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Abstract

While stratospheric ozone (O3) is well known for protecting the surface from harmful ultraviolet solar

radiation, tropospheric ozone plays a more complex role in Earth’s climate and biosphere being one

of the most important atmospheric pollutants close to surface. Remote sensing from satellites can be

extremely useful for providing consistent information of tropospheric ozone concentrations over large

areas. When looking down from space, in nadir direction the reflected sunlight from the Earth at UV,

it is possible to obtain vertically integrated measurements of O3 (total columns), from the surface to

the top of the atmosphere. Since 1995 the Institute of Environmental Physics (IUP) at the University

of Bremen provides total ozone data retrieved from nadir radiance spectra of the European satellite

instruments: GOME/ERS-2 (1995-2003), SCIAMACHY/Envisat (2002-2012), and GOME-2/MetOpA

(2007-today) by using the Weighting Function Differential Optical Absorption Spectroscopy (WFDOAS)

method. Removing the stratospheric contributions by assuming that the monthly averaged ozone

column amounts measured over Deep Convective Clouds (DCC) are representative for stratospheric

ozone columns in the tropics, it is feasible to estimate monthly mean tropospheric ozone columns over

the tropics and to study their large scale temporal and spatial behavior. The focus of this thesis is twofold:

to retrieve monthly mean tropical tropospheric ozone amounts with the Convective Cloud Differential

(CCD) technique from 1996 to 2015 and to study variability and trends using this long-term tropospheric

ozone dataset on a regional and tropical scale. Within this framework, a detailed uncertainty analysis

of the CCD-IUP algorithm has been performed along with a study upon the trend uncertainties due to

the harmonisation. Finally, the influence of ENSO on tropospheric ozone and the origin of its anomalies

due to dynamics or emissions has been investigated.

An improved CCD-IUP algorithm was developed and a unique long-term record (1996-2015) of

monthly averaged tropical tropospheric ozone columns (TTCO) was created using total ozone columns

and cloud parameters from the three European satellite instruments (GOME, SCIAMACHY, and GOME-

2). The TTCO dataset was extensively validated by comparisons with SHADOZ ozonesonde data and

Limb-Nadir Matching (LNM) tropospheric ozone data. The comparison showed good agreement with

respect to range, inter-annual variation, and variance. The mean absolute bias with the ozonesonde

measurements is ∼5 DU, the RMS is between 3.5 and 13 DU, and the mean relative difference is

between -8 and 28%. When comparing the retrieved TTCOs with LNM data up to 200 hPa, the mean

absolute bias is less than 5 DU and the mean relative difference is about 12%. A detailed uncertainty

budget analysis shows that the CCD-IUP algorithm has an average uncertainty of ± 3 DU (<10%).

Each satellite instrument has different spatial and spectral resolution, use different cloud algorithms
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and has different local passing time, all of which may introduce biases and drifts between instruments.

Therefore, the three datasets were harmonised into one consistent time series by testing six different

scenarios.

Various harmonisation scenarios were tested and uncertainties related to the merging approach have

been estimated. These were shown to be one of the major source of uncertainty in the long-term

trend estimates. The calculated trends from all scenarios, range between ±4 DU/decade and the mean

difference between them is in the order of 2 DU/decade. The preferred harmonised TTCO dataset is

afterwards used to asset the trends of tropical tropospheric ozone. The trends range between -3 to 3

DU/decade, with an average value of -0.1 ± 1.23 (2σ) DU/decade which is statistically non significant.

Regionally, tropospheric O3 is increasing significantly by 3 DU/decade over south tropical Atlantic

Ocean, south Africa, south-east tropical Pacific and central Oceania and by 2 DU/decade over the

Caribbean sea and south India, while it is decreasing by -3 DU/decade over central America, parts

of the northern tropical Pacific Ocean and by -2 DU/decade over some parts of the southern tropical

Pacific Ocean. Comparing the trend results from the current study with the trends calculated from

ozonesonde profiles for six ozonesonde stations and with the ones from Ebojie et al. [2016] and Heue

et al. [2016] for eight tropical mega-cities, we found that they agree well within the uncertainty of

the trends. Studying the seasonal variability of tropical tropospheric ozone, a monthly zonal TTCO

climatology for the last 20-year was created. Several factors such as, El Niño Southern Oscillation

(ENSO), quasi-biennial oscillatiON (QBO), the solar, and the seasonal cycle have a response to the TTCO

variability. ENSO contributes by about +7 DU over the western Pacific and Indian ocean and by ∼ -10

DU over the eastern Pacific ocean. The solar cycle contributes ± 7 DU, and QBO contributes in total ∼5

DU, mainly over the southern latitudes. The seasonal cycle was found to have the strongest influence

on tropospheric ozone variability, by more than 15 DU over the northern tropics and the Atlantic ocean,

whereas elsewhere its total contribution is less than 7 DU, with weakest contributions noticed over the

west Pacific Ocean (< 5 DU). These results, show reasonable agreement compared to other studies.

In a case study, the influence of two major El Niño (1997 and 2015) and La Niña (1999 and 2010)

events on TTCO was investigated. It was shown that both El Niño events increased tropospheric O3 over

Indonesia by 10–15 DU, and decreased it over the east Pacific ocean by 10–20 DU. La Niña events were

found to decrease tropospheric ozone over Indian Ocean and central tropics by 5–10 DU and increase it

elsewhere by 6–8 DU. The 2015 El Niño and 2010 El Niña caused larger positive O3 anomalies whereas

1997 El Niño and 1999 La Niña larger negative O3 anomalies, revealing that there is strong variability

in ozone respond to ENSO events. The tropical tropospheric ozone results for the months September

to December 2014 and 2015 were compared with simulated ozone columns from the ECHAM-Messy

Atmospheric Chemistry model (EMAC). The EMAC model was found to overestimate tropospheric ozone

columns by 10-15 DU, mainly over northern Africa, Indian ocean, and north-east Pacific ocean and to

underestimate over the Atlantic, west Pacific ocean, and the central-south Africa by 10-15 DU compared

to the CCD results. The comparison of ozone precursors emissions (NO2 and CO), from the EMAC

model with satellite observations (GOME-2 for NO2 and MOPITT for CO) showed that the EMAC model

generally underestimates their abundances, which impacts the modelled tropospheric O3. Finally, the

contribution of dynamics and biomass burning on troposphere O3 anomalies during the 2015 El Niño

event was studied. Using the EMAC tropospheric O3 simulations from September to December 2015
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(during El Niño), and September to December 2014 (neutral year), in two modes, one with and one

without biomass burning emissions, it was concluded that mostly dynamics have modulated tropical

tropospheric ozone concentrations during the 2015 El Niño event, with the exception of the Indonesian

region where biomass burning emissions resulted in tropospheric ozone increases of about ∼8 DU. In

October 2015, the increase reaches +20 DU over the Indonesian peninsula.
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Motivation and Outline

Since the industrial revolution (which chronologically begins in 1787, when James Watt designed the

first steam engine), humans and their societies have considerably changed the global environment.

Mankind activities have become a geological force, and the Earth has passed into the era called the

"Anthropocene" [Crutzen, 2002]. During these three centuries, the Earth is transformed to a less

biologically diverse, less forest covered, much warmer, and probably wetter and stormier planet [Steffen

et al., 2007].

Human population has increased dramatically, reaching 7.5 billion today (see Fig. 1). Half of this

population resides in urban areas. The wealthy nations (belong to Organisation for Economic Co-

operation and Development (OECD), http://www.oecd.org/), despite their relative small proportion to

the global population (∼ 1 billion), still have the largest contribution to the Gross Domestic Product

(GDP). Energy use has grown tremendously by a factor of 15 since 1950. Transportation has also

increased, with the number of vehicles being six times more than 1960 levels. Today, about 30 % of

the total Earth’s surface is domesticated by humans. Tropical rain-forest land has decreased by more

than 25% the last three centuries. Fossil-fuel combustion, deforestation and agriculture have caused

dramatic increases in greenhouse gas (GHG) concentrations and ozone precursor emissions (volatile

organic compounds (VOCs) and nitrogen oxides (NOx)). Carbon dioxide (CO2) has increased by ∼30

%, methane (CH4) by more than 60%, and nitrous oxides (NOx) by more than 20 % since the industrial

revolution. Meanwhile, the global surface temperature has increased by more than 0.5 oC since the

1950s. Today it is more obvious than ever that socio-economic changes and climate are interactively

related.

Tropospheric ozone (O3) is regarded as one of the most important atmospheric pollutants close to

surface having a burden of 337 Tg. It is secondarily produced in the troposphere as a byproduct of

the oxidation of volatile organic compounds (VOCs), carbon monoxide (CO) and methane (CH4) in

the presence of nitrogen oxides (NOx) and sunlight. Only a small amount of ozone (∼550 Tg/year)

is transported from the stratosphere through the stratosphere to troposphere (STE) exchange. Con-

sequently it is mainly of anthropogenic origin [IPCC, 2013, Jacob, 2000, Seinfeld and Pandis, 2006].
Close to the surface it is the main component of the photochemical smog that covers the atmosphere of

mega-cities in developed and developing countries [Jacob, 2000, Wallace and Hobbs, 2006]. Ozone

can oxidize biological tissues, and at high amounts, it can cause respiratory problems and even death

[WHO, 2006]. In 2012, 16,000 premature deaths across 26 EU countries have been attributed to Ozone

pollution [EEA, 2015]. Surface ozone can also cause massive damages to agricultural crops and forest



xviii

Figure 1: Socio-economic and Earth System trends from 1750 to 2010 [Steffen et al., 2015].

areas [Fowler et al., 2008, Monks et al., 2015]. In the troposphere, ozone is the third most important

GHG, contributing 0.4 ± 0.2 W·m2 in global radiative forcing (RF) [IPCC, 2013]. Since it is the primary

tropospheric source of the hydroxyl (OH) radical, it can modulate the lifetime of other GHGs via their

oxidation with OH and control the oxidizing capacity of the troposphere [Jacob, 2000]. Having a mean

lifetime of ∼ 23 days in the troposphere, it can be transported on a global scale, influencing the global

climate system [Stevenson et al., 2006, Young et al., 2013].

