric BrO VCD from any 

starting year to any other. For example, is the trend different if calculated for data after 1998 

only, or how did tropospheric BrO VCDs change during the last four years of the dataset? 

Therefore, a heat map figure, in which the x-axis indicates the starting year for the trend 

calculation, while the y-axis shows the ending year, was created. All trends in this figure were 

calculated by using equation 3.3, starting from the same date in a year for both the starting and 

the ending years (i.e. end of March):  
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Figure 3.16: Linear trends of tropospheric BrO VCDs over different periods. The x-axis shows the starting year, and 

the y-axis is the ending year of the period. 

Linear trends calculated by starting in one year and ending in the next one (e.g. from 1996 to 

1997) are in agreement with the development of BrO VCD shown in Figure 3.15c (for example, 

the significant positive change from 2014 to 2015, or the decrease from 1997 to 1998). Trends 

over short periods are dominated by inter-annual variability. The positive linear trends are most 

prominent when the later years are included. We see that the strongest longer-term (here regarded 

as periods covering at least ten years) positive trends occur when we choose a starting point 

between 2006 – 2008 and as ending point the year 2017. 

The polar spring is the season where the majority of bromine explosions occur. Consequently, a 

heat map has been generated for the BrO VCD in spring (Figure 3.17). 
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Figure 3.17:  Linear trends of tropospheric BrO VCDs over different periods based on data for polar spring only. The 

x-axis shows the starting year, and the y-axis is the ending year of the period.  

Similar to Figure 3.16, positive trends are observed for almost all cases. The short-term linear 

trends in this figure are calculated using only a small number of observations (92 polar spring 

days for each year). Therefore, it is more valuable to focus on long-term trends (i.e. five or more 

years). Positive trends of the magnitude of 4.0x10
11 
– 1.0x10

12 
molecules/cm

2
/year are observed. 

This is more pronounced than the corresponding trends of the entire dataset (around 2.0x10
11 
– 

4.0x10
11

 molecules/cm
2
/year). 

Τhe positive trends appearing during the polar spring periods require a more thorough 

investigation. For this purpose, the polar spring BrO VCDs dataset is separated into three sub-

sets: one with values greater than 7.0x10
13 

molecules/cm
2
, one with the values between 3.0x10

13 

and 7.0x10
13 

molecules/cm
2
 and one with values below 3.0x10

13 
molecules/cm

2
. For each sub-set, 

the trends are calculated daily. Trends are provided for the number of counts that each value in 

each sub-set appears. Figure 3.18 provides the time-series of the three sub-sets on a polar spring 

average base. For each year, we have averaged both the values of tropospheric BrO and the 

number of observations (counts). 
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Figure 3.18: Subsets of the polar spring tropospheric BrO VCD dataset. a) tropospheric BrO VCDs above 7.0x10
13

 

molecules/cm
2
. b) tropospheric BrO VCDs between 3.0x10

13
 and 7.0x10

13
 molecules/cm

2
. c) tropospheric BrO 

below 3.0x10
13

 molecules/cm
2
. 

One inference from Figure 3.18a is that the high tropospheric BrO VCDs (which are related to 

bromine explosion events) have not drastically changed in magnitude (i.e. the magnitude of 

enhanced BrO plumes has not increased over the 22 years). However, the number of times that a 

value > 7.0x10
13 

molecules/cm
2 

was found has increased, especially since 2007. This means that 

the number of bromine explosion events increases, but not their intensity. From Figure 3.18b, we 

see that both the magnitude and the number of tropospheric BrO VCDs between 3.0x10
13 and 

7.0x10
13

 molecules/cm
2
 have increased, meaning that we have more cases of tropospheric BrO 

which occur in this value range, but also that the magnitude of these medium-range cases has 

increased over time. Figure 3.18c shows the ambient tropospheric BrO VCD. We see that the 

number of such cases has slightly decreased over time, while their magnitude remains constant. 

Table 3.2 presents the trends appearing in these three sub-sets. All trends were calculated on a 

daily basis (i.e. the polar spring days of each year, for both the magnitude of tropospheric BrO 

VCD and the counts): 
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Table 3.2: Trends of the subsets of tropospheric BrO during polar springs. 

Quantity Trend 

[units/yea

r] 

Error in trend 

[units/year] 

Trend 

percentage 

(%/year) 

Significant 

Tropospheric BrO > 7.0x10
13 

[molec/cm
2
] - 3.5x10

09
 1.1x10

11
 - 0.004 No 

Counts of tropospheric BrO > 7.0x10
13 

  292 78.4 + 3.3 Yes 

Tropospheric BrO > 3.0x10
13 

& < 7.0x10
13 

 

[molec/cm
2
] 

+ 1.9x10
11

 5.0x10
10

 + 1.60 Yes 

Counts of tropospheric BrO > 3.0x10
13 

&  <    

7.0x10
13 

  

3543 632.5 + 5.8 Yes 

Tropospheric BrO < 7.0x10
13 

[molec/cm
2
] - 2.5x10

09
 2.0x10

10
 - 0.001 No 

Counts of tropospheric BrO < 7.0x10
13 

 -1315 490 - 1.90 Yes 

The only non-significant trends are the magnitude of tropospheric BrO VCD above 7.0x10
13 

molecules/cm
2
 and the magnitude of tropospheric BrO VCD below 3.0x10

13 
molecules/cm

2
. 

However, for these two subsets, the number of grid cells changed in a significant way (for the 

case above 7.0x10
13 

molecules/cm
2, 

it increased by 292 counts per year or +0.33% per year, while 

for the case below 3.0x10
13 

molecules/cm
2
,
 
it decreased by 1315 counts per year or -1.90% per 

year). For the subset of tropospheric BrO VCD below 7.0x10
13 

molecules/cm
2 

and above 3.0x10
13 

molecules/cm
2
, both the magnitude of the tropospheric BrO VCD and their counts increased 

significantly (+1.6% per year and +5.8% per year accordingly). During the 22 years of the 

dataset, the magnitude of enhanced tropospheric BrO plumes did not change significantly. 

However, their frequency increased significantly over the recent years, i.e. more bromine 

explosions occurred. In addition, there are more cases of “moderate” tropospheric BrO VCDs.  

The magnitude of tropospheric BrO VCD in this range has increased. 

The trend analysis performed so far did not include any spatial information, i.e. where do 

enhanced BrO plumes appear and how did their distribution change spatially over time. The 

sources and driving mechanisms of bromine release and BrO formation are also changing 

irregularly (i.e. sea ice age increases in some Arctic regions but decreases in others; Wang et al., 

2020). Also, the frequency of cyclones changes from region to region (Rinke et al., 2017). 

Therefore, it is meaningful to include spatial information in our trend analysis to identify the 

“hotspot” areas where enhanced BrO plumes develop and how the location of hotspots changed 

over the years. The anomaly maps in Figure 3.19 show the polar spring average of tropospheric 
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BrO VCDs for every year, minus the long-term 22-year average, which is also shown on the 

bottom right of the figure. It should be stated again that all maps are flagged and show only data 

over sea ice covered regions (the process is explained in chapter 4). 
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Figure 3.19: Polar spring anomaly maps of tropospheric BrO VCDs [molecules/cm
2
]. For every map, the long-term 

22 year average (shown at the bottom right map) has been subtracted from the average of the corresponding year. 
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Negative values and blue colors (i.e. lower columns compared to the long-term average) 

dominate in most regions and years until 2008, with a few exceptions (e.g. in 1998 over the East 

Siberian Sea or 2004 over the Beaufort Sea). However, starting from 2009, positive anomalies 

(i.e. tropospheric BrO VCD higher than the long-term average) appear more frequently and in 

more regions (e.g. in the North-East of Greenland from 2013 onwards, or over the Canadian 

archipelago and in the Arctic Ocean in years 2009, 2013 and 2015). Consequently, it is inferred 

that tropospheric BrO VCDs change not only in magnitude but also spatially. In order to identify 

how tropospheric BrO VCDs change in every grid cell in time, the slope of the best fitting line 

for every grid cell was calculated. The corresponding spatial trend map is shown in Figure 3.20. 

  

Figure 3.20: Spatial trend map of tropospheric BrO VCDs. 

In most regions, an increase of tropospheric BrO VCDs during polar spring is observed. 

However, there are some areas where a decrease is found, the most profound being the Barents 

Sea and the Kara Sea, especially to the North-West of Severny island. We observe the most 

significant increases to the North-East of Greenland, where tropospheric BrO VCDs increased 

with a rate of around 10.0x10
11 

molecules/cm
2
 per year. These changes will be compared with the 

corresponding changes in sea ice conditions and meteorological conditions favourable for 

bromine explosions in chapter 4. 

3.3.2 Hudson Bay 
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Further analysis of BrO VCD trends over the Hudson Bay will follow. As mentioned before, we 

did not perform a sea ice coverage flagging on the tropospheric BrO VCDs. Additionally, there is 

sufficient coverage over winter for the analysis over this session. Figure 3.21 is similar to Figure 

3.15, but for the Hudson Bay region, showing the total merged tropospheric BrO VCD time-

series and the best fitting line, the same dataset plotted per month and the extent of the areas in 

the Hudson Bay where tropospheric BrO VCD exceeded the threshold of 7.0x10
13 

molecules per 

cm
2
. 

Figure 3.21: From top to bottom: a) time-series of daily averages of tropospheric BrO VCDs based on the sensor 

merged dataset for the Hudson Bay region, b) the same, but plotted monthly-wise, c) the extent of the area where 

tropospheric BrO VCDs exceeded the threshold of 7.0x10
13

 molecules/cm
2
. The best fitting line is plotted for sub-

Figures 3.21a and 3.21c. 

At first glance, we observe that the trend of the total merged tropospheric BrO VCDs for the 

Hudson Bay is smaller than the one for the Arctic region. Another difference to Figure 3.15a is 

that the background tropospheric BrO reaches zero during the summer months. Overall, we see 

higher tropospheric BrO VCD over the recent years. However, the maximum values of 

tropospheric BrO VCD occur during different years compared to those in the Arctic, i.e. 2012, 

2013 and 2014. In the second panel, the trends that appear over the months when bromine 

explosions occur (spring and winter months here) are equal or even more robust than those 

appearing over the Arctic region. A similar response is observed for the summer months, where 

there are minimal bromine explosion events over Hudson Bay. For the areas of enhanced BrO 

plumes, both the magnitude of their extent and their frequency are lower than in the Arctic. In 
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1998 no single daily average tropospheric BrO VCD was above 7.0x10
13 

molecules/cm
2
. The best 

fitting line also reveals no significant trend. 

The trends appearing in the Hudson Bay tropospheric BrO time-series are listed in table 3.3, 

(similar to table 3.1). 

Table 3.3: Trends of tropospheric BrO time-series for the Hudson Bay. 

Quantity Trend 

[units/year] 

Error in 

trend 

[units/year] 

Trend 

percentage 

(%/year) 

Significant 

Merged BrO VCD [molec/cm
2
] (Figure 3.21a) + 1.6x10

11
 1.5x10

11
 + 0.88 No 

January BrO VCD [molec/cm
2
]  (Figure 3.21b) + 4.2x10

11
 1.46x10

11
 + 1.24 Yes 

February BrO VCD [molec/cm
2
]  (Figure 3.21b) + 6.7x10

11
 1.34x10

11
 + 2.43 Yes 

March BrO VCD [molec/cm
2
]  (Figure 3.21b) + 2.6x10

11
 1.0x10

11
 + 0.81 Yes 

April BrO VCD [molec/cm
2
] (Figure 3.21b) + 4.1x10

11
 8.6x10

10
 + 1.40 Yes 

May BrO VCD [molec/cm
2
] (Figure 3.21b) + 1.6x10

11
 7.1x10

10
 + 0.69 Yes 

June BrO VCD [molec/cm
2
] (Figure 3.21b) - 2.7x10

10
 5.4x10

10
 - 0.02 No 

July BrO VCD [molec/cm
2
] (Figure 3.21b) -1.6x10

11
 3.8x10

10
 - 2.22 Yes 

August BrO VCD [molec/cm
2
] (Figure 3.21b) - 2.1x10

11
 3.2x10

10
 - 2.63 Yes 

September BrO VCD [molec/cm
2
] (Figure 

3.21b) 

- 1.4x10
11

 4.0x10
10

 -1.68 Yes 

October BrO VCD [molec/cm
2
] (Figure 3.21b) + 7.8x10

10
 4.6x10

10
 + 0.69 No 

November BrO VCD [molec/cm
2
] (Figure 

3.21b) 

+ 2.4x10
11

 7.4x10
10

 +1.26 Yes 

December BrO VCD [molec/cm
2
] (Figure 3.21b) + 6.4x10

11
 1.2x10

11
 +3.57 Yes 

Area of BrO plumes [km
2
] (Figure 3.21c) + 185 138.5 + 0.59 No 

The first significant difference compared to the Arctic region is that the entire merged 

tropospheric BrO VCD dataset (Figure 3.21a) has no significant trend (according to the 

significance test we performed). Although we see a slight increase of around 0.88% in the 

tropospheric BrO VCD, the error is quite large (1.5x10
13 

molecules/cm
2
/year). Strong trends 

appear over the winter months (with December being the highest, with an increase of 3.57% per 

year) and in April (with an increase of 1.4% per year). Another interesting difference to the 

Arctic trends is that July, August and September show significant negative trends above the 

Hudson Bay (with August being the strongest by absolute magnitude, with -2.63% per year). In 



3. BrO Column Densities and Trends 

 

 
70 

the Arctic region, September had a significant positive trend. Finally, the areas of enhanced BrO 

plumes show here a non-significant trend, similarly to the Arctic region. 

Similar to the Arctic, a trend heat map for the Hudson Bay (Figure 3.22) provides valuable 

insights about the dependency of the trend on the period for the tropospheric BrO VCD dataset. 

Since both seasons of interest show significant trends (winter and spring), we will provide 

separate trend heat maps for both of them in Figure 3.23 and Figure 3.24. 

 

Figure 3.22: Linear trends of tropospheric BrO VCDs over different periods over the Hudson Bay. The x-axis shows 

the starting year, and the y-axis is the ending year of the period. 

The x-axis denotes the starting year, while the y-axis is the ending year of the reference period 

of the corresponding trends. The color scale is the same for the two heat maps. There are positive 

trends when the ending year selected is one of the most recent years (as for the Arctic). However, 

more negative trends appear for shorter periods (e.g. starting in 2004 and ending in 2012). Every 

trend is calculated from the same starting and ending day of a year (i.e. start of February). The 

trends correspond to the data shown in Figure 3.21a. Trends covering short periods (i.e. from one 

year to another) are dominated by interannual variability. 
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The same heat maps for the seasons of interest (winter and spring) are valuable and yield 

meaningful information. Figure 3.23 shows the trend evolution for the Hudson Bay during the 

winter months (i.e. December, January and February) only. 

 

Figure 3.23: Linear trends of tropospheric BrO VCDs for the Hudson Bay over different periods based on data for 

winder only. The x-axis shows the starting year, and the y-axis is the ending year of the period. 

The first difference between the total tropospheric BrO VCDs for the Hudson Bay (i.e. Figure 

3.22) and the one for the winter months is that more robust trends (both positive and negative) are 

observed during winter. The two heat maps are similar, and trends that appear positive in the total 

tropospheric BrO VCD dataset appear positive also here (especially the long-term trends, i.e. ten 

years of duration). The winter months strongly influence the trend heat map (as we have seen 

from table 3.3, the most robust trends appear for winters for the Hudson Bay).  

Figure 3.24 provides the trend heat map for the Hudson Bay during the spring months.   
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Figure 3.24: Linear trends of tropospheric BrO VCDs for the Hudson Bay over different periods based on data for 

spring only. The x-axis shows the starting year, and the y-axis is the ending year of the period. 

The heat map differs from the one in Figure 3.23 in that primarily positive trends, with very few 

negative ones, are observed. The most robust positive trends are seen when the covered time-span 

is short (e.g. one year). These trends are dominated by seasonality. When focusing on long-term 

trends (i.e. starting from an early year and ending in one of the last years), positive trends, similar 

to the ones seen in Figures 3.22 and 3.23, are observed.  

Figure 3.25 shows the trend analysis on the individual subsets of tropospheric BrO VCDs over 

the Hudson Bay for winter and spring, based on the magnitude of the tropospheric BrO VCD (i.e. 

above 7.0x10
13 

molecules/cm
2
, between 7.0x10

13 
molecules/cm

2 
and 3.0x10

13 
molecules/cm

2 
and 

below 3.0x10
13 

molecules/cm
2
): 
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Figure 3.25: Subsets of the Hudson Bay winter tropospheric BrO dataset. a) tropospheric BrO VCDs above 7.0x10
13 

molecules/cm
2
. b) tropospheric BrO VCDs between 3.0x10

13 and 7.0x10
13 molecules/cm

2
. c) tropospheric BrO below 

3.0x10
13 molecules/cm

2
. From 1998 to 2000 there were no scenes with tropospheric BrO above 7.0x10

13 

molecules/cm
2
. 