The present day mean tropospheric ozone burden of 337 ± 23 Tg has increased by ∼ 30 % since

preindustrial times [IPCC, 2013, Young et al., 2013]. Tropospheric ozone is expected to increase 7% by

2030 (18% in 2100) under the RCP 8.5 IPCC scenario or decrease by 2% over the same time period

(-7% in 2100) according to RCP 2.6 IPCC scenario (see Fig. 2) [IPCC, 2013, Young et al., 2013]. These

scenarios represent extreme cases of the Representative Concentration Pathways (RCP) chosen by the

Intergovernmental Panel on Climate Change (IPCC). The predicted increase of surface ozone for the

next years is mainly located in the tropics and subtropics, and more specifically in Southeast Asia, India

and Central America [Grenfell et al., 2003, IPCC, 2013, Wild, 2012]. Therefore, tropical tropospheric
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Figure 2: Global tropospheric ozone burden and its changes between 1850 and 2100 simulated by different

models. Two scenarios of future emissions have been used as defined by the Intergovernmental Panel on Climate

Change, IPCC. RCP 2.6, assumes that ozone precursors peak between 2010-2020 and decline thereafter (green)

and RCP 8.5 assumes high precursor emissions (mainly methane) and a strong warming throughout the 21st

century (red). Thin lines are for individual model results and thick lines are multi-model averages. (Source:

Madronich et al. [2015], figure based on data from Young et al. [2013]).

ozone should receive particular attention. The acquisition of accurate measurements is the precondition

to understand the production cycle of tropospheric ozone in order to reduce its abundance.

Remote sensing of the atmosphere with satellite instruments provides global information about

the atmospheric trace gas composition over land and ocean for long periods. In order to observe

tropospheric ozone from space, the stratospheric contributions must be removed. Tropospheric ozone

was retrieved for the first time from space with the tropospheric ozone residual (TOR) method [Fishman

et al., 1990] which subtracts the stratospheric ozone retrieved using profile measurements down to

the tropopause from limb observations, while using the collocated total ozone columns from nadir

measurements to derive tropospheric ozone columns.

Using the location of deep convective clouds (DCCs), and assuming that UV radiation does not

penetrate these clouds, stratospheric ozone columns can be retrieved from nadir observations as well.

This way the tropospheric column amounts can be retrieved from nadir observations alone by subtracting

the ozone columns above very high clouds (usually in the Pacific region) from total ozone columns

from cloud-free scenes. This works only if one assumes that stratospheric ozone is invariant which

is only approximately true in the tropics [Hudson and Thompson, 1998]. Ziemke et al. [1998] used

these two assumptions to develop a statistical method called the Convective Clouds Differential (CCD)

method using Total Ozone Mapping Spectrometer (TOMS) ozone and reflectivity data. Monthly mean

tropical tropospheric columns of ozone (TTCO) were retrieved by averaging total ozone columns above

deep convective clouds in a pre-defined grid (latitude bands) from a reference region (over western

Pacific ocean) and subtracting them from the monthly averaged total columns from the corresponding

cloud free grid box. The advantage of this method is that it is computationally easy compared with

the profile retrievals and requires only one satellite instrument, eliminating collocation problems. The

same method was further optimised by Valks et al. [2003] who applied it to GOME [Burrows et al.,
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1999] and GOME-2 [Callies et al., 2000] data. Heue et al. [2016] extended the Valks et al. [2003]
CCD dataset using SCIAMACHY [Burrows et al., 1995] and OMI [Levelt et al., 2006] data by creating a

merged time-series.

In this study, an improved CCD retrieval algorithm using total ozone and cloud properties data from

three European space-borne instruments, GOME, SCIAMACHY, and GOME-2 has been developed. A

detailed uncertainty estimation has been performed taking into account the main contributing factors

(total ozone retrieval, cloud top height, cloud fraction uncertainties). 20 years of harmonised and

merged tropical tropospheric ozone column data are now available forming the basis for determining

long-term trends and to study natural variability of tropical tropospheric ozone.

This thesis is structured as follows:

• In Chapter 1 the fundamental scientific information are given about ozone in the Earth’s atmo-

sphere and particularly in the troposphere, along with the principles of absorption spectroscopy

and a description of methods and instruments for satellite based ozone retrievals.

• In Chapter 2 the convective clouds differential algorithm, developed for three different instruments

(GOME, SCIAMACHY, and GOME-2) is described and the improvements and corrections needed

for the retrieval of the above cloud columns of ozone (ACCO) are discussed in detail.

• In Chapter 3 the main results of the advanced CCD retrieval are presented along with the un-

certainty budget for each instrument. The validity of the individual datasets is tested using

comparisons to vertically integrated in-situ measurements from the Southern Hemisphere ADdi-

tional OZonesondes (SHADOZ) network [Thompson et al., 2003] and tropospheric ozone columns

from Limb/Nadir matching data (for SCIAMACHY data only) [Ebojie et al., 2014].

• In Chapter 4 six different scenarios are tested in order to harmonise and merge the individual

TTCO datasets. A multi-linear regression model (fitting linear trend, seasonal cycle, ENSO, QBO,

and the solar cycle) is applied to all merged datasets in order to investigate the influence of

harmonisation on tropical tropospheric ozone trends. The spatial distribution and magnitude of

tropospheric ozone trends for one of the harmonised datasets that is considered the optimum

dataset is discussed in detail. Regional and mega-cities’ trends are presented and compared with

results from other studies.

• In Chapter 5 the seasonal behavior and variability of tropical tropospheric ozone are presented.

The factors that can influence tropospheric ozone variability are described and their tropical

tropospheric ozone response is quantified and discussed.

• In Chapter 6 the influence of ENSO (El Niño Southern Oscillation) on tropical tropospheric ozone

abundance is investigated. Comparison between the two major El Niño and El Niña events (1997

and 2015) of the last 20 years is performed. The 2015 El Niño event is studied in more detail

looking at inter-annual differences of tropical tropospheric ozone columns and its precursors

between satellite data and ECHAM5/Messy Atmospheric Chemistry (EMAC) model simulations.

The origin and magnitude of tropospheric ozone enhancements during El Niño are investigated

with the EMAC model.



• Finally, in Chapter 7 a summary of the main research and conclusions of this thesis are presented,

as well as an outlook for further improvements in the retrievals of TTCO and suggestions for

future studies are given.
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1
Fundamentals

Tropospheric ozone (O3) is regarded as one of the most important surface pollutants due to the fact

that it oxidizes the biological tissues, causes respiratory problems or even death [WHO, 2006], acts

as a greenhouse gas [IPCC, 2007], and controls the oxidizing capacity of the troposphere [Jacob,

2000]. Tropospheric ozone presents considerable variability mainly due to its chemical lifetime, which

coincides with the timescales of weather systems (1–2 weeks). Remote sensing from satellites is an

essential tool for providing consistent information of tropospheric ozone concentrations over large

areas. These measurements show large spatial and temporal variability which is controlled by several

atmospheric processes. This chapter gives an introduction to the Earth’s atmosphere and describes

the role that ozone is playing in it, along with a brief history of the study of atmospheric ozone in

Section 1.1. The chemical and dynamical processes associated with tropospheric ozone production

and destruction, and the impact that ozone has on climate and the biosphere are discussed in Section

1.2. The basic absorption spectroscopy principles are presented in Section 1.3. A brief introduction to

several satellite-based techniques for measuring total and tropospheric ozone is given in Section 1.4.

Finally, the relevant satellite instruments for measuring tropospheric ozone form the current study are

described in a few words in Section 1.5.

1.1 Ozone in the Earth’s atmosphere

1.1.1 Evolution of the atmosphere

Our solar system is believed to have formed from the gravitational attraction of a cold cloud consisting

of interstellar gas and dust, about more than 4.5 billion years ago. As the size of the Earth grew by a cold

accretion process, the weight of the outer layers compressed the center, melting the interior core of heavy

elements such as iron and nickel [Dickerson, 1971]. The atmosphere (Greek: ”ατμoς”+ ”σϕαιρα”

= "steam" + "sphere") is a relatively thin layer (up to 1000 km) of gases surrounding the Earth’s crust.

From the absence of noble gases on Earth compared with their high abundance on the Sun and other

stars, it is evident that Earth lost its original atmosphere. The first atmosphere was formed from the

out-gassing of the Earth’s interior by volcanism and consisted of water vapour, (H2O), carbon monoxide,

(CO), carbon dioxide, (CO2), methane, (CH4), sulfur dioxide, (SO2), hydrogen sulfide (H2S), and
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nitrogen (N2) [Wallace and Hobbs, 2006]. Water vapor condensed to form seas approximately 4.4

billion years ago [Lunine, 2006]. The out-gassed CO2 and other gases dissolved in the water, forming

sedimentary rocks in the ocean. N2 is chemically inert, non-condensible, and is non-soluble in water,

so most of the out-gassed N2 accumulated in the atmosphere, thereby becoming the most abundant

constituent [Seinfeld and Pandis, 2006].
Until 2–3.8 billion years ago, the terrestrial atmosphere was essentially anoxic (lacked free oxygen

or O2 gas). The milestone in evolution of life on Earth was the increase of oxygen in the atmosphere,

2.1–2.4 billion years ago. Although cyanobacteria were already present in the oceans some billion years

earlier and were capable of releasing oxygen, the amount of oxygen released was not much. Only after

most minerals were oxidised and hydrogen (H2) gradually escaped from the Earth’s gravitational force,

could the released oxygen from photosynthesis accumulate in the atmosphere.[Wallace and Hobbs,

2006]. This sudden increase is known as the "Great Oxidation Event" [Lyons et al., 2014]. The present

level of atmospheric O2 is maintained by the balance between production from photosynthesis (Reaction

1.1) and removal from respiration and decay of organic carbon (Reaction 1.2) [Seinfeld and Pandis,

2006].
6CO2 + 6H2O −→ C6H12O6 + 6O2 (1.1)

C6H12O6 + 6O2 −→ 6CO2 + 6H2O+ 2880kJ ·mol−1 (1.2)

Ultraviolet (UV) solar radiation (wavelength range 100-400 nm) is extremely energetic, proportional

to its frequency, and therefore extremely harmful to a number of macromolecules (proteins and nucleic

acids), particularly DNA which can be damaged at wavelengths <290 nm [Charles et al., 2002, Wayne,

1991]. Oxygen is capable of filtering UV radiation emitted by the Sun up to 230 nm. Only ozone

(trioxygen, O3) has the ability to absorb at the critical for life wavelengths of 230-290 nm which allowed

for the colonization of the land [Charles et al., 2002, Margulis, 1976, Wayne, 1991]. Ozone was formed

in the atmosphere by the addition of atomic oxygen (O(3P)) to molecular oxygen. The atomic oxygen

was formed after the photolysis of molecular oxygen at λ <240 nm. The absolute concentrations and

the altitude distribution of ozone is an equilibrium between production and loss [Wayne, 1991]. In

the region where ozone concentrations are at its maximum, the absorbed UV radiation is converted

into heat which consequently warms the atmosphere, altering the temperature profile and stability of

the atmosphere. For all these reasons, ozone is one of the most outstanding constituents of the Earth’s

atmosphere and played a significant role in the evolution of life.

1.1.2 The present atmosphere

The Earth’s atmosphere is the main reason for the existence and maintenance of life on Earth. Table 1.1

lists the mixing ratios of the major atmospheric gases. The present Earth atmosphere provides O2 (21%)

for respiration, CO2 (400 ppm) for photosynthesis, H2O (0-5 %) for nourishment, and N2 (78 %) for

fertilization of land. CO2, H2O, O3, CH4, and N2O, known as "greenhouse gases", keep the surface warm

enough (the average surface temperature was 12 oC at the end of the 20th century [NOAA, 2017]) for

living organisms [Wallace and Hobbs, 2006]. These gases have this ability due to their characteristic

structure that can absorb and re-emit infrared (IR) radiation at all directions. O3 also absorbs the

harmful ultraviolet (UV) solar radiation (100 nm and 300 nm) that could damage biological tissues
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Table 1.1: Mixing ratio of gases in the Earth’s atmosphere, with respect to dry air (taken from Jacob [2000], p.4

and http://library.wmo.int/opac/doc_num.php?explnum_id=3084. 10−6 mol/mol = 1 ppmv (parts per

million volume) and 10−9 mol/mol=1 ppbv (parts per billion volume). Values followed by an asterisc (*) denote

mean values in 2015.

Gas Mixing ratio

(mol/mol)

Nitrogen (N2) 0.78

Oxygen (O2) 0.21

Argon (Ar) 0.0093

Water vapor (H2O) 0-0.05

Carbon dioxide (CO2) 400 ×10−6∗
Neon (Ne) 18 ×10−6

Ozone (O3) 0.01-10 ×10−6

Helium (He) 5.2 ×10−6m

Methane (CH4) 18.4 ×10−6∗
Krypton (Kr) 14.1 ×10−6m

Hydrogen (H2) 500 ×10−9

Nitrous oxide (N2O) 328 ×10−9∗

and vegetation. However, human activities such as fossil fuel combustion and industrialization, release

high amounts of atmospheric constituents like greenhouse gases, volatile organic chemicals, particulate

matter, nitrogen and halogen compounds, which can harm humans, animals, vegetation, or materials

and are categorised as atmospheric pollutants [U.S. Environmental Protection Agency, 2009].

The Earth’s atmosphere consists of a series of layers, each with a specific structure and characteristic

properties. Moving upwards from the ground, these layers are categorised according to the vertical

temperature profile of the atmosphere as shown in Fig. 1.1. Temperature generally decreases with

altitude although two temperature inversions can be noticed at ∼10 and ∼90 km. The temperature

variations shown in Fig. 1.1 are due to solar radiation absorption from atmospheric constituents at

these altitudes.

The lowest layer of the atmosphere is called the troposphere and is characterised by decreasing

temperature with height with an average dry adiabatic laps rate of ∼ 9.5oC/km. The air is considered

to be well mixed (turbulent mixing) and has the greatest density compared to other layers, containing

about 80% of the total mass of the atmosphere. The troposphere is also the layer where the weather

systems develop. The depth of the troposphere varies with season and latitude and ranges between 7 to

15 km, with higher altitudes being located in the tropics [Wallace and Hobbs, 2006]. The inversion

level, called the tropopause, is defined as the lowest level at which the lapse rate decreases to less than 2

K/km and the lapse rate averaged between this level and any other level within the next 2 km does not

exceed 2K/km as defined by the World Meteorological Organization (WMO) [WMO, 1957]. However,

several recent studies approach the tropopause as a layer of 50 hPa (1-3 km) thickness, instead of a

sharp point in the atmosphere [Fueglistaler et al., 2009, Sherwood and Dessler, 2001].
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The layer above the tropopause is called the stratosphere and extends up to the stratopause (�
45–55 km). Temperature increases with altitude in this (inversion) layer prohibiting vertical mixing

and causing atmospheric stability. The stratospheric inversion is caused by absorption of ultraviolet

radiation from the Sun by ozone. The production of ozone from atomic and molecular oxygen depends

Figure 1.1: Temperature and ozone profile in the atmosphere. Temperature data taken from the U.S. Standard

Atmosphere 1976, see U.S. Government Printing Offce [1976]. The volume mixing ratio with red solid line and

the partial pressure of ozone (mixing ratio×atmospheric pressure) with solid green line are taken from SHADOZ

ozonesonde network, for October 2008 in Natal [Thompson et al., 2003]. The dashed lines represent the ideal

ozone profile after the ozonesonde burst altitude.

on the optical depth and the density of the atmosphere. At high altitudes the solar radiation is more

intense but the atmospheric density is not enough to support large rates of atomic oxygen production

from O2 photolysis. At lower altitudes O2 concentrations are more than enough but most of the UV

radiation is already absorbed by the atmospheric constituents at higher altitudes. Therefore, O3 is

mainly concentrated within the stratosphere (between 20 to 30 km, see Fig. 1.1). This layer is called

the ozone layer or the ozonosphere and the shape of it can be approximated by the "Chapman function"

[Wayne, 1991].

At the stratopause the temperature stops increasing. The overlying layer called the mesosphere lacks

significant solar radiation absorbers and the temperature continues to decrease gradually again. The top

of this layer, called the mesopause (80-90 km), is the coldest area of the atmosphere, with temperatures

down to -80oC. Above the mesopause the temperature begins to increase again as a result of short-wave

radiation absorption by N2 and O2 which are getting excited. This layer is called the thermosphere and

this is the first layer which is reached and warmed by intense solar radiation. The last atmospheric

layer is the exosphere extending from altitudes > 500 km where gas molecules have sufficient energy to
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escape from the gravitational force of the Earth [Seinfeld and Pandis, 2006].
The atmospheric temperature and pressure at a specific height z, is described by the exponential

function (hydrostatic equation): p(z) = p(0) · e− z
H , where H=RT/Mairg is the scale height (the e-folding

depth which is the characteristic length scale for pressure decrease with height), R is the Molar gas

constant (8.314 J/mol K), T is the temperature in Kelvin, Mair is the molecular weight of air (28.97

g/mol), g is the acceleration due to gravity, and p(0) is the surface pressure. The SI unit for pressure is

Pascal (Pa = N
m2 ). The relationships between different pressure units are: 1 atm = 1.01325·105 Pa =

1013.25 mbar = 1013.25 hPa. 1 hPa = 100 Pa.