For tropospheric BrO VCD above 7.0x10
13 

molecules/cm
2
, the average winter tropospheric BrO 

VCDs are slightly lower than those of polar springs for the Arctic region (Figure 3.18a). For three 

consecutive years (i.e. 1998 to 2000), there was no single grid cell with a value above 7.0x10
13 

molecules/cm
2
. Although the magnitude of tropospheric BrO VCD seems to be stable with no 

significant trend, the number of observations has increased significantly since 2011. In Figure 

3.25b, we see that both the magnitude of tropospheric BrO plumes between 3.0x10
13

 

molecules/cm
2 

and 7.0 E+13 molecules/cm
2 

and their counts increased over the years, while for 

Figure 3.25c (tropospheric BrO grid cells below 3.0x10
13 

molecules/cm
2
), neither the magnitude 

nor the counts show a strong trend. Table 3.4 shows the trends calculated (similarly to table 3.2). 
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Table 3.4: Trends of the subsets of tropospheric BrO during winter months for the Hudson Bay. 

Quantity Trend 

[units/yea

r] 

Error in trend 

[units/year] 

Trend 

percentage 

(%/year) 

Significant 

Tropospheric BrO > 7.0x10
13 

[molec/cm
2
] +1.9x10

11
 0.5x10

11
 + 0.24 Yes 

Counts of tropospheric BrO > 7.0x10
13

 +13 5.4 + 9.44 Yes 

Tropospheric BrO > 3.0x10
13 

& < 7.0x10
13

 

[molec/cm
2
] 

+ 3.8x10
11

 7.3x10
10

 + 1.00 Yes 

Counts of tropospheric BrO > 3.0x10
13 

& < 

7.0x10
13

 

+74.56 26.5 + 6.1 Yes 

Tropospheric BrO < 3.0x10
13

 [molec/cm
2
] - 2.3x10

10
 6.2x10

10
 - 0.11 No 

Counts of tropospheric BrO < 3.0x10
13

 -11.42 18.9 - 1.20 No 

The trend for the magnitude of enhanced BrO VCDs above 7.0x10
13 

molecules/cm
2
 is 

significant, but the increase per year is still small (+0.24%). The opposite occurs for the counts of 

enhanced BrO VCDs above 7.0x10
13 

molecules/cm
2
, as there the increase is much more potent 

(+9.44% per year). A potential reason for this increase could be the spike in 2014 and the fact 

that 0 such grid cells occurred for some early years. For the second panel, positive and significant 

trends are seen, but moderate in magnitude (1.0% per year for the magnitude of the tropospheric 

BrO VVVCD between 3.0x10
13 

molecules/cm
2 

and 7.0x10
13 

molecules/cm
2
 and +6.1% per year 

for the corresponding counts). Finally, we see negative but not significant trends for the trends 

appearing on the subset with tropospheric BrO VCD below 3.0x1013 molecules/cm2. 

The analysis of tropospheric BrO VCD for the spring months for the Hudson Bay and the 

corresponding time-series are shown in Figure 3.26. 
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Figure 3.26: Subsets of the Hudson Bay spring tropospheric BrO dataset. a) tropospheric BrO VCDs above 7.0x10
13 

molecules/cm
2
. b) tropospheric BrO VCDs between 3.0x10

13 and 7.0x10
13 molecules/cm

2
. c) tropospheric BrO below 

3.0x10
13 molecules/cm

2
. For 2006 there were no scenes with tropospheric BrO above 7.0x10

13
 molecules/cm

2
. 

For values of tropospheric BrO VCD above 7.0x10
13 

molecules/cm
2
, the behaviour is similar to 

that in the winter months: no visible trend for the magnitude of the enhanced tropospheric BrO 

VCD is observed, while the number of observations has increased. In 2006, not a single grid cell 

of tropospheric BrO VCD above 7.0x10
13 

molecules/cm
2
 occurred. The same conclusions are 

made for the subset of tropospheric BrO VCD between 3.0x10
13

 molecules/cm
2 

and 7.0x10
13 

molecules/cm
2
: both their magnitude and counts increase over time, although a prevalence of 

higher magnitudes over the first years of the dataset is observed. The magnitude and the number 

of observations of tropospheric BrO VCDs below 3.0x10
13 

molecules/cm
2
 do not seem to change 

over time. 

Table 3.5 summarizes the trends appearing in Figure 3.26: 
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Table 3.5: Trends of the subsets of tropospheric BrO during spring months for the Hudson Bay. 

Quantity Trend 

[units/yea

r] 

Error in trend 

[units/year] 

Trend 

percentage 

(%/year) 

Significant 

Tropospheric BrO > 7.0x10
13 

[molec/cm
2
] - 2.5x10

10
 6.6x10

10
 - 0.03 No 

Counts of tropospheric BrO > 7.0x10
13

 + 4 3.8 + 0.99 No 

Tropospheric BrO > 3.0x10
13 

& < 7.0x10
13

 

[molec/cm
2
] 

+ 5.8x10
11

 6.3x10
10

 + 0.15 Yes 

Counts of tropospheric BrO > 3.0x10
13 

& < 

7.0x10
13

 

+ 167 30.7 + 6.5 Yes 

Tropospheric BrO < 3.0x10
13

 [molec/cm
2
] + 1.0x10

11
 4.6x10

10
 + 0.44 Yes 

Counts of tropospheric BrO < 3.0x10
13

 + 55.37 35.53 + 1.37 No 

The magnitude of the enhanced tropospheric BrO VCD above 7.0x10
13 

molecules/cm
2 

during 

spring has decreased. The number of observations has increased, but the trend is not significant 

(only four counts per year). Nevertheless, both trends are not significant. We infer significant but 

not robust in magnitude trends for the columns between 3.0x10
13 

molecules/cm
2 

and 7.0x10
13 

molecules/cm
2
, as the magnitude increased by 0.15% per year, while their counts 6.5% per year. 

In the last subset, we see that only the trend of the magnitude of tropospheric BrO VCD below 

3.0x10
13

 molecules/cm
2 

is significant (with a 0.44% increase per year), while the equivalent 

counts do not increase in a significant way (+1.37% per year). Overall, we see that the trends 

appearing over the winter months are more substantial than those over springs for the Hudson 

Bay region (higher trend values and more cases being significant).  

In Figures 3.27 and Figure 3.28, pixel trend maps for the Hudson Bay region, during winter and 

spring months, similar to Figure 3.20 for the Arctic, are shown. 
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Figure 3.27: Spatial trend map of tropospheric BrO VCDs during winter months over the Hudson Bay. 

 

Figure 3.28: Spatial trend map of tropospheric BrO VCDs during spring months over the Hudson Bay. 

A substantial increase of tropospheric BrO VCDs during winter for the Hudson Bay is 

observed. This increase is not uniformly distributed, as there are some areas, especially in the 

south of the Bay, where the increase is more pronounced. However, in contrast to the Arctic 

region, there is no single grid cell where the trend is negative. The same conclusion is drawn 
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from the trend map over the spring months. Although the increase here is weaker (and there is an 

area on the north-west of the Bay, where the trend is not robust), only increasing trends of 

tropospheric BrO VCD are seen, in contrast to the Arctic (Figure 3.20), where areas with 

negative trends of tropospheric BrO VCDs are showed. 

3.4 Summary and Discussion 

A unique long-term tropospheric BrO dataset was developed, using observations from four UV-

VIS satellite instruments, providing information on the evolution of tropospheric BrO plumes for 

the Arctic region and the Hudson Bay. Hollwedel et al. (2004) studied total BrO VCD and 

derived six years of BrO data from the GOME instrument. Hörmann et al. (2016) derived a ten 

year tropospheric BrO dataset from two satellite instruments (OMI and GOME-2A), but for a 

different region (Rann of Kutch). The consistency of BrO VCD in the overlapping periods of the 

sensors was assessed and showed satisfactory agreement. The correlation coefficients were 

between 0.9 and 0.97 for the geometric columns, 0.79 to 0.94 for the tropospheric columns in the 

Arctic and 0.9 to 0.93 for the geometric and 0.88 to 0.89 for the tropospheric columns in the 

Hudson Bay. This good agreement in the tropospheric BrO VCDs from the different sensors was 

a prerequisite for investigating trends.  

An increase of approximately 1.0% per year is estimated for the merged tropospheric BrO VCD 

for the Arctic region (70.0
o 

N to 85.0
o
 N). The increase is pronounced during polar spring, where 

it reaches 1.5% per year. The enhanced tropospheric BrO plumes (i.e. with magnitude above 

7.0x10
13

 molecules/cm
2
) have not increased significantly, while the corresponding number of 

grid boxes did (about 3.3% per year). From a spatial trend analysis, the most robust increase in 

tropospheric BrO VCD appears to be in the Fram Strait, while the most substantial decrease is 

observed over the Barents and Karas seas. 

For Hudson Bay, a significant change for the merged tropospheric BrO VCD is not observed. 

However, strong trends appear during the winter and spring months (the seasons when bromine 

explosions are expected). More specifically, an upward trend of 3.57% per year for December 

and 1.40% per year for April are the most robust monthly positive trends for these two seasons. A 

further trend investigation revealed that both the magnitude (trend of +0.24% per year) of 

enhanced tropospheric BrO VCD with magnitude above 7.0x10
13

 molecules/cm
2
 and their 

number of observations (+9.44% per year) have increased for the winter months, while for 

springs neither the magnitude nor the counts of enhanced tropospheric BrO VCD have drastically 

changed. For the subset with tropospheric BrO VCD between 3.0x10
13 

molecules/cm
2
 and 

7.0x10
13

 molecules/cm
2
, an increase is observed (+0.15% per year for the magnitude and + 6.5% 

per year for the corresponding counts). Finally, from the investigation of the trend maps of the 

Hudson Bay, we conclude that tropospheric BrO columns have increased all over the Bay for 

both seasons (with the increase being more pronounced during winter, especially in the south of 

the Bay). 
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Figure 3.29 summarizes the trends discussed in this chapter: 

 

Figure 3.29: Summary of the trends of tropospheric BrO VCDs presented in the chapter. All trends are calculated on 

a daily basis. The Arctic polar spring curve is based on Figure 3.15b, while the Hudson Bay Winter and Spring in 

Figure 3.21b. 
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4. T H E  R E L AT I O N S H I P  B E T W E E N  

T R O P O S P H E R I C  B R O  V C D ,  S E A  

I C E  A N D  M E T E O R O L O G I C A L  

C O N D I T I O N S  

As discussed in chapter 1, it is well known from the literature that sea ice is the primary 

platform for the release of bromine molecules into the atmosphere (Wagner et al., 2001). Several 

studies have reported that specific meteorological parameters and conditions act as driving 

mechanisms and enhance, transport and recycle BrO (Blechschmidt et al., 2016; Jones et al., 

2009). In this chapter, the results presented in chapter 3 (the time-series, maps and trends of 

tropospheric BrO VCDs for the Arctic and the Hudson Bay) are combined and linked to sea ice 

conditions and meteorological driving mechanisms. Significant changes in tropospheric BrO 

VCD occurred during polar springs in the Arctic region and winter and spring for the Hudson 

Bay. Consequently, the tropospheric BrO VCD and their dependence on external parameters will 

be investigated. Each parameter will have a dedicated subchapter, while the comparisons will be 

held for both the Arctic and the Hudson Bay. Sea ice age, sea ice thickness and cyclonic activity 

information are available for the Arctic region. For every parameter, time-series, maps, scatter 

plots, and pixel trend maps will be presented. Each parameter will be related to enhanced 

tropospheric BrO VCDs (i.e. above 7.0x10
13

 molecules/cm
2
). For the sea ice age, an individual 

sub-chapter is dedicated to the process of flagging. This is required to identify sea ice covered 

scenes. The essential parameters for enhanced BrO formation are identified at the end of the 

chapter. 

4.1 Relationship of Tropospheric BrO VCD and Sea Ice Age 

Sea ice age is a parameter of critical importance, as sea ice is considered the primary platform 

for the release of bromine molecules (Wagner et al., 2001). The sea ice dataset selected is 

available for the same period as the retrieved BrO VCDs, for the Arctic region, but not for the 

Hudson Bay (Tschudi,  M. and Univ Of CO, 2019). Before proceeding to the relationship 

between sea ice age and trends in tropospheric BrO VCD, the procedure to flag the BrO dataset 

was followed. 

4.1.1 Sea Ice Flagging 



4. The Relationship between Tropospheric BrO VCD, Sea Ice and Meteorological Conditions 

 

 
82 

The advantage of measuring the trends in tropospheric BrO VCD over snow and ice is that the 

surface reflectivity is high. This does result in the exclusive of some scenes where bromine 

explosions occur, e.g. in the Canadian Archipelago. However, the identification of sea ice and the 

determination of trends of tropospheric BrO VCD are considered to be more accurate than in 

mixed surfaces. This flagging was applied already in the trend section discussed in chapter 3. In 

order to perform the flagging, the corresponding daily sea ice coverage map was spatially and 

temporally interpolated to the BrO VCDs satellite retrievals. Afterwards, only the scenes where 

we had information on sea ice coverage were selected for the analysis. This was applied daily, 

both on the maps and the time-series. Figure 4.1 shows an example of a daily tropospheric BrO 

map, before and after the flagging, together with the corresponding sea ice age daily map: 

 

Figure 4.1: An example of sea ice flagging on tropospheric BrO VCDs maps. From left to right: a) A daily 

tropospheric BrO VCD map as seen from GOME-2A (01.04.2015), without sea ice flagging, b) the same day, but 

with the application of sea ice flagging, c) the corresponding sea ice age map for the same day. 

 Open water scenes (denoted by dark blue on Figure 4.1c) and all land scenes were excluded by 

the flagging. The same procedure was followed for the sea ice age so that these scenes were 

excluded from that dataset. The tropospheric BrO VCD used for all geophysical conclusions and 

interpretations included knowledge of the sea ice age. Figure 4.2 shows the daily sea ice extent 

for the Arctic, which was included in the sea ice dataset, together with the flagged tropospheric 

BrO dataset, per instrument and merged. 
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Figure 4.2: From top to bottom: a) Daily sea ice extent for the Arctic region (in 10
6
 km

2
), b) same as in Figure 3.3c, 

but flagged for scenes with sea ice coverage, c) the merged sea ice flagged tropospheric BrO VCDs dataset. 

In Figure 4.2a, there are two minima in the sea ice extent time-series for the Arctic, which 

occurred in 2007 and 2012, respectively. The merged tropospheric BrO VCDs dataset over sea 

ice (Figure 4.2c) is used for all the geophysical analyses in this study and was already shown and 

discussed in chapter 3.  

4.1.2 Arctic Region (70.0
o 

N to 85.0
o
 N) 

The first relationship investigated is that between tropospheric BrO VCD and sea ice age. More 

specifically, the first year sea ice is of interest, as it is saltier than multi-year sea ice. It includes 

potentially more liquid brine and frost flowers (and therefore favours the release of bromine 

molecules into the atmosphere). From literature, the sea ice extent is decreasing in the Arctic (as 

shown in Figure 4.2a), and the extent of first year ice is increasing. This is due to the appearance 

of open water regions during the summer months when the temperature is high, and the sun is 

present. After September, when the temperature decreases and the sun slowly disappears, the 

open water regions transform into first year ice. This process repeats itself every year. The polar 

spring average time-series of tropospheric BrO over sea ice, together with the first year extent, 

and the corresponding daily scatter plot is shown in Figure 4.3. The areas with tropospheric BrO 

VCD exceeding the threshold of 7.0x10
13

 molecules/cm
2
, together with the extent of first year ice 

and the corresponding scatter plot, are also displayed: 
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Figure 4.3: Relationship of tropospheric BrO to first year ice extent. Top left: polar spring average time-series of 

tropospheric BrO VCDs over sea ice and first year sea ice extent. Top right: daily polar spring scatter plot between 

tropospheric BrO VCDs over sea ice and first year sea ice extent. Bottom left: polar spring average time-series of 

areas where tropospheric BrO VCDs over sea ice exceeded the threshold of 7.0x10
13

 molecules/cm
2
 and first year sea 

ice extent. Bottom right: daily polar spring scatter plot between areas where tropospheric BrO VCDs over sea ice 

exceeded the threshold of 7.0x10
13

 molecules/cm
2
 and first year sea ice extent. 