1.1.3 Discovery and distribution of atmospheric ozone

Ozone (trioxygen, O3) is a blueish gas with a strong irritating smell and is produced naturally in

trace amounts in the Earth’s atmosphere. For industrial purposes ozone is produced for air and water

purification or bleaching of textiles [Fahey and Hegglin, 2011]. It has a melting point of -193 oC and

a boiling point of -112 oC. It is more soluble in inert non-polar solvents but at standard pressure and

temperature its solubility is thirteen times the one of oxygen. The central atom is sp2 hybritised, similar

to H2O, with one lone pair and a 117o angle between the two bonds (theoretically, 120o), see Fig.1.2.

The two bonds are of one and a half order, with lengths of 1.28 Å (0.128 nm). It is a polar molecule

with a dipole moment of 0.53 D, which makes it strongly electronegative. It is a very strong oxidising

agent (accepts electrons) and an endothermic substance (storing energy) which can violently explode

to yield a nascent oxygen (O) and a molecular oxygen (O2). Ozone strongly absorbs UV-B (280-320

nm) and UV-C (< 280nm) radiation but the absorption decreases at wavelengths higher than 320 nm

radiation and Infrared radiation (IR) at around 9.6 μm. Due to its absorption in IR, it can act as a

greenhouse gas in the troposphere.

Figure 1.2: Lewis structure of Ozone molecule.

Ozone was discovered by Christian Friedrich Schönbein in 1839. Schönbein suggested the presence

of an atmospheric gas having a peculiar odor (the Greek word for "to smell" is oζειν) which was

produced in the electrolysis of water and the accompanying discharge of frictional electricity in air

[Leeds, 1880]. Schönbein was the pioneer of detecting and measuring tropospheric ozone in several

European cities using chemical methods [Holloway and Wayne, 2010]. Later, spectroscopic studies in

visible and ultraviolet regions by N.W. Hartlay showed that ozone strongly absorbs ultraviolet radiation,

which later led to the conclusion that ozone is present at a higher mixing ratio in the upper atmospheric

layers in comparison to the ground. Quantitative analysis by Fabry and Dobson showed that ozone is

mainly concentrated within a layer, located at 15-30 km, the so-called "ozone layer" [Holloway and

Wayne, 2010].
The vertical and horizontal distribution of ozone in the atmosphere varies with season, latitude and
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longitude. The amount of ozone is commonly reported in Dobson Units in honor of Dobson’s work on

ozone. One Dobson Unit (DU) is the number of ozone molecules per square centimeter (cm2) that can

occupy a layer of 10 μm thick at standard temperature and pressure (STP) conditions (temperature of

273.15 K (0 oC and pressure of 105 Pa (1 atm)). The conversion between DU and column density at

STP is: 1 DU= 2.69×1016 molecules/cm2 [Holloway and Wayne, 2010]. The amount of total ozone

existing in a vertical column of the atmosphere with a base of 1 cm2, compressed to STP conditions

occupies a column of approximately 3 mm thick, which is equal to 300 DU. In Fig. 1.3 the average

global distribution of total ozone columns (in DU) at different latitudes and seasons is presented. The

maximum ozone concentrations (>400 DU) are found in the Northern hemisphere (>55 oN) during

late northern winter and early spring and during summer and autumn at the Southern hemisphere

(∼340 DU), close to middle latitudes (40–60 oS), surrounding as a "collar" the low ozone values (<
200 DU) over Antarctica, known as the "Ozone hole". By December, the ozone hole has disappeared,

and the values have returned to ∼280 DU. Low ozone values (< 300 DU) are also found during the

northern autumn in the Arctic. During all seasons, total ozone columns are considerably thiner over the

tropics (20oS-20oN), with very low variability, ranging between 260–280 DU.

Figure 1.3: Zonal mean climatology (1996-2015) of total ozone columns in DU from GOME/SCIAMACHY/GOME-

2 merged WFDOAS total ozone measurements (Global mean 290 DU). Red dashed lines indicate the tropics

(20 oN–20 oS). Data found in: http://www.iup.uni-bremen.de/UVSAT_material/data/to3/GSG_merged_
zonalmean.dat (Courtesy: M. Weber).

In 1920, Dobson built an instrument to monitor the thickness of ozone within an atmospheric column

by comparing the intensity of solar radiation that has passed through the atmosphere at two different

UV regions, of which one was strongly and one was weakly absorbed by ozone. Using the ratio between

these intensities on the ground it is possible to determine the amount of ozone that is present in the

atmosphere. This instrument is still the backbone of several instruments used even today at observatories

around the world [Farman, 1989, Komhyr and Grass, 1972, 1989]. In 1931, Götz discovered a method

to determine the vertical profile of ozone using the reflected, rather than direct, UV intensities. He

used the ratio of zenith sky radiances at two wavelengths in the ultraviolet, one were ozone absorbed

strongly and one were ozone absorbed weakly, at different solar zenith angles. He noticed that this

ratio increases with increasing solar zenith angles to about 86 o when suddenly reverses and starts
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to decrease. He named this method the Umkehr effect, and realised that such measurements contain

information about the vertical distribution of ozone [Götz et al., 1934]. Since the late 1950s, filter

ozonometers were extensively used at 44 stations in the former Soviet Union [Bojkov et al., 1994]. At

the same time, balloon ozonesondes provided ozone profile data from the troposphere and the lower

stratosphere, with maximum altitudes (at balloon burst) usually near 30 km [Komhyr, 1964, 1967]. In

the last three decades a new instrument, the Brewer ozone spectrophotometer, has been developed.

The basic measurement principle is similar to Dobson instrument [Fioletov et al., 2001].
Already in 1930, the photochemical theory of ozone formation was proposed by Chapman, including

a static pure-oxygen photochemical steady model which consisted of the following reactions [Chapman,

1930]:

O2 + hv(λ < 214nm) −→ O+O J1[s−1] (slow) R1 = J1[O2] (1.3)
O+O2 +M −→ O3 +M k2[cm6molec−2s−1] (fast) R2 = k2[O][O2][M] (1.4)
O3 + hv(λ < 320nm) −→ O+O2 J3[s−1] (fast) R3 = J3[O3] (1.5)
O+O3 −→ 2O2 k4[cm3molec−1s−1] (slow) R4 = k4[O][O3] (1.6)

where M=N2, O2. M (third body) is necessary to remove the excess energy from the intermediate

excited product (O∗3) by collision, and to release it back as heat to the environment, in order to yield

the final product of the reaction, O3. The energy from solar radiation is represented by hv, which is the

product of Planck’s constant, h, and the frequency of the electromagnetic wave of solar radiation, v,

corresponds to a specific wavelength band.

Reactions R2 and R3 rapidly inter-convert O and O3 providing the concept of the "odd oxygen" family

(Ox=[O]+[O3]) [Wayne, 1991]. This simplified oxygen model implies the latitudinal variation of solar

intensity and zenith angle, the density and the temperature profile of the atmosphere, etc., which makes

the production rates of ozone to be dependent on these conditions. However, ozone production by

the Chapman mechanism is five times faster than it is being destroyed, resulting in predicted ozone

concentrations higher than the observed ones [Baird and Cann, 2005, Wayne, 1991].
In 1950, Bates and Nicolet introduced the idea of catalytic odd oxygen loss cycles. The role of a catalyst

is to initiate or accelerate chemical reactions without being produced or destroyed by the reactions that

it is involved. This leads to the conclusion that odd oxygen loss reactions should be cyclic [Holloway

and Wayne, 2010]. The loss cycle consists of two steps that can be generalised as:

X +O3→ XO+O2 (1.7)

XO+O→ X +O2 (1.8)

Net : O+O3→ 2O2 (1.9)

wherein X are the catalytic species, of which most important are hydrogen (H), hydroxyl radical (OH),

nitrogen (N), nitrogen oxide (NO), and chlorine (Cl).

In 1970s, Paul Crutzen showed that nitrogen oxides (NOx= NO and NO2) can catalytically destroy

ozone by following the general cycle in reactions (1.7)–(1.9). The nitrogen oxides come from the decay

of the chemically stable nitrous oxide (N2O), which originates from microbiological transformations

at the ground [Crutzen, 1970]. This was the first indication highlighting the connection between the
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thickness of the ozone layer and the biogeochemical cycles. In 1971, Harold Johnston revealed the

potential threat for the ozone layer from planned supersonic aircrafts. These aircrafts would be able

to fly at altitudes of about 20 km, and thus would be capable of releasing nitrogen oxides right in the

middle of the ozone layer [Johnston, 1971]. Crutzen’s and Johnston’s work gave rise to a very intense

debate among researchers as well as among technologists and decision-makers which contributed to

the decision to cancel the supersonic planes. In 1974, Mario Molina and Sherwood Rowland pointed

out that the chemically inert chlorofluorocarbon (CFC) gases -"freons", which were extensively used

in spray bottles or as the cooling mediums in refrigerators, could gradually be transported from the

troposphere up to the ozone layer [Molina and Rowland, 1974]. In the ozone layer, the intensive

ultraviolet radiation could photolize these gases into their constituents, resulting in notable chlorine

atoms which could destroy ozone.

In 1987, Mario and Luisa Molina proposed that ClO could react with itself to form a dimer, (ClOOCl),

which in turn could photolyze into Cl atoms, which contribute to ozone destruction [Molina and Molina,

1987].