The red curves in the time-series of Figure 4.3 are the polar spring average of first year sea ice 

extent. The average polar spring tropospheric BrO VCDs are plotted in blue. There is an explicit 

long-term general agreement between the two quantities (with a +0.62 correlation coefficient). 

Although the agreement is not visible every year (e.g. in 2008, tropospheric BrO VCDs 

decreased, while the first year ice extent increased), there is a similar long-term evolution, 

especially from 2009 onwards. By checking the corresponding daily scatter plot of the two 

quantities (top right subplot), we get a moderate correlation coefficient of +0.32. However, it 

should be stated that sea ice extent does not change on a daily basis. The sea ice age dataset used 

is based on a weekly basis. In the bottom left time-series, the blue quantity is the area having 

tropospheric BrO VCDs above the threshold of 7.0x10
13

 molecules/cm
2
. Here, the agreement is 

not as straightforward as in the comparison above. This finding is confirmed by the weak 

correlation coefficient (i.e. +0.19) of the corresponding scatter plot (bottom right subplot).  

Although the extent of first year ice is the most valuable parameter to compare to, to investigate 

the relationship of tropospheric BrO VCD to first year sea ice, comparisons with the sea ice age 

are also of value. Figure 4.4 is similar to Figure 4.3, but we have substituted the extent of first 

year ice with average sea ice age: 
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Figure 4.4: Relation of tropospheric BrO to sea ice age. Top left: polar spring average time-series of tropospheric 

BrO VCDs over sea ice and sea ice age. Top right: daily polar spring scatter plot between tropospheric BrO VCDs 

over sea ice and sea ice age. Bottom left: polar spring average time-series of areas where tropospheric BrO VCDs 

over sea ice exceeded the threshold of 7.0x10
13

 molecules/cm
2
 and sea ice age. Bottom right: daily polar spring 

scatter plot between areas where tropospheric BrO VCDs over sea ice exceeded the threshold of 7.0x10
13

 

molecules/cm
2
 and sea ice age. 

The general long-term agreement also holds for the time-series between polar spring averaged 

tropospheric BrO VCDs, and polar spring averaged sea ice age. Since 2009, all the tropospheric 

BrO VCDs have had a higher value than all the previous years, while after 2009, the sea ice age 

is the lowest to be reported, compared to the previous years. The correlation coefficient for the 

time-series is -0.72, slightly higher in absolute magnitude than the one between tropospheric BrO 

and first year ice extent. The top left scatter plot also shows a similar relationship, with a 

correlation coefficient of approximately -0.32. The highest daily averaged tropospheric BrO 

VCDs occur when the daily average sea ice age is between 1 and 2 years. Regarding the 

relationship between areas of enhanced tropospheric BrO VCD and sea ice age, a slightly higher 

absolute correlation (-0.62 for the time-series and -0.22 in bottom right subplot) compared to first 

year ice extent is observed (+0.46 for the time-series and +0.19 for the daily scatter plot). There is 

a long-term relationship between the increase of tropospheric BrO VCDs and the increase of first 

year sea ice extent (or consequently the decrease of the average sea ice age in the Arctic region). 

However, the average sea ice age decrease implies a decrease of the multi-year ice age (e.g. old 

ice that melted during one polar spring-summer and now became two or more years old, but less 

than the initiate age). 

In Figure 4.5 and Figure 4.6, the relationship of first year sea ice extent and sea ice age to only 

enhanced tropospheric BrO scenes is investigated (i.e. scenes with a BrO column above 7.0x10
13

 

molecules/cm
2
): 
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Figure 4.5: Same as Figure 4.3, but only for enhanced tropospheric BrO scenes (above 7.0x10
13

 molecules/cm
2
). 

Although we see that the long-term agreement between enhanced tropospheric BrO VCD and 

the increase of first year ice extent is not as strong as the one for all tropospheric BrO columns 

(i.e. +0.315 compared to +0.62 for the top left time-series of Figure 4.3), the corresponding daily 

correlation improved (+0.47 to +0.32). This could imply that the increase of first year ice extent 

affects the daily release of enhanced bromine, but not its evolution (which does not show a 

significant trend, as discussed in Figure 3.18 and Table 3.2). However, as it seems, the bigger the 

first year ice extent is, the bigger the platform for a potential release of bromine in the Arctic 

atmosphere. This argument can also be assessed by the bottom left time-series, where the area 

with enhanced tropospheric BrO VCD is shown by the blue curve, while the area with enhanced 

tropospheric BrO and first year ice is shown by the red curve. We see that the two curves have 

almost identical evolution, with a correlation coefficient of +0.96, which can be seen from the 

corresponding (i.e. bottom right) scatter plot (correlation coefficient of +0.87). These results 

indicate that the first year ice does not play the most crucial role in the eventual magnitude of the 

tropospheric BrO VCDs, but is crucial for the number of incidents of high BrO that we will have 

and the area they will capture. As first year ice becomes more dominant in the Arctic, there is 

more potential for the release of bromine molecules, which can lead to more bromine explosion 

events. 

In Figure 4.6, a similar comparison of enhanced tropospheric BrO, but this time to the averaged 

sea ice age and not to the first year ice extent, is shown: 



4. The Relationship between Tropospheric BrO VCD, Sea Ice and Meteorological Conditions 

 

 
 87 

 

Figure 4.6: Same as Figure 4.3, but only for enhanced tropospheric BrO scenes (above 7.0x10
13

 molecules/cm
2
). 

Significant correlations are not observed in either of the subplots. Sea ice age also decreases for 

the scenes where tropospheric BrO VCD is above 7.0x10
13

 molecules/cm
2
, but this cannot lead to 

any solid scientific conclusions, as the averaged decrease of sea ice age implies a decrease of the 

multi-year ice age, but not necessarily an increase of first year ice.  

As the sea ice age dataset is weekly, it is valuable to perform the investigations discussed above 

on weekly scatter plots. More specifically, the plot consists of the weekly tropospheric BrO 

VCDs and weekly first year ice extent; weekly tropospheric BrO VCDs and weekly averaged sea 

ice age; enhanced (above 7.0x10
13 

molecules/cm
2
) tropospheric BrO VCDs and the 

corresponding (selected only the equivalent scenes) weekly first year ice extent, and finally 

enhanced (above 7.0x10
13

 molecules/cm
2
) tropospheric BrO VCDs, and the corresponding 

(selected only the equivalent scenes) averaged sea ice age: 
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Figure 4.7: Scatter plots of weekly time-series between tropospheric BrO VCDs and sea ice age. Top left: weekly 

tropospheric BrO VCDs against weekly first year ice extent. Top right: weekly tropospheric BrO VCDs against 

weekly averaged sea ice age. Bottom left: enhanced (above 7.0x10
13

 molecules/cm
2
) tropospheric BrO VCDs against 

the corresponding (selected only the equivalent scenes) weekly first year ice extent. Bottom right: enhanced (above 

7.0x10
13

 molecules/cm
2
) tropospheric BrO VCDs against the corresponding (selected only the equivalent scenes) 

averaged sea ice age. The best fitting line is plotted in every scatter plot.  

A comparison of the top row of Figure 4.7 with Figure 4.3 (top right scatter plot) and Figure 4.4 

(top right scatter plot) indicates that there are no differences between the daily and the weekly 

plots. The same conclusion can be drawn when the bottom row of Figure 4.7 is compared with 

the equivalent daily scatter plots (top right scatter plot of Figure 4.5 and top right of Figure 4.6). 

In total, the correlation coefficients improve, but not to a great extent. As the original sea ice 

dataset is weekly, weekly averages for the tropospheric BrO VCD are used. As the tropospheric 

BrO VCD is more dynamic than sea ice, it may be that some critical information is lost by 

averaging it on a weekly basis. 
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In Figure 4.8, yearly polar spring average maps of tropospheric BrO VCDs and sea ice age are 

shown. The first year ice is shown in dark blue color, so that it is easily distinguishable from the 

rest of the sea ice age values: 
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Figure 4.8: Polar spring average maps of tropospheric BrO VCDs [10
13 

molec/cm
2
] and sea ice age [years]. First year 

ice is denoted with dark blue color. 

It is expected that high tropospheric BrO VCDs would appear over first year ice regions. Such a 

case appears, for example, in 2001, where the most enhanced tropospheric BrO VCD appears 

over Kara – East Siberian Sea, where first year sea ice was also evident. However, there are also 

cases, such as 2004, when high tropospheric BrO VCD appeared over the Canadian Archipelago, 

a region where multi-year ice is almost always found. However, first year ice seems to be 

associated with the increased frequency of enhanced tropospheric BrO VCD rather than with the 

magnitude of tropospheric BrO VCD. This implies that the increase of the first year sea ice 

covered regions (which started approximately from 2009 onwards) comes in general agreement 

with the increased area of high tropospheric BrO VCD regions. Although there were some years 

before 2009 (e.g. 2003), where high tropospheric BrO VCD was evident almost everywhere in 

the Arctic region, from 2009 onwards, for almost every year, the regions with enhanced 

tropospheric BrO VCD have increased and cover a much broader area, extending from the 

American to the European Arctic. In the same period, we can observe that first year ice has 

become more dominant in the Arctic, covering larger regions, while multi-year ice coverage has 

decreased mainly over the Canadian Archipelago. This implies that this increase in the extent of 

first year ice regions over the latest years impacts the increased appearance and frequency of 

enhanced tropospheric BrO VCDs. 

Another way to investigate the evolution and relationship of the two quantities is to plot trend 

maps of tropospheric BrO (as in Figure 3.20) and corresponding trend maps of sea ice. 

 

 

 

 2014 2015 2016 2017 

 

 

 

 

T
ro

p
o

sp
h

er
ic

 

B
rO

 

    

S
ea

 I
ce

 A
g

e 

    



4. The Relationship between Tropospheric BrO VCD, Sea Ice and Meteorological Conditions 

 

 
 91 

Figure 4.9: Pixel trend maps of tropospheric BrO VCDs (top left), sea ice age (top right) and first year ice frequency 

(bottom left). 

The top left trend map is the same as that in Figure 3.20. By studying the sea ice age trend map, 

we see that the most significant decrease in sea ice age is observed over the Canadian 

Archipelago and Alaska, where multi-year ice was dominant over the first years of the dataset 

and has severely declined over the latest years. However, a decrease of sea ice age over the Fram 

Strait and the north of Greenland is found, where the most robust increase of tropospheric BrO 

VCDs occurs. If these findings are combined with the trend map of first year ice occurrence, an 

increase to the east of Greenland of first year ice over the latest years is observed. Therefore, the 

decrease of the sea ice age agrees with an increase of first year ice occurrence, which played a 

role in the increase of tropospheric BrO VCDs in the same region. However, the same cannot be 

said for the area north of Greenland and over Canada, where there is a sea ice age decrease and a 

decrease of first year ice. This is the region where multi-year ice has retreated recently, as it can 

also be seen in the individual yearly polar spring average sea ice age maps in Figure 4.8. 
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4.2 Relationship of Tropospheric BrO VCD and Air 

Temperature 

As mentioned in chapter 1, it was shown, both in laboratory experiments and field campaigns, 

that there is a relationship between temperature and the speed of the autocatalytic chemical 

reaction cycle that recycles BrO in the troposphere. More specifically, once the temperature is 

high enough, the cycle halts. For air temperature, two datasets are used: ERA-5 and WRF ASR-2, 

which were described in chapter 2. WRF ASR-2 provides model simulations optimised explicitly 

for the Arctic region. For air temperature and all the following meteorological parameters, 

tropospheric BrO VCD time-series, scatter plots, polar spring average maps, trend maps, 

enhanced tropospheric BrO time-series and scatter plots to the corresponding data of each 

parameter will be compared. 

4.2.1 Arctic Region (70.0
o 

N to 85.0
o
 N) 

Air temperature is increasing at a rapid pace in the Arctic region. This increase is believed to 

have serious consequences for the Arctic ecosystem. It also affects the atmospheric chemistry and 

the trace gases appearing in it. The anti-correlation between temperature and BrO is well known. 

Therefore, it is expected that there will be some relationship between the two quantities. The first 

plot shows polar spring average time-series between tropospheric BrO VCDs and 2m air 

temperature from ERA-5 and ASR-2; one for all scenes and one where enhanced BrO (above 

7.0x10
13

 molecules/cm
2
) occurred, together with the corresponding daily scatter plots from ERA-

5 (as this reanalysis dataset covers the period of the tropospheric BrO dataset, i.e. 1996 – 2017). 
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Figure 4.10: Time-series and scatter plots of tropospheric BrO VCDs and 2m air temperature. Top left: Polar spring 

averaged time-series of tropospheric BrO VCDs and 2m air temperature from reanalysis data. Top right: The 

corresponding daily scatter plot of tropospheric BrO (blue curve in the time-series) and ERA-5 2m air temperature 

(the red one). Bottom left: Polar spring averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 

molecules/cm
2
) and 2m air temperature for the corresponding areas from reanalysis data. Bottom right: The 

corresponding daily scatter plot of enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
, blue curve in the 

time-series) and ERA-5 2m air temperature (the red one). 

ASR-2 only provides data from 2000 to 2016. This is also why ERA-5 was chosen for the 

scatter plots. The top left time-series in Figure 4.10 shows an anti-correlation between 

tropospheric BrO VCD and air temperature. There are some years, for example, from 1998 to 

1999 or from 2010 to 2011, where the expected anti-correlation is not seen as both quantities 

increase or decrease together. Since air temperature is more dynamic and changes from day to 

day, it is expected that the polar spring yearly averaged time-series will provide a generalized 

image of the relationship between the two quantities and will not be able to capture correlations 

occurring on more minor time scales. The correlation coefficient between tropospheric BrO and 

ERA-5 2m air temperature in the time-series plot is +0.48, which does not depict the proper 

relationship between them (as it has a positive sign). When we focus on the corresponding scatter 

plot (top right) between tropospheric BrO VCD and ERA-5, we see that the correlation increases 

by absolute number and has a value of -0.536. This is much stronger than the correlation between 

tropospheric BrO VCD and sea ice on a daily basis (+0.325), indicating that air temperature is a 

more critical parameter on a daily basis. However, the interpretation of scatter plots and their 

relationships requires care, as there are hidden indirect correlations between tropospheric BrO 

VCD and other quantities included. For instance, as temperature increases, sea ice also melts, and 

that means a smaller area for a potential release of reactive bromine molecules into the Arctic 

atmosphere in the later years. Nevertheless, the information drawn from the scatter plot is 
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valuable and meaningful. The scatter plots do not include spatial correlations, as they show daily 

averages. We can also infer from the scatter plot an extensive range of tropospheric BrO VCD for 

temperatures below 260 Kelvin. However, as long as the temperature exceeds approximately this 

threshold, we see that tropospheric BrO VCD drop significantly, as only three daily averages 

exist with a temperature above 260 Kelvin and tropospheric BrO VCD above 5.0x10
13

 

molecules/cm
2
. The opposite does not necessarily apply (i.e. we see high and low BrO columns 

for low temperatures). By looking at the bottom subplots (i.e. only selected scenes with enhanced 

tropospheric BrO VCD above 7.0x10
13

 molecules/cm
2
), we see a general anti-correlation in the 

polar spring averaged time-series between tropospheric BrO VCD and temperature. There are 

some exceptions, for example, from 2009 to 2010, where both quantities increased. However, if 

we study the corresponding scatter plot, a smaller correlation coefficient than the one with all 

observations (-0.28 against -0.536) is inferred. This implies that temperature is not the most 

decisive parameter for forming enhanced BrO plumes (for comparison, the equivalent correlation 

coefficient between enhanced BrO and first year ice extent was + 0.47, from Figure 4.5). 

Therefore, one could conclude that first year ice extent plays a more critical role in the 

appearance of enhanced BrO plumes than air temperature (which, as it seems, matters on a 

“threshold” basis and halts the autocatalytic chemical cycle if it is too high, but does not 

accelerate it in the opposite case). 

In Figure 4.11, and similar to Figure 4.8, yearly polar spring average maps of tropospheric BrO 

VCDs and 2m air temperature from ERA-5 are presented. 
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Figure 4.11: Polar spring average maps of tropospheric BrO VCDs [molec/cm
2
] and ERA-5 2m air temperature 

[kelvin]. 

There are years when the highest BrO VCDs occurred at the lowest temperature (or low 

temperature, for example, 2004, 2001 and 1999), but this relationship does not appear in all years 

(especially the latest). However, long–term averages may not be the best way to compare a 

dynamic meteorological parameter as temperature to tropospheric BrO VCD. As the lower the 
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temperature does not necessarily imply the higher the BrO, the relationship between the two 

quantities is difficult to interpret. There are years (i.e. 2011 and 2013) where tropospheric BrO 

VCD appears over areas with widespread temperatures (i.e. from 258 to 265 Kelvin). However, 

we can see that tropospheric BrO is usually low when the temperature is high (e.g. 2002 on 

Beaufort and the East Siberian Sea). 

In Figure 4.12, pixel trend maps of temperature (from ERA-5) and that of tropospheric BrO 

VCD are plotted: 

 

Figure 4.12: Spatial trend patterns of tropospheric BrO (left) and ERA-5 2m air temperature (right).  

From this comparison, the evolution of tropospheric BrO VCDs in each grid box is in an 

excellent inverse agreement with the corresponding evolution of 2m air temperature. We see that 

in the area where the increase of tropospheric BrO VCDs was the most profound (i.e. north of 

Greenland and in the Fram Strait), the temperature decreased significantly, about -0.2 Kelvin per 

year. A similar anti-correlation is observed in the Kara Sea, where tropospheric BrO VCD 

strongly decreased. In the same region, the most robust increase of air temperature is observed. 

However, temperature could not explain the general long-term changes of tropospheric BrO from 

the time-series perspective (but also from the yearly polar spring averaged maps), a satisfactory 

and explanatory agreement in the grid box trend maps of temperature and tropospheric BrO for 

the Arctic region. 

4.2.2 Hudson Bay 

An analysis of tropospheric BrO VCD and air temperature is performed for both winter and 

spring periods. In Figure 4.13, similar to Figure 4.10, average winter time-series of tropospheric 

BrO VCD and 2m air temperature, the corresponding scatter plot, enhanced time-series, and the 

scatter plot of enhanced tropospheric BrO VCD against air temperature are plotted. 
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Figure 4.13: Time-series and scatter plots between tropospheric BrO VCDs and 2m air temperature for the Hudson 

Bay region during winters. Top left: Winter averaged time-series of tropospheric BrO VCDs and 2m air temperature 

from reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO and ERA-5 2m air 

temperature. Bottom left: Winter averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 

molecules/cm
2
) and 2m air temperature from this area from reanalysis data. Bottom right: The equivalent daily 

scatter plot between enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 2m air temperature. 

The top-left time-series in Figure 4.13 show a good overall anti-correlation between 

tropospheric BrO VCD and air temperature. In most cases, when tropospheric BrO VCD 

increases (e.g. 1998), temperature decreases. The correlation coefficient for the time-series is -

0.4, much higher than that for the two quantities in the Arctic region (Figure 4.10, where the 

correlation coefficient was positive). The anti-correlation is seen in the top right scatter plot as 

well, where daily averages of tropospheric BrO VCD and air temperature are plotted. The 

correlation coefficient is -0.46, slightly weaker than the one for the Arctic daily scatter plot (-

0.53). However, the scatter of the measurements around the best fitting line is changing less with 

temperature, indicating that indirect hidden correlations between tropospheric BrO VCD and 

other quantities may not occur to such an extent. If we focus on the enhanced tropospheric BrO 

scenes (i.e. above 7.0x10
13

 molecules/cm
2
, bottom subplots), we see that in the time-series, the 

general anti-correlation between tropospheric BrO VCD and air temperature holds (e.g. 2010). 

However, on a daily basis, the correlation coefficient drops significantly, similar to the Arctic 

(the value of the correlation coefficient on Figure 4.10, bottom right subplot did not drop sharply 

but is much smaller than that of Figure 4.10, top right). 

A similar figure follows, but this time for the spring months: 
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Figure 4.14: Time-series and scatter plots between tropospheric BrO VCDs and 2m air temperature for the Hudson 

Bay region during springs. Top left: Spring averaged time-series of tropospheric BrO VCDs and 2m air temperature 

from reanalysis data. Top right: The corresponding daily scatter plot between tropospheric BrO and ERA-5 2m air 

temperature. Bottom left: Spring averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 

molecules/cm
2
) and 2m air temperature from reanalysis data. Bottom right: The corresponding daily scatter plot 

between enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 2m air temperature. 

The top left time-series of Figure 4.14 shows an anti-correlation, with a correlation coefficient 

of -0.63. The two quantities are anti-correlated (e.g. 1999, 2006, 2009 and 2010). The correlation 

coefficient is also higher than the equivalent one for the winter periods. The daily scatter plot 

(top-right) shows a very strong anti-correlation of -0.77, much higher than the -0.46 of the winter 

period. The scatter of the points around the best fitting line is prominent for lower temperatures 

(similar to the polar spring scatter plot for the Arctic region, Figure 4.10, top right subplot). 

Although temperatures are comparable with those during the winter periods (i.e. Figure 4.13, top 

right scatter plot), the points are much closer to the best fitting line (i.e. in the winter periods, 

tropospheric BrO VCD is in the range of 0 to almost 5 molecules/cm
2
, for temperatures between 

265 and 270 Kelvin, while in spring and the same temperature interval, tropospheric BrO VCD 

ranges from 1.5 to 3 molecules/cm
2
). Temperature does not look like a threshold parameter in 

that case, as an overall linear relationship can be seen. Regarding the enhanced BrO VCDs during 

springs, the correlation drops, both for the time-series (from -0.63 to -0.42) and the daily scatter 

plots (from -0.77 to -0.15) compared to all the BrO VCDs values. The number of days where 

tropospheric BrO VCD exceeds the threshold of 7.0x10
13

 molecules/cm
2
 decreases (number of 

data values in the bottom right scatter plot). 
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Figure 4.15 shows the trend maps of tropospheric BrO and temperature for the Hudson Bay 

area, both for the winter and spring periods. 

 

 

 

 

 

 

 

 

Figure 4.15: Trend maps of tropospheric BrO and air temperature for the Hudson Bay. Top left: trend map of 

tropospheric BrO during the winter period. Top right: trend map of air temperature during the winter period. Bottom 

left: trend map of tropospheric BrO during the spring period. Bottom right: trend map of air temperature during the 

spring period. 

The comparisons of the trend maps of tropospheric BrO VCD and air temperature for the winter 

period show significant anti-correlation patterns. A strong anti-correlation with air temperature is 

observed in areas where an intense change in tropospheric BrO VCD occurs. A good example is 

the increase of tropospheric BrO VCD on the southeast of the Bay, which is mirrored by a 

substantial decrease of temperature in the same region. The opposite behaviour is seen on the 

northeast of the Bay, where temperature increased. The anti-correlation between tropospheric 

BrO VCD and air temperature is not as apparent as over the Arctic region. The trend maps of 

spring show anti-correlation in some areas, but not as pronounced as for winter. The weakest 

increase of tropospheric BrO VCD occurs on the northwest of the Bay, where there is a 

substantial increase in temperature. However, the changes in temperature during springs do not 

vary much. Temperature trends range from -0.09 to +0.01 Kelvin per year. Since tropospheric 
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BrO VCD did not decrease anywhere in the Bay for both winter and spring, the relationship to air 

temperature is not easy to interpret. 

4.3 Relationship of Tropospheric BrO VCD and Mean Sea 

Level Pressure 

From the literature, it is known that low pressure systems can contribute to the formation of 

enhanced tropospheric BrO VCD in combination with low wind speeds (“closed reaction 

chamber”) (Jones et al., 2009). However, tropospheric BrO VCDs appear also in the region of 

high pressure systems (e.g. through transport and blowing snow). Therefore, the comparison 

between tropospheric BrO VCD and mean sea level pressure is not expected to yield as precise 

results as the one with temperature. Nevertheless, we expect to see an anti-correlation between 

the two quantities, as the low pressure systems, together with the combination of other 

meteorological parameters that are associated with them, are linked to an enhancement of 

tropospheric BrO VCD. 

4.3.1 Arctic Region (70.0
o 

N to 85.0
o
 N) 

In the Arctic, it is known that low pressure systems occur over the European and Russian parts 

of the Arctic, and then, through the appearance and move of cyclones, high pressure systems 

occur over the Canadian Archipelago (Serreze and Barrett, 2010). Figure 4.16 shows time-series 

between tropospheric BrO VCD and mean sea level pressure, the corresponding scatter plot and 

the same results for enhanced tropospheric BrO VCD scenes. 
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Figure 4.16: Time-series and scatter plots of the tropospheric BrO VCDs and mean sea level pressure. Top left: Polar 

spring averaged time-series of tropospheric BrO VCDs and mean sea level pressure from reanalysis data. Top right: 

The equivalent daily scatter plot between tropospheric BrO VCDs (blue curve in the time-series) and ERA-5 mean 

sea level pressure (the red one). Bottom left: Polar spring averaged time-series of enhanced tropospheric BrO VCDs 

(above 7.0x10
13

 molecules/cm
2
) and mean sea level pressure from reanalysis data. Bottom right: The equivalent daily 

scatter plot between enhanced tropospheric BrO VCDs (above 7.0x10
13

 molecules/cm
2
, blue curve in the time-series) 

and ERA-5 mean sea level pressure (the red one). 

Some anti-correlations are observed in the top left time-series, between tropospheric BrO VCD 

and mean sea level pressure. The correlation coefficient is -0.35 and can be seen in many years 

(e.g. 2007 to 2008). Meteorological parameters have a high dynamic range and change daily. 

Still, a high correlation between tropospheric BrO VCD and mean sea level pressure in polar 

spring averages is not expected. The daily scatter plot of tropospheric BrO VCD and mean sea 

level pressure show an anti-correlation of -0.12. Similar weak correlations are seen from the two 

bottom subplots (time-series of scenes with enhanced tropospheric BrO VCD), and the equivalent 

scatter plot. Although pressure as a quantity itself does not seem to play a dominant role in the 

bromine explosion and the generation of enhanced tropospheric BrO VCD, its value is associated 

with conditions that favour the bromine explosion (e.g. low pressure systems and the condition of 

wind speed, boundary layer height, and cyclones).  

In Figure 4.17, similar to Figure 4.11, annual polar spring average maps of tropospheric BrO 

VCD and mean sea level pressure for the Arctic region are shown. 
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Figure 4.17: Polar spring average maps of tropospheric BrO VCDs [molec/cm
2
] and ERA-5 mean sea level pressure 

[hPa]. 

Almost every year, the spatial distribution of pressure is similar; lower pressures occur over the 

European – Asian Arctic, while high pressures are found around the American Arctic. For some 

years, the highest tropospheric BrO VCD is found in areas having low pressure (e.g. 2003 and 

2007). In other years (e.g. 2004), enhanced tropospheric BrO VCD occurred under high pressure. 

The recent increase of tropospheric BrO VCD (both in magnitude and spatial extent) does not 

correlate strongly with mean sea level pressure. Due to the dynamic nature of mean sea level 

pressure and the complex relationship to other meteorological drivers, it is found that 

tropospheric BrO VCD is not strongly correlated to mean sea level pressure.  

In Figure 4.18, the trend maps for tropospheric BrO VCD and mean sea level pressure for the 

Arctic region are plotted. 

Figure 4.18: Spatial trend patterns for tropospheric BrO (left) and mean sea level pressure (right) for the Arctic 

region.  

The spatial distribution of trend values of pressure is similar to average polar spring spatial 

distributions of mean sea level pressure in the previous figure. It seems that the high pressure 
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systems over the American Arctic and the lower pressure areas over the European – Asian Arctic 

intensified over the 22 years of our dataset. These changes are small and can be considered 

negligible. Overall, we do not see a clear relationship between the trend maps. Over the area 

where tropospheric BrO VCD has greatly increased (northeast of Greenland), mean sea level 

pressure shows a slight increase, while in the region, where tropospheric BrO shows the most 

profound decrease (Kara Sea), pressure also shows the most robust decrease. 

4.3.2 Hudson Bay 

Figure 4.19 shows the time-series of all scenes and those with enhanced tropospheric BrO VCD 

and the corresponding scatter plots of tropospheric BrO and mean sea level pressure for the 

Hudson Bay during the winter period: 

 

Figure 4.19: Time-series and scatter plots between tropospheric BrO VCDs and mean sea level pressure for the 

Hudson Bay region during winters. Top left: Winter averaged time-series of tropospheric BrO VCDs and mean sea 

level pressure from reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO VCD and 

ERA-5 mean sea level pressure. Bottom left: Winter averaged time-series of enhanced tropospheric BrO VCDs 

(above 7.0x10
13

 molecules/cm
2
) and mean sea level pressure from reanalysis data. Bottom right: The equivalent daily 

scatter plot between enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 mean sea level 

pressure. 

Although there are some years in the top left time-series where the expected anti-correlation 

between tropospheric BrO VCD and mean sea level pressure (e.g. 2014) is seen, the calculated 

correlation coefficient is +0.2. In the equivalent scatter plot (top right subplot), we see also a 

close to zero correlation between the two quantities. When we focus on the enhanced 

tropospheric BrO scenes, we get -0.23 for the long-term time-series correlation and -0.24 for the 

daily values. Still, the correlations are low, similar to what we saw for the Arctic region. 
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A similar figure, but for the spring months follows: 

 

Figure 4.20: Time-series and scatter plots between tropospheric BrO VCDs and mean sea level pressure for the 

Hudson Bay region during springs. Top left: Winter averaged time-series of tropospheric BrO VCDs and mean sea 

level pressure from reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO and ERA-

5 mean sea level pressure. Bottom left: Spring averaged time-series of enhanced tropospheric BrO VCDs (above 

7.0x10
13

 molecules/cm
2
) and mean sea level pressure from reanalysis data. Bottom right: The equivalent daily scatter 

plot between enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 mean sea level pressure. 

Similar behaviour is observed: low correlation coefficients for both the time-series and the 

scatter plot (-0.07 and -0.043, respectively). However, the absolute value of the correlation 

coefficients increases very slightly when we focus only on the enhanced tropospheric BrO VCD 

scenes (bottom subplots), where the correlation coefficient for the time-series is -0.23, while for 

the scatter plot -0.19. Still, these are low correlations, as for all other comparisons between 

tropospheric BrO VCD and mean sea level pressure for both the Arctic and the Hudson Bay. 

In Figure 4.21, a comparison between the trend maps of tropospheric BrO VCD and mean sea 

level pressure for both winter and spring periods is shown. 
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Figure 4.21: Spatial trend patterns of tropospheric BrO and mean sea level pressure for the Hudson Bay. Top left: 

trend map of tropospheric BrO during the winter period. Top right: trend map of mean sea level pressure during the 

winter period. Bottom left: trend map of tropospheric BrO during the spring period. Bottom right: trend map of mean 

sea level pressure during spring. 

Although the time-series and scatter plots showed a slightly higher correlation between 

tropospheric BrO VCD and mean sea level pressure during spring months than winter, a stronger 

spatial anti-correlation during winters is inferred from the trend maps. The most profound 

decrease of mean sea level pressure occurred in the middle and south of the Bay, where we have 

the most robust tropospheric BrO VCD increase. However, the agreement is not one to one. No 

direct relationship can be found by the comparison of the trend maps of the spring months. 

Therefore, we follow that the trend maps of tropospheric BrO VCD and mean sea level pressure 

do not show a strong correlation in addition to the previous results.  

4.4 Relationship of Tropospheric BrO VCD and Wind 

Speed 

The following parameter discussed is horizontal wind speed, which was calculated from u and v 

component vectors of 10 meter wind from the reanalysis data. The relationship between 

tropospheric BrO VCD and 10 meters wind speed will be investigated. It is known from the 
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literature that both high and low wind speeds can influence the formation of enhanced BrO 

plumes (high wind speeds by transporting and re-cycling BrO on blowing snow, low wind speeds 

by stable inversion and a constant release of bromine molecules from a saline surface) (Jones et 

al., 2009). 

4.4.1 Arctic Region (70.0
o 

N to 85.0
o
 N) 

Similar to the previous driving mechanisms that we examined, Figure 4.22 shows time-series of 

tropospheric BrO VCD and wind speed for the spring months, the corresponding daily scatter 

plots, time-series with only the enhanced tropospheric BrO VCD scenes (above 7.0x10
13

 

molecules/cm
2
), and the equivalent scatter plot of the daily values: 

 

Figure 4.22: Time-series and scatter plots between tropospheric BrO VCDs and 10m wind speed. Top left: Polar 

spring averaged time-series of tropospheric BrO VCDs and 10m wind speed from reanalysis data. Top right: The 

equivalent daily scatter plot between tropospheric BrO (blue curve in the time-series) and ERA-5 10m wind speed 

(the red one). Bottom left: Polar spring averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 

molecules/cm
2
) and 10m wind speed from reanalysis data. Bottom right: The equivalent daily scatter plot between 

enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
, blue curve in the time-series) and ERA-5 10m wind 

speed (the red one). 