2x(Cl +O3 −→ ClO+O2) (1.10)

ClO+ ClO −→ ClOOCl (1.11)

ClOOCl + hv −→ ClOO+ Cl (1.12)

ClOO+M −→ O2 + Cl +M (1.13)

Net : 2O3 −→ 3O2 (1.14)

This cycle of reactions (1.11)-(1.14) was later confirmed by aircraft measurements [Anderson et al.,

1989]. After a lot of debates during the late 1970s and early 1980s, Molina’s and Rowland’s work led to

restrictions on CFCs release.

In 1985 Joseph Farman and his colleagues, using a Dobson spectrophotometer, noted a drastic

depletion of the ozone layer over the Antarctic station of Halley Bay. This depletion, famously called

"the ozone hole", could neither be explained by transport processes nor by gas phase chemical reactions

[Farman et al., 1985, WMO, 1985]. Chlorine from the photolysed CFCs may reach the poles through

Brewer-Dobson circulation (see Sect: 1.2.2). These chlorine atoms react with methane (CH4) or NO2 to

form non-reactive hydrogen chloride (HCl) and chlorine nitrate (ClONO2). Paul Crutzen and Frank

Arnold proposed an alternative mechanism, where reactions on the surface of cloud particles in the

stratosphere (polar stratospheric clouds (PSC)) could convert the reservoir species of ClONO2 and HCl,

to a most reactive form, ClO [Crutzen and Arnold, 1986].

ClONO2 + HCl + PSCs −→ Cl2 + HNO3 (1.15)

Cl2 + hv −→ 2Cl (1.16)

The ClOx catalytic mechanism (1.11)-(1.14) can be activated with the first sun light, in spring.

The ozone depletion is more intense over Antarctica since temperatures during wintertime are low

enough (-78oC) to cause condensation of water and nitric acid (HNO3) to form persistent PSCs in the

lower stratosphere (15–25 km). Additionally, stratospheric aerosols, containing water and sulfuric acid



1.2 Tropospheric ozone 9

(H2SO4), may also provide the surface for reactions (1.15) and (F14). The polar vortex, also established

during winter, inhibits the exchange of Antarctic air with air masses from outside [Jacob, 2000].
For their contribution on stratospheric ozone chemistry, Molina, Rowland, and Crutzen shared the

1995 Nobel Prize in chemistry [Royal Swedish Academy of Sciences, 1995]. It was apparent that

anthropogenic emissions could cause significant depletion of the ozone layer in the stratosphere.

Ironically, during the same period of the later 1970s, it was realised that anthropogenic emissions could

also lead to ozone increases in the troposphere. In this case, the "good" ozone goes "bad", as it will be

discussed in the following section.

1.2 Tropospheric ozone

In the stratosphere and the upper atmosphere, ozone forms a protecting layer from ultraviolet radiation.

Meanwhile in the troposphere, ozone is a hazardous air pollutant, harmful to both human and plant

health, is a major component of urban smog, and acts as a greenhouse gas [Fowler et al., 2008,

UNEP/WMO, 2011, U.S. National Research Council, 1992, WMO/IGAC, 2012]. Ozone is naturally

present in the (unpolluted) troposphere, occupying approximately 10% of the total ozone column density.

Downward transport of ozone from the stratosphere (STE exchange) occurs either by stratospheric

intrusions at mid-latitudes or by wave breaking in the subtropics (552 Tg/yr [IPCC, 2013]). However,

the main source of tropospheric ozone is in-situ photochemical production (5110 Tg/yr [IPCC, 2013]).

Photochemical mechanisms being responsible for ozone production were first proposed by Haagen-Smit

[1952] and Leighton [1961]. By the beginning of the 1970s it was clear that carbon monoxide (CO) and

hydrocarbons, catalysed by hydroxyl radicals (HOx) and nitrous oxides (NOx), lead to ozone production

in the troposphere [Chameides, 1973, Crutzen, 1974]. It is estimated that approximately 30% of the

present day total ozone burden is attributed to human activity [Young et al., 2013]. Tropospheric ozone

losses are a result of photochemical processes (4668 Tg/year [IPCC, 2013]) and of deposition and

destruction at the earth’s surface (1003 Tg/year [IPCC, 2013]) [Crutzen, 1995, Jacob, 2000, Monks et

al., 2015, U.S. National Research Council, 1992, Young et al., 2013].
The sources of ozone precursors such as VOCs and NOx can be both anthropogenic and natural.

Anthropogenic VOC emissions are caused by combustion processes, energy production, biomass burning,

agriculture, solvent use, and chemical manufacturing, whereas the main sources for NOx are fossil

fuel combustion, transport, electricity production and industrial processes. The majority of emitted

NOx is in the form of NO while NO2 is mainly produced in situ by the oxidation of NO. The dominant

natural sources of VOCs are several kinds of terrestrial vegetation, mainly forests and of NOx are

lightning, biomass burning, and soil [EEA, 2016, Jacob, 2000, Monks et al., 2015]. According to model

studies, the net global chemical tropospheric ozone production from its precursors is about 450 ± 300

(1σ) Tg/year [Stevenson et al., 2006]. The global mean annual tropospheric ozone burden has been

simulated by models and is estimated to be equal to 337 ± 23 (1σ) Tg [IPCC, 2013]. Tropospheric

ozone concentrations have increased by 50–100% (mainly close to the surface) since preindustrial times

[Jacob, 2000]. Commonly observed surface ozone abundances range between less than 10 ppb (20

DU) over the tropical Pacific Ocean to more than 100 ppb (>50 DU) over polluted regions [IPCC, 2013,

Ziemke et al., 2011]. Ozone concentrations are higher in the northern than in the southern hemisphere,



10 Fundamentals

due to the excess of precursor emissions [Jacob, 2000]. The globally averaged tropospheric ozone

lifetime, calculated by two recent studies to be 22.3±2 (1σ) days [Stevenson et al., 2006] and 23.4

± 2 (1σ) days [Young et al., 2013], is comparable to the timescales of weather systems. However,

tropospheric ozone’s lifetime varies strongly with season, location and altitude. For example, in the

boundary layer its lifetime is in the order of a few hours (because it is more likely to be destroyed by

surface deposition and chemical reactions), whereas in the middle and upper troposphere its lifetime is

in the order of weeks to months [Cooper et al., 2014].

Figure 1.4: Zonal mean tropospheric ozone climatology (in Dobson Units) from OMI/MLS for the period

October 2004 until December 2010. Red dashed lines indicate the tropics (20 oN–20 os). Data found in:

https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/ [Ziemke et al., 2011].

Tropospheric ozone concentrations are characterised by low amounts (<24 DU) in the southern

tropics (∼10 oS) in winter to mid–spring and also in the northern and southern mid-latitudes in late

autumn to winter-spring (<30 DU). High tropospheric ozone columns (>40 DU) occur in the northern

mid-latitudes during summer and in the southern subtropics during autumn. The high tropospheric

ozone in the northern subtropics during spiring (March–May) are shifted to the summer months (June–

July) in the mid-latitudes (see Fig. 1.4). Tropospheric ozone accumulates in the tropical south Atlantic

throughout the year and in the Mediterranean/subtropical Asian region in the summer months [Ziemke

et al., 2011].

1.2.1 Tropospheric ozone chemistry

The concentration of ozone in the troposphere is controlled by chemical production and distraction

processes, loss at the Earth’s surface, transport, and vertical mixing in the atmosphere. Ozone formation

and removal is essential for tropospheric chemistry, since it is one of the most abundant oxidants in

the atmosphere, contributing greatly to the oxidation efficiency of the atmosphere. Oxidizing agents

(compounds that accepts electrons) are considered as the cleaning substances of the troposphere

which prevent the accumulation of many pollutants. They can be removed from the atmosphere

through electron transfer chemical reactions. However, ozone’s large bonding energies causes it to be

mainly active with radicals (atoms, molecules, or ions with unpaired valence electrons) [Jacob, 2000].
Nevertheless, ozone controls indirectly the oxidation efficiency of the atmosphere, since it is the primary
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tropospheric source of hydroxyl radical (OH). OH is a very strong oxidant, reacting rapidly with the

most reduced non-radical species, and especially with organic compounds, to produce water (H2O)

[Ehhalt, 1994, Jacob, 2000]. Therefore, tropospheric ozone indirectly controls the concentration and

lifetime of longer-lived greenhouse gases such as CH4 (lifetime ∼10 years), thereby affecting also the

carbon cycle [Cooper et al., 2014, Crutzen, 1974, Monks, 2005, Shindell et al., 2009].
The OH radical production, shown in the following reactions 1.17 – 1.19, depends on tropospheric

ozone abundance and on the Sun’s radiation (in the troposphere the O(1D) is produced in a narrow

wavelength band of 290–320 nm).

O3 + hv(< 320nm) −→ O2 +O(1D) (1.17)

O(1D) +M −→ O(3P) +M (1.18)

O(1D) + H2O −→ 2OH (1.19)

At night-time, the concentration of OH is almost zero (no photolysis of O3). Instead, another oxidant,

the nitrate radical (NO3), becomes more important. NO3 is generated at night by the reaction of NO2

with ozone. NO3 radicals further react with NO2 to produce N2O5 which is in equilibrium.

NO2 +O3 −→ NO3 +O2 (1.20)

NO3 + NO2 +M � N2O5 +M (1.21)

Reaction 1.20 also takes place during the day, however, NO3 is rapidly photolysed, and therefore the

concentrations of NO3 and N2O5 are both very low during the day-time.