All four correlation coefficients are positive, meaning that the increase observed in the wind 

speed over the Arctic region agrees with the evolution of tropospheric BrO VCD. By examining 

the top left time-series, for most years (e.g. from 2007 to 2008, or from 1996 to 1999), a similar 

evolution between the two quantities is observed. However, both the correlation coefficients for 

the top panels indicate moderate correlations (+0.49 for the time-series and +0.26 for the daily 

scatter plot). These values are slightly lower than the equivalent ones for first year ice extent and 

much higher than those for mean sea level pressure. When we focus on the enhanced 
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tropospheric BrO VCD scenes (bottom subplots), we see that the correlation is lower for both 

subplots (+0.04 for the time-series, +0.18 for the scatter plot). The increase in wind speed in the 

Arctic region shows a moderate positive correlation with tropospheric BrO VCDs' increase. 

Figure 4.23 shows yearly polar spring averaged maps of tropospheric BrO and 10m wind speed: 
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Figure 4.23: Polar spring average maps of tropospheric BrO VCDs [molec/cm
2
] and ERA-5 10m wind speed [m/s]. 

The wind speed maps resemble those of mean sea level pressure, as high wind speeds are 

developing on the European side of the Arctic (low pressure in the pressure maps), while low 

wind speeds appear over high pressure. This agreement is not straightforward (e.g. 2005). From 

the comparison of tropospheric BrO VCD maps to wind speed, there are years (e.g. 2003, 2007, 

2014) where high tropospheric BrO VCD occurred in conjunction with high wind speeds. 

However, there are also years (e.g. 2015, 2004, and 1998) where the highest tropospheric BrO 

VCD appeared over regions with low – mean wind speeds. This is expected, as both 

meteorological wind speed conditions can favour enhanced tropospheric BrO VCD. There is a 

satisfactory agreement when the yearly polar spring averaged maps of the two quantities are 

compared. Not all the enhanced tropospheric BrO plumes can be interpreted by wind speed. For 

instance, in the year 2015, the most profound tropospheric BrO occurred over average wind 

speeds. 

Figure 4.24 shows the trend maps of tropospheric BrO and wind speed: 
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Figure 4.24: Spatial trend patterns of tropospheric BrO (left) and 10m wind speed (right) for the Arctic region. 

From comparing the two trend maps, we infer that in the region where we see the most 

significant increase of tropospheric BrO VCDs (northeast of Greenland), the wind speed seems to 

have slightly decreased over the 22 years. Over the Canadian Archipelago, the increase of 

tropospheric BrO VCD occurs in conjunction with a slight increase in wind speed. The decrease 

in wind speed does not necessarily imply low wind speeds. By checking the maps of Figure 4.23, 

in this region, high average wind speeds (i.e. around 7 m/s) occur. In the same region, 

tropospheric BrO VCD does not take its maximum value. 

4.4.2 Hudson Bay 

In the first panel of Figure 4.25, time-series of tropospheric BrO VCDs and 10m wind speed for 

the winter season, for both all and enhanced (i.e. above 7.0x10
13

 molecules/cm
2
) scenes of 

tropospheric BrO are shown: 

 

Figure 4.25: Time-series and scatter plots of tropospheric BrO VCDs and 10m wind speed for the Hudson Bay 

region during winters. Top left: Winter averaged time-series of tropospheric BrO VCDs and 10m wind speed from 

reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO and ERA-5 10m wind speed. 

Bottom left: Winter averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 molecules/cm
2
) and 

10m wind speed from reanalysis data. Bottom right: The equivalent daily scatter plot between enhanced tropospheric 

BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 10m wind speed. 

A significant difference is seen in the top panels of Figure 4.25, compared to the equivalent 

plots for the Arctic (i.e. Figure 4.22). The correlations were much more robust (e.g. +0.26 for the 

daily scatter plot), while here, the same scatter plot gives a correlation coefficient of 0.011. The 

top left time-series show a weaker correlation, but with a negative sign (-0.45 compared to +0.49 

for the Arctic). The situation does not change when we focus on the enhanced BrO scenes 
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(bottom subplots of Figure 4.25). The correlation coefficient for the time-series is +0.05 (much 

lower and with a different sign than the top left time-series), while the correlation of the scatter 

plot increases to +0.17. Wind speed does not play a significant role in the formation of 

tropospheric BrO plumes in the Hudson Bay during winters. 

A  similar figure, but for the spring months follows: 

 

Figure 4.26: Time-series and scatter plots of tropospheric BrO VCDs and 10m wind speed for the Hudson Bay 

region during springs. Top left: Winter averaged time-series of tropospheric BrO VCDs and 10m wind speed from 

reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO and ERA-5 10m wind speed. 

Bottom left: Spring averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 molecules/cm
2
) and 

10m wind speed from reanalysis data. Bottom right: The equivalent daily scatter plot between enhanced tropospheric 

BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 10m wind speed. 

Similar conclusions for the relationship between tropospheric BrO VCD and 10m wind speed 

can be extracted from the spring figure. The correlation coefficients are low in all cases (+0.043 

for the top left time-series, +0.075 for the equivalent daily scatter plot, +0.36 for the bottom left 

time-series, and +0.13 for the bottom right scatter plot). As a result, we can infer that wind speed 

does not play a significant role in forming tropospheric BrO plumes in the Hudson Bay. A 

possible explanation for these results and the differences between the Arctic and Hudson Bay 

could be that cyclones, which can transfer and recycle enhanced BrO by blowing snow and 

aerosols, are primarily seen in the Arctic and not inside the Hudson Bay. 

The trend maps of tropospheric BrO VCD and 10m wind speed for both winter and summer 

periods are presented in Figure 4.27. 
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Figure 4.27: Spatial trend patterns of tropospheric BrO VCD and 10m wind speed for the Hudson Bay. Top left: 

trend map of tropospheric BrO VCD during the winter period. Top right: trend map of 10m wind speed during the 

winter period. Bottom left: trend map of tropospheric BrO VCD during the spring period. Bottom right: trend map of 

10m wind speed during the spring period. 

Although from the time-series and scatter plots comparison, a strong correlation between 

tropospheric BrO VCD and 10m wind speed was not seen, when we compare the trend maps for 

the winter periods, a slight correlation between them is observed. In the southeast area of the Bay, 

the increase of tropospheric BrO VCD is more pronounced and occurs in conjunction with a 

slight decrease in wind speed. Similar patterns can be seen in the middle-north of the Bay. 

However, the changes in wind speed are insignificant and can be considered negligible. 

Regarding the spring maps, the changes in wind speed are even weaker, so any spatial correlation 

of tropospheric BrO and wind speed cannot be considered significant.  

4.5 Relationship of Tropospheric BrO VCD and Boundary 

Layer Height 

Only the ERA-5 reanalysis data provides values for boundary layer height. As a hypothesis, it 

can be suggested that the higher the boundary layer height, the more tropospheric BrO the 
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satellite will see. However, a low boundary layer height implies conditions that favour the 

accumulation of bromine molecules released to the Arctic atmosphere (i.e. “closed reaction 

chamber”, as described in the introduction). In addition, tropospheric BrO can also be present 

above the boundary layer through upward winds under low pressure systems. 

4.5.1 Arctic Region (70.0
o 

N to 85.0
o
 N) 

In Figure 4.28, data from ERA-5 boundary layer height is compared to tropospheric BrO VCD. 

No ASR-2 data is shown. 

 

Figure 4.28: Time-series and scatter plots between tropospheric BrO VCDs and boundary layer height. Top left: 

Polar spring averaged time-series of tropospheric BrO VCDs and boundary layer height from ERA-5 reanalysis data. 

Top right: The equivalent daily scatter plot between tropospheric BrO and boundary layer height. Bottom left: Polar 

spring averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 molecules/cm
2
) and boundary 

layer height from ERA-5 reanalysis data. Bottom right: The equivalent daily scatter plot between enhanced 

tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and boundary layer height. 

In the top left panel of Figure 4.28, there are some years where a positive correlation between 

tropospheric BrO VCD and boundary layer height can be seen (e.g. from 2007 to 2009). In the 

top right panel of Figure 4.28, a moderate anti-correlation of -0.34 is seen. This is the biggest by 

absolute values correlation after 2m air temperature for the Arctic region. The correlations drop 

for the bottom panels (-0.053 for the enhanced time-series and +0.02 for the scatter plot), the 

correlation coefficient of the top right scatter plot shows that boundary layer height can play an 

essential role in the formation of tropospheric BrO plumes. 

In Figure 4.29, the relationship between polar spring averaged maps of tropospheric BrO VCDs, 

and boundary layer height is investigated: 
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Figure 4.29: Polar spring average maps of tropospheric BrO VCDs [molec/cm
2
] and ERA-5 boundary layer height 

[m]. 

In contrast to the previous results, where the daily scatter plot of all scenes indicated a negative 

correlation between tropospheric BrO VCD and boundary layer height, the polar spring months 

suggest that in many cases, enhanced BrO appeared over regions of high boundary layer (e.g. 

2007, 2008, and 2009). There are also years where high tropospheric BrO VCD appeared over 

mean values of boundary layer height (e.g. 2013, 2004). 2015 is a unique year, as shallow 

boundary layer conditions in the Arctic were observed. The boundary layer height plays a role in 

the formation of enhanced tropospheric BrO VCD. However, the complexity of bromine 

explosion, together with the deep interaction of meteorological parameters, makes the task of 

isolating the effect of boundary layer height as a driving mechanism of bromine explosions a 

difficult one. 

Figure 4.30 shows the relationship between tropospheric BrO and boundary layer height 

through trend maps: 
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Figure 4.30: Spatial trend patterns of tropospheric BrO (left) and boundary layer height (right) for the Arctic region. 
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Over the Fram Strait, where the increase of tropospheric BrO VCD is more pronounced, the 

boundary layer height shows a decreasing trend of around 7 meters per year. To the north of 

Greenland and the west, a slight decrease of boundary layer height of 1 meter per year is seen. In 

the region where tropospheric BrO VCD strongly decreased, boundary layer height shows its 

most robust increase (the Kara Sea, approximately 13 to 14 meters per year). In the other region 

where tropospheric BrO VCD increased (inside the Arctic Ocean), boundary layer height shows a 

slight increase of 2 meters per year. Therefore, we could conclude that the analysis of the role of 

boundary layer height in the formation of enhanced BrO plumes is complicated as tropospheric 

BrO VCD formation also depends on other parameters. 

4.5.2 Hudson Bay 

Figure 4.31 shows tropospheric BrO VCD time-series and boundary layer height for the winter 

season, for both all and enhanced (i.e. above 7.0x10
13

 molecules/cm
2
) scenes of tropospheric 

BrO. 

 

Figure 4.31: Time-series and scatter plots of tropospheric BrO VCDs and boundary layer height for the Hudson Bay 

region during winters. Top left: Winter averaged time-series of tropospheric BrO VCDs and boundary layer height 

from reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO and ERA-5 boundary 

layer height. Bottom left: Winter averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 

molecules/cm
2
) and boundary layer height from reanalysis data. Bottom right: The equivalent daily scatter plot 

between enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 boundary layer height. 

A weak anti-correlation of -0.217 is inferred from the top left time-series. There are some years 

where this anti-correlation is evident (e.g. 1998). Overall, the two quantities do not strongly 

relate. The same conclusion is made from the equivalent daily scatter plot (top right), where the 

correlation coefficient is almost zero (-0.04). The situation does not change for the bottom 
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subplots (enhanced tropospheric BrO VCD scenes), where the correlation for the time-series is 

+0.047, while for the scatter plot +0.17. The boundary layer height is a more critical parameter 

for tropospheric BrO VCD in the Arctic than for the Hudson Bay, at least for the winter period. 

In Figure 4.32, the same results will be presented, but for the spring months: 

 

Figure 4.32: Time-series and scatter plots between tropospheric BrO VCDs and boundary layer height for the 

Hudson Bay region during springs. Top left: Spring averaged time-series of tropospheric BrO VCDs and boundary 

layer height from reanalysis data. Top right: The equivalent daily scatter plot between tropospheric BrO and ERA-5 

boundary layer height. Bottom left: Spring averaged time-series of enhanced tropospheric BrO VCDs (above 

7.0x10
13

 molecules/cm
2
) and boundary layer height from reanalysis data. Bottom right: The equivalent daily scatter 

plot between enhanced tropospheric BrO (above 7.0x10
13

 molecules/cm
2
) and ERA-5 boundary layer height. 

Here, the correlations improve; for the top left time-series, a positive correlation of +0.62 is 

seen. For most of the years (e.g. 2002 to 2004), the two quantities follow the same evolution 

pattern. The correlation coefficient for the corresponding daily spring scatter plot is moderate and 

comparable with the Arctic polar spring (+0.3 here, -0.34 for the Arctic). The sign is different, 

indicating a different dependence on the boundary layer height due to the differences in the 

geographical characteristics of the two regions. The correlation drops for the bottom left time-

series (enhanced BrO scenes), at +0.23, for the equivalent scatter plot. Therefore, we follow that 

the correlation between tropospheric BrO VCD and boundary layer height is stronger during 

spring. 

In Figure 4.33, comparisons of the trend maps of tropospheric BrO VCD and boundary layer 

height for both winter and spring for the Hudson Bay are shown: 
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Figure 4.33: Spatial trend patterns of tropospheric BrO VCD and boundary layer height for the Hudson Bay. Top 

left: trend map of tropospheric BrO during the winter period. Top right: trend map of boundary layer height during 

the winter period. Bottom left: trend map of tropospheric BrO VCD during the spring period. Bottom right: trend 

map of boundary layer height during the spring period. 

In the two central regions where the most profound increase of tropospheric BrO is seen (in the 

southeast and north of the Bay), there is a decrease of boundary layer height of around 1 meter 

per year. This can be seen even in the small region on the west edge of the Bay. A similar 

agreement can be seen for the spring months as well. The difference is that here, as also 

mentioned in the time-series (Figure 4.32), the spatial correlation is positive. In the west of the 

Bay, where the slowest increase of tropospheric BrO VCD occurred, the boundary layer height 

shows one of its most robust increases, of approximately 3.5 meters per year. Similar conclusions 

can also be made in the top east area of the Bay and on the north of it (precisely between 

Southampton and Coats Islands). Therefore, we conclude that spatial trend patterns of boundary 

layer height are correlated to spatial trend patterns of tropospheric BrO plumes. However, the 

magnitude and the sign of the correlation are not straightforward and depend on the season (for 

the Hudson Bay) and other meteorological parameters. 
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4.6 Relationship of Tropospheric BrO VCD and Other 

Parameters 

In this section, the relationship of some other parameters to the formation of tropospheric BrO 

VCD will be discussed. The reason they are presented all together in a sub-chapter is that either 

their relationship is not that strong (both from previous literature research and from our results), 

or because the coverage and the technical attributes of the datasets (e.g. resolution) do not fully 

match the ones of the tropospheric BrO VCD dataset. 

4.6.1 Sea Ice Thickness 

The first parameter of this section will be sea ice thickness, which may be another indication of 

the salinity of sea ice. From literature, we know that multi-year ice is thicker than first year ice, 

which is more fragile and, in many cases, breaks every polar summer, giving its place to open 

water (Kaleschke et al., 2004). The dataset which provides sea ice thickness measurements is the 

ASR-2 reanalysis data. Therefore, its temporal span is from 2000 to 2016. Also, data is available 

only for the Arctic region. In Figure 4.34, the time-series and scatter plot between polar springs 

between tropospheric BrO VCD and sea ice thickness is shown for all scenes available and the 

enhanced ones (i.e. tropospheric BrO above 7.0x10
13

 molecules/cm
2
): 

 

Figure 4.34: Time-series and scatter plots of tropospheric BrO VCDs and sea ice thickness. Top left: Polar spring 

averaged time-series of tropospheric BrO VCDs and sea ice thickness from ASR-2 reanalysis data. Top right: The 

equivalent daily scatter plot between tropospheric BrO and sea ice thickness. Bottom left: Polar spring averaged 

time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 molecules/cm
2
) and sea ice thickness from ASR-2 

reanalysis data. Bottom right: The equivalent daily scatter plot between enhanced tropospheric BrO (above 7.0x10
13

 

molecules/cm
2
) and sea ice thickness. 
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There is a general agreement in the long-term time-series (top left) between tropospheric BrO 

VCD and sea ice thickness (+0.54 correlation coefficient).  Similar to the first year ice extent 

(Figure 4.3), there is an increase in sea ice thickness from 2011 onwards. This can be attributed to 

the fact that thinner ice grows faster than thicker, more insulated ice. The increase of first year ice 

extent increases sea ice thickness. When we focus on the top right scatter plot, we see that the 

correlation drops significantly (and changes sign, -0.11). No clear conclusion can be drawn. Both 

correlations drop for the bottom subplots (the time-series have a correlation coefficient of -0.17, 

while the corresponding daily data scatter plot is -0.06). First year ice extent better explains the 

changes of tropospheric BrO VCD, while the sea ice thickness is a similar quantity and does not 

add new conclusions. 

In Figure 4.35, the trend maps of tropospheric BrO VCD and sea ice thickness for the Arctic 

region are presented. It should be noted that the tropospheric BrO VCD trend map is different 

from the ones present before (e.g. in Figure 4.9), as here the calculation period is limited to the 

availability of ASR-2 data, i.e. from 2000 to 2016: 

Figure 4.35: Spatial trend patterns of tropospheric BrO VCD (left) and sea ice thickness (right) for the Arctic region. 

The sea ice thickness trend map resembles the one of first year ice frequency (Figure 4.9). The 

area where the most profound increase of tropospheric BrO VCD occurred (east of Greenland) is 

where the sea ice thickness decreased (and consequently, first year occurrence increased). Sea ice 

thickness increased over the north of Greenland and the Canadian Archipelago, where 

tropospheric BrO VCD shows a slight increase. It seems that the sea ice thickness dataset does 

not add any new information regarding the appearance of enhanced tropospheric BrO plumes, 

especially since the comparison with sea ice age and first year ice extent has been already made. 

4.6.2 Vertical Wind Velocity 
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The next meteorological parameter discussed is the vertical wind velocity. This variable is 

included in the ERA-5 reanalysis dataset and is provided on many pressure levels. Here, we 

selected the surface level to determine whether the movement of air masses at the surface in the 

regions with larger values of tropospheric BrO VCD has an upward or downward direction. This 

movement may reveal upward or downward movement of enhanced tropospheric BrO. This 

variable can be considered “supportive” and not one of the main ones that influence enhanced 

tropospheric BrO plumes. Since the values of vertical wind velocity can be both negative and 

positive, calculating long-term averages can draw us to wrong conclusions. As the vertical wind 

speed is given in pressure coordinates, negative values of vertical velocity indicate upward 

motion. The same figures as before for the sea ice thickness will be presented. Figure 4.36 

includes time-series and scatter plots of all scenes and those with enhanced tropospheric BrO 

VCD: 

 

Figure 4.36: Time-series and scatter plots of tropospheric BrO VCDs and vertical wind velocity. Top left: Polar 

spring averaged time-series of tropospheric BrO VCDs and vertical wind velocity from ERA-5 reanalysis data. Top 

right: The equivalent daily scatter plot between tropospheric BrO VCD and vertical wind velocity. Bottom left: Polar 

spring averaged time-series of enhanced tropospheric BrO VCDs (above 7.0x10
13

 molecules/cm
2
) and vertical wind 

velocity from ERA-5 reanalysis data. Bottom right: The equivalent daily scatter plot between enhanced tropospheric 

BrO VCD (above 7.0x10
13

 molecules/cm
2
) and vertical wind velocity. 

There is practically no correlation between tropospheric BrO VCD and vertical wind velocity. 

The correlation coefficients between all four subplots are close to zero and therefore negligible. 

Both positive and negative values of vertical wind velocity make the long-term averaging of them 

a difficult task. 

In Figure 4.37, the trend maps of tropospheric BrO VCD and vertical wind velocity for the 

Arctic region are shown: 
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Figure 4.37: Spatial trend patterns of tropospheric BrO VCD (left) and vertical wind velocity (right) for the Arctic 

region. 

The vertical velocity fluctuations are minimal, and the small changes that are occurring can be 

considered negligible. In the region where we have the most profound increase of tropospheric 

BrO VCDs (northeast of Greenland), the vertical wind velocity shows a minimal upward trend. 

Since the quantity includes negative values, it is challenging to infer whether this positive trend 

means less uplifting (as negative values indicate an upward movement of air masses) or more 

downward movement occurred. 

4.6.3 Cyclone Activity 

Τhe last meteorological parameter that we will investigate is cyclone activity. Although this 

dataset spans over an equally long-term period as the tropospheric BrO VCD dataset, it lacks 

spatial resolution. It was too sparse to spatially and temporally interpolate it to the satellite orbits, 

as we did with all the previous reanalysis datasets. Since it is a vital meteorological parameter for 

enhanced BrO plumes, some of its aspects will be presented. The dataset was provided by 

Akperov et al. (2019). More specifically, the number of cyclones that appeared every year and 

their intensity (the depth or intensity of a cyclone is determined as the difference between the 

pressure in a cyclone’s geometric centre and its outermost closed isobar) (Akperov et al., 2019) 

will be discussed. Figure 4.38 shows the number of cyclones that occurred every year and the 

maximum intensity of each cyclone, together with the tropospheric BrO VCDs, averaged for 

every polar spring: 
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Figure 4.38: Time-series of tropospheric BrO VCDs and cyclone activity. Top: Polar spring averaged time-series of 

tropospheric BrO VCDs and unique cyclone frequency. Bottom: Polar spring averaged time-series of tropospheric 

BrO VCDs maximum cyclone intensity. 

For the top subplot, where the frequency of cyclone appearance is shown, we considered for 

every cyclone a unique appearance. In the cyclone dataset, every cyclone is recorded many times, 

from its genesis to its depletion. Here, for each cyclone instance, we have considered every 

cyclone only once. There is a general agreement between the two quantities, as both increase over 

time. In most cases, the correlation is positive (e.g. from 2007 to 2011). The correlation 

coefficient is moderate, with a value of +0.32. Regarding the bottom plot, between tropospheric 

BrO VCDs and the maximum cyclone intensity (i.e. we considered the maximum intensity from 

each cyclone’s instance), a strong correlation between the quantities is not seen. Since the 

maximum intensity seems to decrease over the years, the correlation coefficient has a weak 

negative value of -0.11. As discussed before, these datasets are not temporally or spatially 

interpolated to the satellite’s orbits due to the resolution of the cyclone dataset.  

In Figure 4.39, polar spring averaged maps of tropospheric BrO VCD, together with cyclone 

intensity maps, are presented. Every cyclone’s track and instance is denoted with a specific color, 

while the magnitude of each circle shows the intensity of each instance: 
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Figure 4.39: Polar spring average maps of tropospheric BrO VCDs [molec/cm
2
] and cyclone intensity. 

In these maps, every instance of each cyclone is depicted. For example, in 1998, the red circles 

starting from the Kara Sea and ending in the Arctic Ocean correspond to the same cyclone. For 

some years, the cyclone activity agrees with the enhanced tropospheric BrO VCD of that year 

(e.g. 2003, 2007). However, there are also years where the substantial BrO plumes are not in 

agreement with the intensity and appearance of cyclones (e.g. 2013, 1999). It is interesting but 

not necessarily related that similar conclusions were drawn from the equivalent wind speed 

comparisons (i.e. Figure 4.23), although a high wind speed does not imply a cyclone appearance. 

Still, the two quantities are related. If we focus on the long term spatial increase of tropospheric 

BrO plumes, we see that increased cyclonic activity cannot explain it (i.e. we do not see increased 

activity from 2009 onwards inside the Arctic Ocean, compared to previous years, as we do for 

tropospheric BrO VCDs). 

4.7   Summary and Conclusions 

In this chapter, the relationship between tropospheric BrO VCDs and some of the most critical 

driving mechanisms of bromine release and enhanced BrO formation discussed in the literature 

were thoroughly investigated. Sea ice conditions (i.e. sea ice age, first year ice extent and sea ice 

thickness) are known to influence the release of bromine molecules into the atmosphere 

(Blechschmidt et al., 2016; Choi et al., 2018; Jones et al., 2009). For the Arctic, we have seen that 

the long-term increase of first year ice is in agreement with the increase of tropospheric BrO 

VCDs, with a correlation coefficient of +0.62 for the time-series of polar spring averages and a 

correlation coefficient of +0.32 for the daily data scatter plot. A similar correlation can be seen 

between tropospheric BrO and sea ice age (i.e. -0.72 for the time-series of polar spring averages, 

-0.32 for the daily data scatter plot). Therefore, we infer that sea ice age is an essential parameter 

for assessing the changes we see in tropospheric BrO VCDs due to Arctic Amplification. These 

conclusions can also be validated by polar spring map comparisons between tropospheric BrO 

VCDs and first year ice extent. These findings come, however, in contrast to the findings of Choi 

et al. (2018). They used the operational product of the OMI instrument (from 2005 to 2015) and 
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the same stratospheric separation method as applied here. However, the OMI dataset does not 

increase as the GOME-2A and GOME-2B data in later years, potentially due to the row anomally 

of the OMI instrument. Therefore, they found a negative correlation of -0.35 between 

tropospheric BrO VCD and first year ice extent. 

Regarding the meteorological parameters, which were investigated for both the Arctic and the 

Hudson Bay, we follow that air temperature seems to be the most significant meteorological 

parameter for the development of enhanced tropospheric BrO plumes. For both the Arctic and the 

Hudson Bay, we see strong anti-correlation (i.e. -0.53 for the daily polar spring Arctic scatter 

plot, -0.46 for the Hudson Bay winter period and -0.77 for the Hudson Bay spring period). 

Similar conclusions have been drawn by Seo et al. (2020). They performed a ten years analysis 

for the Arctic and Antarctic, using data from the GOME-2A instrument. Temperature was also 

the most strongly correlated meteorological parameter in their research for the Arctic region. A 

very good spatial agreement can also be seen, in all three cases, by comparing trend maps of 

tropospheric BrO VCD and air temperature. Wind speed magnitude also correlates with the 

tropospheric BrO VCD dataset, although not in a clear way and not for both the Arctic and the 

Hudson Bay. Wind speed has a positive correlation coefficient of +0.26 for the polar springs of 

the Arctic, and spatially from the corresponding trend map, a decrease of wind speed can be seen 

in the area where the increase of tropospheric BrO VCD is profound. For the Hudson Bay during 

the winter periods, a spatial anti-correlation can be seen from the trend map comparison, but the 

equivalent correlation coefficient from the daily scatter plot is very low. Finally, boundary layer 

height has a moderate daily correlation coefficient of -0.34 for the daily scatter plot of the Arctic 

polar spring region and a good spatial agreement from the corresponding trend maps too. Similar 

to wind speed, the correlation of boundary layer height to tropospheric BrO VCD for the Hudson 

Bay can only be seen from the trend maps, especially during winter. 

Table 4.1 summarizes and highlights the essential correlations that were presented in this 

chapter:  
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Table 4.1: Summary of the most significant correlations between tropospheric BrO and its driving mechanisms. 

Driving Parameter Arctic Hudson Bay Winter Hudson Bay Spring 

First year ice extent +0.62 (yearly) 

+0.32 (daily) 

- - 

Sea ice age -0.72 (yearly) 

-0.33 (daily) 

- - 

Air temperature -0.53 (daily) -0.46 (daily) -0.77 (daily) 

Mean sea level pressure -0.12 (daily) -2.23 e-02 (daily) -0.043 (daily) 

Wind speed +0.26 (daily) +0.011 (daily) +0.075 (daily) 

Boundary layer height -0.34 (daily) -0.04 (daily) +0.3 (daily) 
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5. A R T I F I C I A L  I N T E L L I G E N C E  F O R  

T R O P O S P H E R I C  B R O  V C D  

M O D E L I N G  

In the previous chapter, the link of tropospheric BrO VCD in the Arctic to some major driving 

parameters of bromine explosion was presented. Although we have found strong correlations to 

first year ice extent and 2 meter air temperature, it remains unclear to what extent the potential 

driving parameters affect the release of bromine molecules and the formation of enhanced 

tropospheric BrO plumes. This is mainly due to the non-linearity that links BrO to its driving 

mechanisms, the complexity and rapid chemical nature of bromine explosion events and the deep 

interactions of all the parameters involved. This chapter will extend the comparison of sea ice 

conditions and meteorological parameters to tropospheric BrO VCD and apply a machine 

learning approach to model tropospheric BrO VCD from some of the critical parameters that 

were discussed in the previous chapter. More specifically, we will test if an artificial neural 

network, which takes as inputs sea ice age, 2 meter air temperature, mean sea level pressure, 10 

meter wind speed and direction and boundary layer height, can reproduce the satellite retrieved 

tropospheric BrO VCD value. All the results discussed are for the Arctic region only and during 

polar spring periods. The theoretical background of neural networks was presented in chapter 1, 

while the technical aspects of this machine learning approach were described in chapter 2. Here, 

sensitivity tests will be presented to identify the influence of each of the input parameters on the 

modeled tropospheric BrO VCD output. Also, case studies of specific days will be shown, where 

the artificial neural network performs well, and the output BrO is close to the satellite 

measurements and days where the output is not in agreement with the measurements. Finally, 

long-term tropospheric BrO VCD model outputs will be discussed and compared with the 

satellite measurements, while future and past estimations of polar spring averaged tropospheric 

BrO maps will also be shown. The chapter will end with a summary and conclusions section. 

5.1   Sensitivity Tests 

In chapter 2 (i.e. Figure 2.17 top), after performing the neural network training procedure with 

each year as the training dataset, we concluded that 2007 yields the best performance when we 

compare the satellite measurements of tropospheric BrO VCD and the output of the neural 

network. All the results presented in this chapter will be based on the neural network trained with 

data from 2007. The six input parameters used are namely: sea ice age, 2 meter air temperature, 

mean sea level pressure, 10 meter wind speed, boundary layer height and 10 meter wind 
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direction. In this sub-section, the evaluation of the influence of each input parameter on the 

performance of the network on reproducing satellite retrievals of tropospheric BrO is discussed. 

In Figure 5.1, seven scatter plots are shown. The first one is with all critical parameters as inputs, 

while we will be removing one input parameter from each one of the others to see how the 

performance of the network is affected. 

 

Figure 5.1: Sensitivity tests for the importance of each input parameter, through scatter plots between measured and 

modeled tropospheric BrO VCD during the training process (2007 polar spring as training dataset). 

Sea ice age is the least important parameter regarding the performance of the outputs of the 

network when compared to the actual measurements. This comes in contradiction to conclusions 

drawn in chapter 4, where sea ice age (and especially first year ice extent) was identified as a 

vital parameter to the long-term changes of tropospheric BrO VCDs. This different behaviour can 

be attributed to the static nature of the sea ice and the fact that the neural network has not seen the 

long-term evolution of it (as it is trained only with a single year, 2007). Boundary layer height 

and wind parameters seem to have equal weight on the performance of the neural network, while 

temperature and mean sea level pressure have a drastic impact on the reproduction of 

tropospheric BrO VCD. We infer from the scatter plots that temperature is the most critical 

parameter, as, without it, the correlation coefficient drops to 0.58 (from 0.75 in the case of using 

all input parameters), while the slope of the best fitting line is 0.33 (from 0.56 respectively). The 

root mean square error slightly improves (7.8x10
12

 from 8.17x10
12

). Without mean sea level 

pressure, the correlation coefficient is 0.68, the slope of the best fitting line 0.46, while the root 

mean square error 8.2x10
12

. As stated in chapter 4, temperature is the most crucial meteorological 

parameter on a daily data basis for the development of enhanced tropospheric BrO plumes, so 

this result is in accordance with the analysis. Mean sea level pressure was not strongly related to 
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tropospheric BrO VCD from the statistical analysis performed in chapter 4. We see that it is the 

second most important parameter for the successful and accurate modeling of tropospheric BrO 

VCD by the neural network.  

Figure 5.2 shows the impact of each input variable, but this time focusing on the projection of 

other years, rather than the training dataset of 2007. For each year, a polar spring average of the 

daily spatial root mean square errors and daily spatial correlation coefficients between the 

measured tropospheric BrO VCDs and the modeled one is shown. 

 

Figure 5.2: Sensitivity tests for the importance of each input parameter for the reproduction of satellite retrieved 

tropospheric BrO VCDs based on the neural network. Top: the polar spring averaged spatial correlation coefficient 

of each year between measured and modeled tropospheric BrO VCDs. Bottom: the polar spring averaged spatial root 

mean square error of each year between measured and modeled tropospheric BrO VCDs. 