NO3 + hv(< 590nm)� NO2 +O(3P) (1.22)

NO3 and N2O5 can react with water to create nitric acid (HNO3), which is later scavenged out from

the troposphere by precipitation (acid rain), since it has a high solubility in water [Jacob, 2000].
Ozone chemical loss in the troposphere is mainly driven through photolysis to produce O(1D) (Reaction

1.17), which later forms OH via reaction 1.19. An OHx catalysed cycle, similar to reactions 1.7 – 1.9,

also takes place in a remote (clean) troposphere, as shown in the following reactions 1.23 – 1.27 [Jacob,

2000].

O3 + hv(< 320nm) −→ O2 +O(1D) (1.23)

O(1D) + H2O −→ 2OH (1.24)

OH +O3 −→ HO2 +O2 (1.25)

HO2 +O3 −→ 2O2 +OH (1.26)

Net : 2O3 −→ 3O2 (1.27)

Although OHx photochemistry is the main ozone loss cycle in the troposphere (25–100% contribution),

halogen (specifically Br, and I) catalysed cycles of organic origin (via reactions 1.7 – 1.9) contribute by

15–30% to ozone loss in the tropical marine troposphere [Fowler et al., 2008, Saiz-Lopez et al., 2012].
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The reaction that produces ozone in the atmosphere, as discussed in subsection 1.1.3, is O+O2+M −→
O3 +M . The difference between stratospheric and tropospheric ozone formation lays in the source of

atomic oxygen (O) (reaction 1.3). Since little radiation with wavelengths less than 290 nm penetrates

the troposphere, the source of atomic O in the troposphere comes from the photolysis of NO2, which

produces O and NO at wavelengths less that 424 nm. However, NO will react with ozone, which leads

to a photochemical steady state known as the Leighton photo-stationary state [Leighton, 1961]. The

cycle is shown in the following reactions 1.28 – 1.30, and has no net effect on ozone.

NO2 + hv(< 424nm) −→ NO+O J1[s−1] R1 = J1[NO2] (1.28)
NO+O3 −→ NO2 +O2 k2[cm3molec−1s−1] R2 = k2[NO][O3] (1.29)
O+O2 +M −→ O3 +M k3[cm6molec−2s−1] R3 = k3[O][O2] (1.30)

At daytime, the photolysis of NO2 (Reaction 1.28) balances the NO loss. At night, and when NO

concentrations are too high, reaction 1.29 is dominant, resulting in ozone loss (NOx titration). At one

point, NO2 is being destroyed and reformed so fast that a steady-state equilibrium between reactions

1.28–1.30 is reached [Seinfeld and Pandis, 2006]. The equilibrium concentration of ozone is then:

[O3]PSS =
J1[NO2]
k2[NO]

. (1.31)

The ratio between NO and NO2 depends on the local concentration of ozone, the photolysis frequency

(J1) of reaction 1.28 and the rate coefficient (k2) in reaction 1.29. If typical concentrations of NO and

NO2, and typical values for (J1) and k2 are substituted to equation 1.31, the concentrations of O3 are

much less than the observed ones for the free troposphere [Wallace and Hobbs, 2006].
While the Leighton relationship is important for recycling NO and NO2, it can not represent a

production mechanism for tropospheric ozone since it does not lead to net ozone production. Hence,

another mechanism that includes methane (CH4) was proposed by Chameides [1973] and Crutzen

[1974], who suggested that the methane oxidation provides a photochemical source of odd oxygen and

consequently of ozone in the troposphere. Today we know that tropospheric ozone is produced as a

by-product of volatile organic compounds (VOCs) oxidation (plus carbon monoxide (CO), methane

(CH4), and non-CH4 hydrocarbons), which takes place in the presence of nitrogen oxides (NOx) to

produce organic oxy and peroxy radicals (RO and RO2). In general, the tropospheric ozone production

cycle is summarised in the following reactions 1.32 – 1.39, where R is an organic group, in the simplest

form CH3, and R’ is an organic group having one less carbon atom than R [Jacob, 2000].

RH +OH −→ R+ H2O (1.32)

R+O2 +M −→ RO2 +M (1.33)

RO2 + NO −→ NO2 + RO (1.34)

RO+O2 −→ R′CHO+ HO2 (1.35)

HO2 + NO −→ NO2 +OH (1.36)

NO2 + hv(< 424nm) −→ NO+O(×2) (1.37)
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O+O2 +M −→ O3 +M(×2) (1.38)

Net : RH + 4O2 + hv −→ 2O3 + R′CHO+ H2O (1.39)

In the troposphere, this cycle is also known as the methane photochemical oxidation cycle. Another

cycle with the oxidation of CO is present in the troposphere, where HO2 fulfills a similar role with

RO2. The carbonyl products (e.g. formaldehyde (R’CHO)) can afterwards react with OH or photolize to

generate more HOx radicals and finally produce more ozone (branching) or react with OH to continue

the propagation of the chain reactions. The chain is terminated by the loss of hydroperoxy (HOx) and

peroxy (ROx) radicals [Holloway and Wayne, 2010, Jacob, 2000, Lightfoot et al., 1992, Wallace and

Hobbs, 2006].
There are two main pathways for the HOx and ROx loss:

• When NOx is too low:

Hydroperoxy and peroxy radicals react with each-other, instead of with NO, and to produce

peroxides according to reactions 1.40 and 1.41,

HO2 + HO2 −→ H2O2 +O2 (1.40)

RO2 + HO2 −→ ROOH +O2 (1.41)

or with ozone to produce OH (O3 loss):

HO2 +O3 −→ OH + 2O2 (1.42)

H2O2 is removed from the atmosphere by deposition or it can also photolyse or react with OH.

H2O2 + hv −→ 2OH (1.43)

H2O2 +OH −→ HO2 + H2O (1.44)

• When NOx is too high:

The dominant sink for HOx is the reaction of OH with NO2:

NO2 +OH +M −→ HNO3 +M (1.45)

The net tropospheric ozone production depends on the rate of reactions 1.34 and 1.36, that regenerates

NO2. Each time an RO2/HO2 molecule reacts with NO, an additional "new" O3 molecule is produced

since the resulting NO2 is formed without any ozone molecule consumption, as shown in reaction 1.29

(the ratio [NO2]/[NO] in equation 1.31 increases).

The production of ozone is then given by the following relation:

PO3
= k34[RO2][NO] + k36[HO2][NO]≈ 2k36[HO2][NO] (1.46)

Assuming an efficient HOx recycling (reactions 1.32–1.36), the rate of HOx production is balanced by

its loss through reactions 1.40 and 1.42:
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PHOx
= LHOx

= k40[HO2]
2 + k45[NO2][OH][M] (1.47)

The limited concentrations of VOCs and NOx levels have a strong effect on ozone production in the

troposphere.

• NOx limited regime (Low NOx concentrations)

The rate of reaction 1.40 is much greater than the rate of reaction 1.45. This means that the

principal sink of HOx is reaction 1.40. For this reason, the second right part of equation 1.47 can

be neglected. The steady-state concentration of HO2 under low NOx conditions is then:

[HO2]∼=
√√√ PHOx

k40
(1.48)

Substituting this concentration to equation 1.46 yields:

PO3
∼= 2k36

√√√ PHOx

k40
· [NO] (1.49)

indicating that the rate of ozone formation is linearly related to the concentration of NO, and

independent of VOCs concentration [Jacob, 2000, Seinfeld and Pandis, 2006].

• VOCs limited regime (High NOx concentrations)

The rate of reaction 1.40 is much smaller than the rate of reaction 1.45. This means that the

principal sink of HOx is reaction 1.40, and that the first term of relation 1.47 can be neglected.

From Eq. 1.47:

[OH] =
PHOx

k45[NO2][M]
(1.50)

But the concentration of OH is the balance between production from reaction 1.36 and loss from

reaction 1.32:

[OH] =
k36[HO2][NO]

k32[RH]
(1.51)

From Eq. 1.50 and 1.51, the steady-state concentration of HO2 under high NOx conditions is

then:

[HO2]∼=
PHOx

k32[RH]

k36k45[NO][NO2][M]
(1.52)

Substituting now this [HO2] concentration to equation 1.46 the ozone production is:

PO3
∼= 2k32

PHOx
[RH]

k45[NO2][M]
(1.53)

meaning that ozone production is linearly related to VOCs concentrations and inversely related

to NOx concentrations (increased NOx result in lower O3 concentrations) [Jacob, 2000, Seinfeld

and Pandis, 2006].
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Figure 1.5: a) Two typical dimensional peak ozone isopleths from the EKMA (Empirical Kinetic Modeling Approach)

model [Dimitriades and Dodge, 1983], versus the initial VOCs and NOx mixing ratios. b) Two-dimensional plot

of the VOC- NOx limited regions. The VOC-limited region (Point D) is located in a highly polluted urban area

while the NOx limited region (point A) is typical for a rural area, downwind of a suburban or urban areas (Figure

adapted from: Finlayson-Pitts and Pitts [2000]).

The ratio of VOCs to NOx ambient concentrations (the differentiation between NOx sensitive and

VOCs sensitive regime) plays a key role in the rate of ozone production. The EKMA (Empirical Kinetic

Modelling Approach) [Dimitriades and Dodge, 1983], is a simple box model which can be used to

estimate the amount of ozone produced from various ambient VOCs and NOx concentrations. The

results of the ozone amounts produced by this model have been later tested with environmental chamber

data [Finlayson-Pitts and Pitts, 2000]. According to EKMA, which assumes an absence of large transport

of ozone into a region, a VOC to NOx ratio of about 8/1 is optimal for ozone production. Figure 1.5.a

shows the peak ozone isopleths (in ppm) as a function of VOC (in ppmC) and NOx concentrations (in

ppm). The VOC limited regime occurs when VOC/NOx less than 8/1, whereas the NOx limited regime

occurs when the VOC/NOx is much more than 8/1 (below the 8/1 line). The same data are plotted

in a 3-dimensional contour plot (Figure 1.5.b), where the overall shape of the contours gives useful

information about the O3 production regime, and consequently of measures to reduce VOCs or NOx

emissions, meant to reduce O3 abundances [Finlayson-Pitts and Pitts, 2000].

At high VOCs/NOx ratios (NOx -limited regime, point A in Fig. 1.5.b), a decrease in VOCs while

keeping NOx emissions constant (moving along the AB line) results in a slight reduction of O3. However,

decreasing NOx concentrations while keeping VOCs-levels constant (moving along the AC line), is much

more effective in reducing O3. High VOCs/NOx ratios are typical for rural and suburban downwind

areas. When VOC/NOx ratios are low (VOCs-limited regime), point D in Fig. 1.5.b, a reduction in VOC

while NOx concentrations remain constant (moving along the DE line) results in a reduction in O3

concentrations. However, reducing NOx while VOC is constant (moving along the DF line), increases

O3 until one point. These ratios are typical for polluted urban areas. It is important to note that, while

the EKMA model is a very useful simplified approach, which links the precursors concentrations with



16 Fundamentals

instantaneous ozone production, it does not include complex meteorology which could explain the

ambient ozone concentrations. Mixing, long-range transport, boundary layer inversions, and deposition

can strongly influence the ambient ozone concentrations in the areas with precursor emissions, and in

its downwind regions [Finlayson-Pitts and Pitts, 2000, Sillman et al., 1999].

1.2.2 Transport and mixing of tropospheric ozone

The differential heating of the Earth by the Sun at various latitudes activates atmospheric motions

with air-masses rising up at the Equator, moving polewards within the tropical upper troposphere,

and descending due to adiabatic cooling at the subtropics (∼ 30o). The dominant transport pathway

in the tropics follows the surface trade winds, propagating from north (south) east direction towards

the Equator. Trade winds consist of the surface manifestation of the overturning circulation, called

the Hadley cell (see Fig. 1.6). The trade winds meet with the extra-tropical westerly winds (Ferrel

cell), and a subtropical high-pressure belt appears on the surface [Wallace and Hobbs, 2006]. Right

above it, close to the tropopause, the wind stress produces a counterclockwise circulation called the

subtropical jet stream, with wind speeds reaching 442 km/h [Seinfeld and Pandis, 2006]. However,

this idealised tropical circulation pattern does not totally represent the reality. The low pressure belt

where the northeast and southeast trade winds come together, called the Inter Tropical Convergence Zone

(ITCZ), follows the location of the thermal equator. Therefore, the ITCZ position varies with the seasons,

moving northwards in summer and southwards in winter [Seinfeld and Pandis, 2006, Wallace and

Hobbs, 2006]. The ITCZ location is linked with deep convective clouds occurrences and heavy rainfall.

This global circulation pattern contributes to the long-range transport of atmospheric pollutants.

Due to its chemical lifetime (∼22 days), which coincides with the timescales of tropical cyclones,

frontal zones, and weather systems, tropospheric ozone can be regionally, intercontinentally and

hemispherically transported. Several studies have shown that ozone and its precursors are redistributed

from their production area or their emission source to remote regions [Diab et al., 2003, Martin et al.,

2002, Sauvage et al., 2006]. For example, tropospheric ozone originating from eastern China increases

the ozone abundance over Japan and North America’s West Coast [Cooper et al., 2010, Oltmans et al.,

2013, Parrish et al., 2009, Verstraeten et al., 2016]. Additionally, high tropospheric ozone amounts

over the southern Atlantic ocean originate from ozone precursors released from biomass burning in

south America and Africa which are transported there through pressure systems, such as cyclones [Diab

et al., 2003, Martin et al., 2002]. In smaller scales, convection influences tropospheric ozone and its

precursors burden by redistributing them via vertical mixing. Lower tropospheric ozone is lifted up to

the upper troposphere (UT) where ozone lifetime is longer, while due to mass balance conservation,

this UT air, rich in O3, mixes and submerges into regions where ozone lifetime is shorter. As a result,

the UT O3 as well as the overall tropospheric O3 column decreases [Doherty et al., 2005].

Besides the typical circulation pattern of the atmosphere, there are also seasonal and irregularly

periodical circulations that influence tropospheric ozone concentrations in the tropics. The El Niño

Southern Oscillation (ENSO) is one of the most important ocean-atmosphere interconnections in the

tropics. Under regular (neutral) conditions, the sea-level pressure is higher on the East than on the West

Pacific ocean. This difference in the sea surface pressure and temperature results in a zonal circulation
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Figure 1.6: North hemisphere longitudinal section showing the Hadley, Ferrel, Polar cells, the sub-tropical and

polar jet streams, and the tropopause elevations (Figure taken from NOAA/NWS: http://www.srh.noaa.gov/
jetstream/global/jet.html).

known as the Walker circulation (see Fig. 1.7 top), which consists of rising and sinking cells. Air masses

strongly rise over the western Pacific ocean (warm pool), and more weakly over eastern Africa and

northern South America. The upwelling branches are related to deep convective clouds and heavy

precipitation. The loops are closing with descending branches of dry air over the eastern Pacific Ocean

and the Arabian Sea [UNEP, 1986]. During El Niño events, the sea-level pressure in the western Pacific

exceeds the normal climatological values so that the easterly surface winds are weakened [Wallace

and Hobbs, 2006]. Figure 1.7 (middle) shows the modification of the Walker circulation due to the

anomalous ocean warming in the central and eastern Pacific (orange) which drives a rising branch of

the Walker Circulation over the East Pacific Ocean and eastern Africa, while the descending branches

are shifted to the Indonesian/West Pacific Ocean and northern South America. La Niña conditions

follow the El Niño events (Fig.1.7 bottom), when the sea surface temperature in the western Pacific

are even warmer and in the eastern Pacific, even colder than normal, which is similar to an enhanced

case of the neutral conditions. The temperature, humidity, biomass burning emissions, and thus trace

gases emissions including ozone, are strongly affected by these events which can even last for a whole

year. The ENSO effects on troposperic ozone have been extensively studied and documented by use

of ground-based measurements and global chemical transport and general circulation models (e.g

[Chandra et al., 2009, Doherty et al., 2006, Murray et al., 2013, Neu et al., 2014, Oman et al., 2011,

Randel and Thompson, 2011, Randel et al., 2009, Thompson et al., 2001, Valks et al., 2003, Ziemke et

al., 2010].
The monsoon circulation is another cause of surface winds with seasonal variation. During summer,

the southeast trade winds from the south hemisphere that cross the equator are refracted eastwards in

the Northern Hemisphere due to the Coriolis effect, thereby forming an arc. The opposite circulation

takes place in winter [Wallace and Hobbs, 2006]. As a result, clean ozone air reaches the Indian ocean

in summer and polluted continental air masses in winter [Loschnigg and Webster, 2000, Yonemura et

al., 2002]. The Madden-Julian Oscillation (MJO) is an intra-seasonal (30-60 days) eastward propagating

disturbance of clouds, rainfall, winds, and pressure in the tropics [Madden and Julian, 1971]. The

MJO is divided into two phases producing a dipole. The first one, wherein the rainfall is enhanced,

and the second one, wherein the rainfall is suppressed. MJO can affect the occurrence and strength of

monsoons and tropical cyclones, modulate the subtropical jet stream, and cause extreme heat events or
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Figure 1.7: Standard Walker Circulation for December-February during neutral (Top), El Niño (middle), and

La Niña (bottom) conditions. (Figure taken from NOAA: https://www.climate.gov/news-features/blogs/
enso/walker-circulation-ensos-atmospheric-buddy, drawing by Fiona Martin.)
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floods. The MJO events influence the atmospheric composition, including ozone. Ziemke et al. [2015]
showed that the MJO has a bigger impact on tropical tropospheric ozone than ENSO (by a factor of

∼3-10), however they appear only in weekly time scales.