In the top subplot, if 2m air temperature is excluded from the input parameters, the network's 

performance drops significantly, as the corresponding red curve is significantly below the others 

(and for many years, the difference is of a factor of 2). The second most important parameter is 

the boundary layer height here (and for some years mean sea level pressure), in contrast to the 

previous scatter plots, where pressure was more important for the network (i.e. lower correlations 

without it). All the other parameters have a less significant effect on the spatial correlation 

coefficient and do not significantly alter the network's performance (i.e. when compared with the 

black curve). It is interesting that for some years, the exclusion of one variable yields better 

results. Such an example is 2015, where, if boundary layer height is excluded, the spatial 

correlation coefficient increases. Since the boundary layer height had a very low polar spring 

average value (i.e. Figure 4.28), the weights the neural network assigned to boundary layer height 

from the training with 2007 process do not give realistic outcomes for 2015. Regarding the 
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evaluation of the spatial root mean square errors of the comparison between measured and 

modeled tropospheric BrO VCDs for each year, a similar change in performance is seen. Air 

temperature at 2 meters is again the most vital parameter, however, in this case, only starting 

from 2003 onwards. For the early years, mean sea level pressure is the most significant input 

parameter, and it stays the second most important for the rest of the years, with some exceptions 

(i.e. 2013, where, by excluding it, the network yields better results). The general outcome of 

Figure 5.2 is that 2m air temperature and mean sea level pressure are the two most significant 

parameters, with boundary layer height following. 

It is meaningful to investigate the impact of each input parameter on the magnitude of the 

modeled tropospheric BrO VCDs. For this purpose, we will range each input variable between 

the typical minimum and maximum values that appear in the dataset while keeping the other 

parameters in specific constant values (more specifically, the polar spring average of 2007). Sea 

ice age was kept at 2.6 years, 2m air temperature at 260 Kelvin, mean sea level pressure at 1015 

hPa, 10m wind speed at 6.2 m/s, boundary layer height at 456 m and wind direction at 183 

degrees. In this way, we can see the effect of each input (and its changing value) on the 

magnitude of tropospheric BrO VCD: 

 

Figure 5.3: Effect of each input parameter on the magnitude of modeled tropospheric BrO VCD. On the x-axis of 

each subplot, the ranging input parameter is shown, while all the other inputs are assigned the constant value of their 

polar spring average of 2007. 

We infer that 2m air temperature and mean sea level pressure have the most significant impact 

on the magnitude of tropospheric BrO VCDs. As the air temperature increases, modeled 

tropospheric BrO VCD decrease, almost at an exponential pace. There is a slight increase in the 

rate of the decrease at around 245 Kelvin. After 250 Kelvin, the decrease continues at an almost 

linear pace. The magnitude of tropospheric BrO VCDs ranges from 9.0x10
13

 molecules/cm
2
 to 
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2.0x10
13 

molecules/cm
2 

by varying 2m air temperature from 240 to 275 Kelvin. Similar 

conclusions can be drawn from the subplot of mean sea level pressure; modeled tropospheric BrO 

VCD drop at an exponential rate until approximately 990 hPa, and then follow a linear decrease. 

The range of modeled tropospheric BrO VCDs is also similar to the ones of the temperature 

subplot. Regarding sea ice age, the peak of modeled tropospheric BrO VCD occurs on first year 

ice, and afterwards, a decrease is shown. The range of the magnitude of modeled tropospheric 

BrO VCDs does not change much by varying sea ice age from 1 to 10 years. Sea ice age does not 

have a substantial impact on the reproduction of tropospheric BrO VCDs. Boundary layer height 

seems to increase almost linearly with increasing modeled tropospheric BrO VCDs. This positive 

relationship contradicts the top right scatter plot of Figure 4.28, where an anti-correlation 

between boundary layer height and tropospheric BrO VCDs was shown. As the network was 

trained with 2007 values, it has built the relationships between the input parameters and 

tropospheric BrO VCD based on the conditions of that year. In Figure 4.29, the maps of 

tropospheric BrO and boundary layer height for 2007 show that enhanced BrO occurred this year 

over (compared to other years) higher average values of boundary layer height. This may be the 

reason the neural network shaped such a strong positive relationship between the two quantities. 

When we focus on wind speed, tropospheric BrO VCDs reach their peak at around 9 m/s of wind 

speed and then decrease. By investigating the corresponding polar spring maps (Figure 4.23), we 

see that in 2007, enhanced tropospheric BrO VCD occurred over (compared to other years) 

higher average wind speeds of approximately 7.5 m/s. It may be that, during 2007, no higher 

wind speeds occurred (or when they occurred, low tropospheric BrO VCD were evident), and 

therefore the neural network estimates a decrease of tropospheric BrO as the wind speed gets 

higher. 

Since in every subplot of Figure 5.3 specific constant values for the other input parameters (i.e. 

the polar spring averages of 2007) were chosen, it is meaningful to see how the neural network 

will perform if we choose other constant values every time we span each input parameter 

projected on the x-axis. In Figure 5.4, 22 curves in each subplot are presented. Each one has the 

polar spring average values of one year of the dataset (i.e. 1996 to 2017). 2007 will be denoted 

with a thicker black curve to distinguish it from the rest and see whether it differentiates 

significantly: 
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Figure 5.4: Effect of each input parameter on the magnitude of modeled tropospheric BrO VCD. On the x-axis of 

each subplot, the ranging input parameter is shown, while all the other inputs are assigned the constant value of their 

polar spring average of each year of the dataset. 

In all cases, the 2007 case is similar to the other years, as they follow the same pattern – 

evolution. There are slight differences for boundary layer height, where for some years (e.g. 

2009, the bottom curve of the subplot), modeled tropospheric BrO VCD is not increasing at the 

same pace as the curve for 2007 (or 2014, which in this case shows the most significant increase). 

Regarding wind speed, the behaviour of all years is similar, and they all result in decreasing 

values of modeled tropospheric BrO VCDs for wind speeds more prominent than 8 m/s. 

Since all the constant values tried so far were polar spring averages, it is meaningful to try 

meteorological and sea ice values that favour the formation of enhanced tropospheric BrO VCD 

from a specific bromine explosion case. The values from the case study of 01.04.2011 will be 

used. Sea ice age will be set to 1 year, 2m air temperature to 254 Kelvin, mean sea level pressure 

to 989 hPa, 10m wind speed to 12 m/s, boundary layer height to 820m and 10m wind direction to 

130 degrees. These values were chosen as they appear over the regions where enhanced 

tropospheric BrO plumes also appeared. 
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Figure 5.5: Effect of each input parameter on the magnitude of modeled tropospheric BrO VCD. On the x-axis of 

each subplot, we see the ranging input parameter, while all the other inputs are assigned a typical constant value of 

conditions that favour enhanced BrO formation. 

For sea ice age versus modeled tropospheric BrO VCD, the peak of the magnitude of modeled 

tropospheric BrO VCD occurs for sea ice of 3 years age. As the sea ice age increases, a decrease 

of modeled tropospheric BrO VCD is not seen, as for the previous sensitivity tests. The range of 

modeled tropospheric BrO VCD is small. Sea ice age, in this case, is not affecting the magnitude 

of modeled tropospheric BrO VCD. Similar responses are seen for all other input parameters, 

although the range (and therefore the impact of the corresponding input parameter) on modeled 

tropospheric BrO increased (except mean sea level pressure). This can be attributed to the values 

we selected for these sensitivity tests, which may be typical for the appearance of enhanced 

tropospheric BrO, but cannot guarantee that a tropospheric BrO plume will appear. That may be 

the reason the neural network shows a wide modeled tropospheric BrO VCD range. Regarding 

2m air temperature, a slight difference until 245 Kelvin is seen, as modeled tropospheric BrO 

VCD reaches its peak there (while before, it started decreasing from 240 Kelvin). We can 

summarize from the sensitivity tests that although we see different responses on the modeled 

tropospheric BrO VCD, clear patterns exist. The deviations can be attributed to the non-linear 

nature of the relationships. 

5.2   Case Studies 

In this section, four daily case studies will be presented, where the measured tropospheric BrO 

VCDs to the modeled ones will be compared, using the neural network trained with 2007. Also, 

plots of the sea ice age and meteorological conditions that occurred during these days will be 
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provided, alongside a comparison of the outputs of neural networks, excluding one input 

parameter at a time. Figure 5.6 is from 01.04.2011 when we both GOME and SCIAMACHY 

were providing measurements: 

  

   

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Tropospheric BrO VCD measurements, neural network output, the difference between measurements and 

model, sea ice age and ERA-5 meteorological conditions on the 01.04.2011. 

On this day, two enhanced tropospheric BrO plumes occurred in the Arctic, one associated with 

a cyclone event (over the Beaufort Sea). The neural network can spatially reproduce both plumes, 

while the magnitude agreement is also acceptable. The modeled tropospheric BrO VCD is 

slightly higher over the Baffin Bay, but apart from that, there is general agreement over the 

ambient BrO regions as well. This can be verified by the error map (first row, third column), 

where the most prominent errors occur over the regions where the enhanced BrO plumes 

occurred. Regarding the conditions that appeared that day in the Arctic, from the sea ice age map 

(second row, first column), primarily first year ice was evident over the whole Arctic, especially 

under the plumes (with a minor exception under the plume over the Beaufort Sea). 2m air 

temperature (second row, second column) was particularly low in these two regions, while a 

cyclonic pattern is evident over the Beaufort Sea. However, it should be stated that there were 

colder regions during that day, where however, no tropospheric BrO plume appeared. We can 
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infer from the mean sea level pressure (second row, third column) that low pressure systems 

appeared over both regions of enhanced tropospheric BrO VCD during that day. This is in 

agreement and verifies the previous results, suggesting that low pressure systems are an indicator 

for the neural network for enhanced BrO plumes, as they potentially include conditions that 

favour the formation of enhanced tropospheric BrO VCD. Boundary layer height was high in 

both regions (but high elsewhere as well, where the neural network did not predict enhanced 

BrO), while 10m wind speed shows high values for the plume at the Beaufort Sea but low values 

for the second plume. The neural network spatially identified both regions of high tropospheric 

BrO VCD, independently of the wind speed velocity. 

In Figure 5.7, neural network outputs will be compared, where we exclude one input parameter 

at a time, in order to investigate the impact of each parameter on the successful spatial prediction 

of the reconstruction of tropospheric BrO plumes: 

  

 

 

 

 

 

 

 

 

Figure 5.7: Impact of removing each input parameter on the spatial variability and magnitude of tropospheric BrO 

VCDs modeled by the neural network for the 01.04.2011.  
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2m air temperature and mean sea level pressure are the most important parameters concerning 

the neural network's performance. Here, we see clearly that the neural network without 2m air 

temperature as an input parameter (second row, first column) is the least accurate for the spatial 

reproduction of the plumes observed during that day. Both plumes are clearly underestimated, 

with the one over the Arctic Ocean not being identified as enhanced BrO. The exclusion of mean 

sea level pressure has a minor negative impact on the modeled tropospheric BrO VCD map, and 

only the plume over the Arctic Ocean is affected. In this case, the second most profound different 

map compared to the case where we use all input parameters is the one without boundary layer 

height, where both plumes are underestimated compared to the actual measurements. 10m wind 

direction also seems to have an impact. For different days and meteorological and sea ice 

conditions, the impact of each parameter may vary.  

In Figure 5.7, a quick comparison for two days will be performed, where the neural network 

successfully identified enhanced tropospheric BrO plumes. In contrast to the previous example, 

we will only provide the satellite measurements, the modeled tropospheric BrO VCD by using all 

the input parameters, and the error map between the measurements and the model (i.e. similar to 

the first row of Figure 5.6): 

 

 

Figure 5.8: Examples of successful spatial reproduction of enhanced tropospheric BrO plumes by the neural network. 

The first row of subplots shows results from 01.04.1996 when GOME was the only operating 

satellite instrument. The neural network can reproduce the spatial variability of tropospheric BrO 

plumes, independently of the different instrument (i.e. the neural network was trained with data 

from 2007 only when SCIAMACHY and GOME-2A were operating), and the different location 

of the plume (i.e. compared to the previous case study of 01.04.2011). Apart from the big plume 

east of Greenland, the network also reproduced plumes over the Arctic Ocean and the East 

Siberian Sea, but the magnitude of the values inside the plumes is smaller compared to the 
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retrieved measurements. Regarding the second row, the selected date is 31.03.2003, when only 

SCIAMACHY was providing measurements. Here, the most enhanced tropospheric BrO was 

observed over Barents and Kara Sea. Once again, the neural network has identified the plumes 

well, but the values inside the plumes are more prominent for the neural network compared to the 

retrievals. Smaller in magnitude tropospheric BrO VCDs that occurred in the East Siberian Sea 

were not captured by the neural network and were considered as ambient BrO (i.e. not a 

distinguishable plume). The neural network successfully reproduces the retrievals for the two 

days. There are many days in every year where the neural network has similar performance. 

In Figure 5.9, a day where the neural network could not identify the measured tropospheric BrO 

plume (07.04.2017) is investigated. A comparison with the input parameters’ maps and the neural 

networks which do not include one input parameter at a time, similarly to Figures 5.6 and 5.7 for 

01.04.2011, is presented: 

   

   

 

 

 

 

 

 

 

 

 

 

An enhanced tropospheric BrO plume in the measurements extends from the East Siberian Sea 

to the Arctic Ocean. This plume was not identified as enhanced BrO by the neural network 

Figure 5.9: Tropospheric BrO VCDs, neural network output, error between measurements and model, sea ice age 

and meteorological conditions on the 07.04.2017. 
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output, as seen in the first row, second column subplot. There is a small enhanced pattern on a 

similar position (depicted with grey color), but it cannot be considered an accurate representation 

of the spatial variability of the measurements. This can also be seen from the error between 

measurements and model for that day (first row, third column), as it is almost identical (except 

the magnitude) with the spatial pattern of the measurements. By examining sea ice age and 

meteorological parameters of that day, we infer that mean sea level pressure had high values over 

the region where the enhanced tropospheric BrO was observed (i.e. around 1001 hPa). This value 

is much higher than the one observed over the plume on 01.04.2011 (i.e. 982 hPa). 2m air 

temperature was also higher than on 01.04.2011 (257 Kelvin compared to 248 Kelvin). The 

values of the two main parameters for the successful prediction of enhanced tropospheric BrO 

plumes were high in the region where the measured tropospheric BrO plume appeared. It is 

known in the literature that enhanced BrO can be observed by satellites in higher altitudes (Choi 

et al., 2012) due to stratospheric intrusion and the exchange of air masses between troposphere 

and stratosphere. As the measurements do not provide the vertical distribution of BrO (i.e. the 

satellite provides the vertical column density, but no information on at which altitude the plumes 

are located), it is possible that during that day, the observed tropospheric BrO plume occurred in 

higher altitudes, from compression of stratospheric air. It may not originate from sea ice and 

meteorological parameters. The neural network, which is solely using surface parameters, was 

not able to identify the region as one having enhanced BrO VCD. Similar results occur even if we 

use 2017 as the training dataset. 

Figure 5.10 examines the performance of neural networks by excluding one input parameter at a 

time (similar to Figure 5.7) for the 07.04.2017: 
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Figure 5.10: Impact of removing individual input parameters on the spatial distribution and magnitude of 

tropospheric BrO VCDs modeled by the neural network for the 07.04.2017. 

In neither case, the corresponding neural network can successfully identify the enhanced 

measured tropospheric BrO plume. There are minor differences between the outputs of the 

different neural networks (especially when we exclude 2m air temperature and mean sea level 

pressure), but they can be considered negligible.  

5.3   Long-term Predictions 

In this subsection, the reproduction of long-term tropospheric BrO VCDs by the neural network 

will be discussed. In Figure 5.11, a comparison of polar spring averaged maps of tropospheric 

BrO measurements, and the neural network outputs is shown: 
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Figure 5.11: Comparison of polar spring average maps of tropospheric BrO VCDs from the measurements and the 

neural network outputs. 
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For many years, the spatial variability of enhanced tropospheric BrO plumes, as seen by the 

satellite measurements, is captured by the neural network. Such successful examples are 1996, 

1997, 2002, 2003, 2008. In principle, for all the early years of the dataset (i.e. before 2009), the 

neural network’s performance is considered acceptable, as in most cases, it identifies the regions 

of enhanced tropospheric BrO VCD. From 2009 onwards, when the satellite retrieved 

tropospheric BrO VCDs increase, both in magnitude and with respect to the areas where 

enhanced they appeared, the neural network seems incapable of capturing this increase. 

Especially for the years 2009, 2011, 2013 and 2015, the spread of tropospheric BrO VCD over 

the Arctic Ocean is not captured from the neural network. One reason for this disagreement may 

be the non-evolutionary training dataset (i.e. only one year of data) that was used. As the neural 

network was trained solely with 2007, it has not seen the increase of first year ice extent (or 

consequently the decrease of the sea ice age). This increase seems to be connected to the increase 

of the areas of appearance of enhanced tropospheric BrO VCD. Therefore, it may not be expected 

from the neural network to follow this increase. Secondly, instrumental degradation (and 

potentially a decrease of quality of the input parameter datasets), as discussed in chapter 2, can 

play a role in the neural network’s performance. As the training procedure was performed with 

data from 2007, any degradation that followed may potentially change the relationship between 

inputs and tropospheric BrO VCD (and consequently the weights the neural network assigns to 

each input, in order to achieve the maximum possible likeliness to the target, the tropospheric 

BrO VCD). Thirdly, in chapter 2, we have seen the spatial correlations between tropospheric BrO 

and input parameters (Figure 2.18). From 2009 onwards, we infer that the correlation between 

tropospheric BrO VCD measurements and mean sea level pressure came closer to zero (with 

2014 being an exception). Since mean sea level pressure is an essential parameter for the neural 

performance of the neural network, it may be that this decrease in the correlation has a negative 

impact on the successful tropospheric BrO VCD reproduction by the neural network for the latest 

years. Also, parameters missing in the input list are preventing a better agreement. The vertical 

distribution of BrO plumes is such a parameter, as discussed in Figure 5.9. Other such parameters 

may be aerosol formation, cyclone activity and blowing snow. Considering that there are days in 

every year of the dataset where the neural network cannot reproduce the measured tropospheric 

BrO plume, the agreement in the spatial distribution of the polar spring averaged maps is 

considered satisfactory. 

Figure 5.12 shows the long-term time-series of measured tropospheric BrO VCDs and the 

corresponding time-series of modeled tropospheric BrO VCD. 
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Figure 5.12: Comparison of polar spring averaged time-series between tropospheric BrO VCDs measurements and 

neural network outputs. 2007 data was used as the training dataset. 

The strong trend observed in the measurements from the maps in Figure 5.11 (i.e. 1.5% per 

year) is not evident in the modeled tropospheric BrO VCD. The absence of the trend from the 

neural network outputs is a combination of higher values over the early years (i.e. until 2004) and 

lower values from 2009 onwards. The main strength of the neural network is the spatial 

reproduction of enhanced measured tropospheric BrO plumes. From the daily case studies we 

have seen before, the magnitude of the enhanced tropospheric BrO modeled by the neural 

network is also acceptable. For days like in Figure 5.9 (07.04.2017), where the neural network 

misses the magnitude of the observed plume by a significant factor, the differences between 

measurements and model are considerable. Such differences may cause the deviations that we see 

in the polar spring averaged time-series figure (i.e. Figure 5.12). For many years (e.g. 1997, 2009, 

2014), the averaged neural network value is similar to the measured polar spring average. The 

fact that the neural network shows no trend can also be attributed potentially to the fact that the 

trend may not result from changes in the input parameters used in the neural network. The trend 

can be driven by changes in the mechanisms of tropospheric BrO release. 

In Figures 5.13 and 5.14, the long-term predictions of the neural network are shown for the 

future and the past. In Figure 5.13, polar spring averaged maps from 1979 until 1995 are 

presented. As the sea ice age dataset provided the age of ice data from 1985 onwards, the neural 

network that was used to produce these maps is trained with data from 2007, but without sea ice 

age (which, as we saw, has a negligible impact on the performance of the neural network). Sea 

ice coverage was available from 1979 onwards and was used to flag and only produce data over 

sea ice: 
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Figure 5.13: Past projections of polar spring averaged maps of tropospheric BrO VCDs. 

Some fluctuations can be observed, both on the magnitude and the spatial variability of the 

modeled tropospheric BrO VCD. Apart from a small artifact appearing in the 1979 map (i.e. east 

of Greenland), all the other modeled tropospheric BrO VCDs seem reasonable. Higher 

tropospheric BrO VCDs are seen for 1990 and 1991, while 1995 seems to be the year with the 

lowest tropospheric BrO VCD. In 1990, the enhanced tropospheric BrO VCDs were spread all 

over the Arctic Ocean, similarly to some of the years of the dataset that we have measurements 

(e.g. 2003, 2015). 

Figure 5.14 shows some future projections of tropospheric BrO VCD for the Arctic. For this 

purpose, ERA-5 forecasts (RCP26, RCP45 and RCP85) were used. These scenarios model the 

projected greenhouse gas future concentrations and affect various meteorological parameters.  

These projections do not provide information on sea ice age, 10m wind direction and boundary 

layer height. Therefore, the neural network that was used took as input parameters only 2m air 

temperature, mean sea level pressure and 10m wind speed: 
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Figure 5.14: Future projections of polar spring averaged maps of tropospheric BrO VCDs based on three different 

projections of greenhouse gas concentrations. 

It is expected that for every year, the RCP26 projections will have the higher tropospheric BrO 

VCDs (since the temperature increase for them is the smallest) and vice versa for rcp85. There 

are years (e.g. 2021) where this does not apply. Also, since no future information regarding sea 

ice age or concentration is available, the maps are only flagged for land. The projected 

tropospheric BrO VCD is low over the typical regions where open water appears (due to the 
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higher air temperature). Fluctuations over the years are seen, with 2026 and 2027 (for RCP26 

scenario) having the highest polar spring averaged tropospheric BrO VCD. The neural network 

predicts lower tropospheric BrO VCD for future years than the 1996 – 2017 period. As it does 

not consider the increase of first year ice extent (which favours bromine release), but only the 

increase of air temperature (which dampens the magnitude of tropospheric BrO VCD), these 

projections may not be accurate. 

5.4   Summary and Conclusions 

A novel approach for tropospheric BrO VCD modeling using an artificial neural network has 

been presented in this chapter. It is the first such approach for tropospheric BrO VCD modeling 

to our knowledge. Yang et al. (2020) used a chemistry transport and a chemistry-climate model 

with a parameterization using blowing snow and compared the resulting BrO fields with GOME-

2 columns and ground-based measurements. Fernandez et al. (2019) developed the first 

implementation of polar halogen chemistry for the CAM-chemistry model, providing four years 

(2007 – 2011) of polar spring comparisons between GOME-2A and modeling results. Herrmann 

et al. (2021) implemented 3d time-dependent simulations of BrO in the Weather Research and 

Forecasting model coupled with chemistry (WRF-Chem) and compared the simulations to 

GOME-2A satellite observations. A qualitative agreement was found in all studies, but the 

modeling of bromine explosions is not yet adequate.  

The basic principle behind the machine learning approach implemented is that the relationship 

between the input parameters (sea ice age, 2m air temperature, mean sea level pressure, 10m 

wind speed and direction and boundary layer height) and the retrieved tropospheric BrO VCDs 

can be recognized by the neural network, in order to model tropospheric BrO VCDs (and 

especially the appearance of enhanced tropospheric BrO plumes). The training dataset was 

selected to be 2007 (i.e. discussed in chapter 2), and sensitivity tests to investigate the impact of 

each input parameter on the performance of the neural network were performed. Starting with the 

scatter plots of the training dataset, when all input parameters are used, the correlation coefficient 

between measurements and model outputs of tropospheric BrO VCD is 0.75, while the slope of 

the best fitting line is 0.56. 2m air temperature (i.e. without it, the correlation coefficient drops to 

0.58, while the slope to 0.33) and mean sea level pressure (i.e. without it, the correlation 

coefficient is 0.68, while the slope 0.46) are the most critical parameters for the successful 

prediction of enhanced tropospheric BrO plumes by the neural network. By extrapolating the 

sensitivity tests to the other years (i.e. 1996 to 2017), these two input parameters remain the most 

important (by excluding 2m air temperature, the correlation coefficient between measurements 

and predictions of tropospheric BrO VCD drops by a factor of 2), with boundary layer height 

following. From sensitivity tests regarding the effect of each input parameter on the magnitude of 

modeled tropospheric BrO VCD, we infer that projected tropospheric BrO decreases significantly 
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when 2m air temperature and mean sea level pressure increase, while modeled tropospheric BrO 

VCDs increase with the increase of boundary layer height. 

From case studies performed, it was shown that the neural network can spatially reproduce 

enhanced tropospheric BrO plumes, which occur under certain meteorological conditions (i.e. 

low temperatures, low pressure systems, high or low wind speeds and high boundary layer 

height). Some plumes are captured by the satellite sensors but are not reproduced by the neural 

network, as they are not linked to the input parameters. Since these plumes do not seem to 

originate from surface parameters, the integration of other critical parameters in the input set (e.g. 

vertical distribution of the observed BrO plumes) may improve the neural network's performance. 

From polar spring averaged map comparisons between measurements of tropospheric BrO VCD 

and outputs of the neural network, we infer that the neural network can reproduce the spatial 

variability of tropospheric BrO VCD for many years. There are years (most of them from 2009 

onwards) where the agreement is not that robust. Potential reasons for this degradation in the 

agreement could be the lack of knowledge of the neural network regarding the increase of first 

year ice extent (as it was trained only with measurements from 2007), instrumental degradation 

and missing key input parameters for tropospheric BrO VCD formation (e.g. blowing snow, 

vertical distribution of the BrO VCD, temperature and wind information at higher altitudes). The 

overall comparison is considered satisfactory. From the comparison of the polar spring average 

time-series between tropospheric BrO VCD measurements and neural network’s output, the trend 

observed in the measurements cannot be seen in the modeled tropospheric BrO VCD. Potential 

reasons for this may be that the trend does not originate from changing surface parameters, the 

fact that the neural network is instantaneous and transported events cannot be well represented, 

and that additional input parameters which may drive the trend are missing. Since the neural 

network is a robust and fast approach and only requires some fundamental input data, it can be 

used for future short and medium scale projections of the spatial distribution of tropospheric BrO 

plumes. Also, it can be integrated into numerical chemical transport models and be used as a fast 

and straightforward parameterization sub-tool to predict tropospheric BrO for planning purposes 

of future measurement campaigns. 
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6. C O N C L U S I O N S  A N D  O U T L O O K  

In this chapter, the overall findings of the thesis and its contributions to the relevant literature 

are concluded. Also, additional prospects for future research that were identified will be 

discussed. The chapter will be divided based on the three main chapters of the thesis. 

6.1   BrO Retrieval and Tropospheric BrO Trends 

The main topic of this thesis is the study of the impact of Arctic Amplification on tropospheric 

BrO abundances and the link of their changes to the main driving mechanisms of bromine 

release. Since the Arctic is one of the most remote places on Earth, satellite remote sensing is the 

only source for continuous long-term measurements of BrO in the region. Therefore, a satellite 

based long-term BrO dataset was derived from measurements of four UV-VIS instruments. The 

dataset covers a 22 year time span, the longest reported in literature. 

Many sensitivity tests were performed for all four satellite instruments to assess the optimal 

wavelength range for satellite BrO retrievals for the Arctic region. For the final settings, the root 

mean square error of the fit is for all the days of the dataset below 2.5x10
-03 

for the Arctic region, 

the Hudson Bay and the pacific reference area. Alongside the qualitative assessment of the 

retrieved BrO, the agreement for the overlapping periods of the sensors was evaluated. The final 

set of settings for each sensor resulted in datasets having satisfactory quality and a good 

agreement between them (correlation coefficients between 0.9 and 0.97 in the Arctic and 0.9 to 

0.93 in the Hudson Bay). A stratospheric separation method was used to derive the tropospheric 

BrO constituent from the total (geometric) satellite vertical column density. 

The tropospheric BrO dataset shows a similar agreement for the overlapping periods of the 

sensors as the geometric columns (correlation coefficients between 0.79 to 0.94 in the Arctic and 

0.88 to 0.89 in the Hudson Bay). Thorough comparisons were performed for these periods to 

verify the agreement between the different satellite instruments. Since the deviations were 

minimal, a merged tropospheric BrO dataset was created, which was the basis for the trend 

analysis. In addition, a merged tropospheric BrO dataset was derived for the Hudson Bay region 

since it is a well known bromine explosion hotspot. By studying the trends appearing in the 

merged tropospheric BrO datasets, we infer a general increase over time in both regions. The 

increase is pronounced during the seasons when bromine explosions are more frequent (i.e. polar 

spring for the Arctic, with an increase of 1.5% per year, winter for the Hudson Bay, with an 

increase of 2.3% per year and spring for the Hudson Bay with an increase of 0.9% per year). 

Although the trends are not monotonically increasing in any region or period (i.e. there is 
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interannual variability and in recent years lower values were observed), it seems that during the 

years of Arctic Amplification, an upward trend in tropospheric BrO VCDs is also evident. A 

spatial trend investigation was also performed, which showed that tropospheric BrO VCD 

increased all over the Hudson Bay for both winter and spring seasons, while for the Arctic, there 

are regions of profound increase and decrease. 

Although the BrO dataset is the longest to our knowledge, further temporal expansion of it (i.e. 

including measurements from recently launched and future sensors) will shape a better image 

regarding the impact of Arctic Amplification on bromine release and BrO formation. In addition, 

the spatial resolution of the new sensors is higher, enabling the identification of smaller in extent 

BrO plumes and their link to their sources and driving mechanisms. 

6.2 Relationship between Tropospheric BrO VCD and 

Driving Mechanisms 

In order to link the changes of tropospheric BrO for the Arctic and the Hudson Bay to its 

driving mechanisms, external datasets of related quantities were acquired. A sea ice age dataset 

was initially used to flag and only use satellite scenes where sea ice was present. Only these 

scenes were used in the analysis performed (trend analysis and the connection to external 

datasets). A long-term general agreement is inferred from comparisons of tropospheric BrO VCD 

and sea ice age (correlation coefficient of +0.62), which is evident in both time-series and maps 

for the Arctic region. The increase of tropospheric BrO VCD correlates with the increase of first 

year ice in the Arctic. 

Meteorological parameters from 2 different reanalysis datasets were evaluated, and similar 

comparisons as with sea ice age were performed. From the meteorological parameters, 2m air 

temperature seems to be the most important for the formation of enhanced tropospheric BrO 

plumes on a daily basis, as it is strongly anti-correlated with tropospheric BrO VCD, for both the 

Arctic and the Hudson Bay (-0.53 for the Arctic, -0.46 for winter in the Hudson Bay and -0.77 for 

spring in the Hudson Bay). This anti-correlation was also seen in trend maps between 

tropospheric BrO VCD and 2m air temperature. While air temperature has a substantial impact on 

the appearance of enhanced tropospheric BrO plumes on a daily and short-term basis, it does not 

have a strong influence on an annual basis, as the sea ice age.  

10m wind speed and boundary layer height also showed significant correlations to tropospheric 

BrO VCD without giving a clear picture of their actual relationship (i.e. both positive and 

negative correlations appeared in our analysis). Mean sea level pressure, although affecting 

tropospheric BrO VCD formation, did not show any strong correlation. Other parameters that 

were evaluated (e.g. cyclonic activity, sea ice thickness) did not have the appropriate spatial or 

temporal resolution to extract concrete conclusions. 
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 An analysis of a longer (and higher resolution) tropospheric BrO VCD dataset may yield more 

precise conclusions on the relationship of tropospheric BrO VCD to its sources and driving 

mechanisms. Additional external datasets (i.e. blowing snow) known to affect the appearance of 

enhanced tropospheric BrO VCD should be evaluated. 

6.3 Tropospheric BrO VCD Modeling 

A modeling approach for Arctic tropospheric BrO VCD modeling was implemented using an 

artificial neural network. Such an effort is the first to our knowledge. The neural network uses as 

critical input parameters sea ice age, 2m air temperature, mean sea level pressure, 10m wind 

speed and direction and boundary layer height, and models tropospheric BrO VCD. 2m air 

temperature and mean sea level pressure are identified as the most important input parameters for 

the neural network's successful tropospheric BrO VCD reproduction. 

By training the neural network with only one year of data, it can accurately reproduce spatial 

patterns of enhanced tropospheric BrO VCD occurring in different years. The correlation 

coefficient between satellite measurements and neural network outputs is approximately 0.4 for 

the modeled years, while the root mean square error is 35%. According to the neural network, the 

combination of low temperature and low mean sea level pressure is the one under which 

enhanced tropospheric BrO VCD can be identified. The magnitude of the plumes is also 

satisfactory in many cases. Since the procedure is speedy and not computationally demanding, 

the neural network can be implemented as a parameterization sub-tool to predict future 

appearances of tropospheric BrO plumes. 

The neural network cannot reproduce and identify all the tropospheric BrO plumes in the 

measurements dataset. This can be attributed to the lack of additional information regarding both 

the tropospheric BrO VCD and the input parameters. The absence of the vertical distribution of 

tropospheric BrO VCD is crucial. Since all the input parameters we used are occurring at the 

surface level, plumes potentially occurring at higher altitudes and being transported away from 

the initial source region cannot be modeled accurately. The addition of long-term information of 

other key parameters, such as aerosol vertical distribution and snowpacks, which can transfer and 

recycle tropospheric BrO VCD far away from the source region, would improve the neural 

network's accuracy. Also, spatial and temporal information would allow the neural network to 

understand the potential transport of tropospheric BrO plumes and improve its performance. 
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