Tropospheric ozone abundance is also influenced by the exchange of air masses from the stratosphere

to troposphere (STE) (552 Tg/year [IPCC, 2013]). There are also cases where deep convection

penetrating the tropopause, decreases regionally the tropospheric ozone columns [Fueglistaler et al.,

2009, Hong et al., 2007]. However, tropopause folds and wave breaking, mainly in the middle latitudes

during winter/spring, are significant sources of ozone-rich air to the troposphere [Lamarque et al.,

2005, Neu et al., 2014, Terao et al., 2008, Zanis et al., 2003]. This process is balanced with ozone-poor

air masses entering the stratosphere, mainly in the tropics via the Brewer Dobson (BD) circulation. The

Brewer-Dobson circulation consists of the meridional transport of air from the tropics to the poles. The

air masses from the ozone production region (mid- to upper stratosphere) descent at the polar (north

hemisphere) or extra-tropical (south hemisphere) lower stratosphere, where ozone lifetime is longer,

thereby accumulating ozone. During autumn and winter, BD is stronger in the Northern hemisphere

than in the south, resulting in higher total ozone values in the Arctic in comparison to the Antarctic

[Brewer et al., 1949, Butchart et al., 2014, Castanheira et al., 2012, Dobson, 1956, Holloway and Wayne,

2010, Stevenson et al., 2000]. An increase in the tropical upwelling is expected to reduce both lower

stratospheric ozone and the total column ozone in the tropics, increasing the UV-B radiation reaching

the troposphere [WMO, 2014]. This could result in an enhance of tropospheric ozone photolysis

(photochemical ozone sink). However, the increase of UV-B radiation at the surface would also lead

to increased concentrations of OH (hydroxyl radicals) and subsequently increased concentrations of

HO2 and RO2 radicals, which could enhance the production of ozone if NOx are available (e.g. in

maga-cities) [UNEP, 1998].

The quasi-biennial oscillation (QBO) is the dominant source of inter-annual variability in the tropical

stratosphere. QBO is the quasi-periodic oscillation of stratospheric zonal wind above the equator

between the easterlies (winds moving toward the east) and the westerlies (winds moving toward the

west) with a mean period of ∼26 months. These wind regimes transport momentum, and propagate

downwards with a rate of 1 km per month, until they are degraded at the tropical tropopause [Plumb

and McEwan, 1978, Rohli and Vega, 2011]. The east phase QBO winds are approximately two times

stronger and last longer than the west phase winds [Baldwin et al., 2001, Rohli and Vega, 2011]. QBO

affects the temperature structure and the photochemistry of the stratosphere, along with the Brewer

Dobson circulation [Mohankumar, 2008]. Ziemke and Chandra [1999] showed that there is a response

of QBO on tropospheric ozone in anti-correlation with the stratospheric ozone with a 3 months delay.

The descending QBO westerlies are associated with a downward motion in the tropics and an upward

motion in the subtropics. Weakening the normal Brewer Dobson circulation in the tropics, tropospheric

ozone is increased in the tropics and decreased in the subtropics. The descending easterly phase of the

QBO enhances the Brewer Dobson circulation in the tropics resulting in decreased tropospheric ozone

in the tropics and increased tropospheric ozone in the subtropics [Bruhwiler and Hamilton, 1999].
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1.2.3 Deposition of tropospheric ozone

The rate of tropospheric ozone deposition on land, water and vegetation determines its exposure time

in biosphere. Ozone being a reactive gas and potent oxidizing agent, deposits on most surfaces simply

by oxidative reactions [Grontoft et al., 2004].

Ozone’s dry deposition is being measured using micrometeorological methods. It has been estimated

to have a positive flux of 1003 Tg/year [IPCC, 2013]. Most deposition models use resistance analogies

Figure 1.8: Pathway of resistances (R) to dry deposition of ozone.

which simulate the deposition or exchange of ozone between the atmosphere and surface (see Fig. 1.8).

These resistances parameterize fundamental physical, chemical and vegetative factors [Wesely and

Hicks, 2000]. In Fig. 1.8, Ra represents the aerodynamic resistance above the surface and depends

mainly on the local atmospheric turbulence conditions, Rb represents the diffusivity of ozone, and Rc

represents the ability of leaf stomata, vegetation cuticle, in-canopy chemistry and soil to act as an ozone

sink.

Stomatal openings are used by plants to control their humidity level and to receive CO2 for photo-

synthesis. During this procedure, plants take up ozone as well, which contributes to their oxidation.

Somata are usually open during sunlit hours, although humidity, temperature and aerosols may change

this behavior. Although stomatal uptake (Rc1
) is the main factor regulating surface fluxes during day

time [Fowler et al., 2009], other processes (non-stomatal uptake) are dominant during nigh-time. The

non-stomatal uptake (Rns) comprise the reaction of ozone with the cuticle of the plants (Rc2
), the

in-canopy chemistry, and the deposition on soil (Rc3
). Rns is the sum of Rc2

, Rc3
and Rc4

and is usually

calculated as the residual term from the total deposition flux, Rc minus the stomatal flux, Rc1
, in a
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parallel circuit analogy [Monks et al., 2015, Zhang et al., 2003]:

Rns =
�

1
Rc
− 1

Rc1

�−1

,

where:

Rc =

�
1

Rc1
+

1
Rc2
+

1
Rc3
+

1
Rc4

�−1

While ozone has a low solubility in open water [Battino et al., 1983], its deposition into the ocean

comprises almost 40% of the total annual surface dry deposition [Hardacre et al., 2015]. The type

of underlying vegetation, the degree of water turbulence and opacity, and the presence of reactive

chemical compounds can strongly influence ozone solubility in water [Monks et al., 2015]. Large

NO soil emissions and VOCs from vegetation can rapidly destroy or produce ozone over the canopy

(in-canopy chemistry) [Coyle et al., 2005, Kurpius and Goldstein, 2003, Neirynck et al., 2012]. Surface

temperature and solar irradiance can also increase ozone deposition by increasing the reaction rates

between ozone and hydrocarbons over the canopy [Coyle et al., 2009, Fowler et al., 2009].

1.2.4 Impact of tropospheric ozone on climate and air pollution

Figure 1.9: Radiative forcing, (RF), (hatched) and effective radiative forcing, (ERF), (solid) of several forcing

agents and their confidence level for the period 1750–2011. (Figure taken from: Stocker et al. [2013], as part of

the Physical Science Basis, contributing in the Working Group I (WGI) to the Fifth Assessment Report (AR5) of

IPCC [2013]).

Tropospheric ozone is considered to be the third most important anthropogenic greenhouse gas, after

CO2 and CH4 (see Fig. 1.9) [IPCC, 2013]. In the troposphere, ozone can interact both with solar as well

as with terrestrial radiation in the infra-red (IR) wavelengths (700 nm–1 mm). Since ozone strongly
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absorbs thermal IR (maximum absorption at 9.6 μm), the molecule heats and vibrates. After absorption,

the O3 molecule gives up the extra energy by emitting photons in the IR region. By this process, O3 traps

the outgoing terrestrial IR radiation, and warms the upper troposphere and lower stratosphere. For this

reason, a change in ozone distribution causes radiative forcing (RF). Radiative forcing is the change

in net downward radiative flux at the tropopause, after allowing stratospheric temperatures to reach

radiative equilibrium, while holding surface and tropospheric temperatures and state variables constant

at the unperturbed values, representing pre-climate change conditions [IPCC, 2007]. Another term

which can be used is effective radiative forcing (ERF), which is the change in net top of the atmosphere

(TOA) downward radiative flux after allowing atmospheric temperatures, water vapour and clouds to

reach equilibrium, while surface temperature or a portion of the surface conditions remain unchanged

[IPCC, 2007]. The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)

states that changes in tropospheric ozone between the years 1750 and 2010 have caused a positive RF

of about 0.40 W·m−2 (90% confidence range: 0.20 to 0.60 W·m−2) [IPCC, 2013, Myhre et al., 2013].
RF from tropospheric ozone is maximum in the tropics (+0.6 to 1 W·m−2) and is strongly dependent

on location and distribution of its precursor emissions (NOx , CO, CH4, VOCs, and non-methane volatile

organic compounds (NMVOCs)) [Myhre et al., 2013].

Ground level ozone is an important atmospheric pollutant. Mainly in large urban areas, where

meteorological conditions favor boundary layer inversions, ozone precursors can lead to extremely high

ozone concentrations that last for several days. The highest ever recorded hourly average O3 mixing

ratio was 680 ppb, in Los Angeles in 1955 [Seinfeld and Pandis, 2006]. These high concentrations

which mostly occur in summer, are broadly known as Los-Angeles or photochemical smog episodes

(smog=smoke+fog), and receive significant attention due to their impact on human health and visibility.

Air pollution is strongly linked with climate change, affecting the Earth’s climate regionally and globally,

and, inversely, climate change may impact air pollution events [WMO/IGAC, 2012]. Climate change

effects tend to balance some of the tropospheric ozone increase driven by emissions [IPCC, 2013]. For

example, the increased sea surface temperatures may result in enhanced water vapor concentrations,

which in combination with low overhead (stratospheric) ozone, results in high actinic fluxes of λ <
340 nm, which maximizes the efficiency of ozone loss [Rex et al., 2014]. The enhanced water vapour

and OH concentrations can also affect the rates of CH4 oxidation, further reducing the lifetime of

tropospheric CH4. Stevenson et al. [2000] calculated that the lifetime of CH4 will decrease by 5–12%

between the years 1990 and 2100. Lower CH4 concentrations lead to reduced tropospheric ozone. Since

the photochemical ozone production depends on NOx concentrations, additional water vapour can

cause more NOx to be dissolved in water molecules and to be converted to nitric acid (HNO3), which

later can be removed from the atmosphere through precipitation [Grewe et al., 2001]. On the other

hand, controls on anthropogenic emissions of CH4 in order to control ozone abundances on the surface,

have a positive feedback on climate change since CH4 is also a powerful greenhouse gas. However, NOx

emissions also control the lifetime of CH4, and is more likely to cause warming, although it might be

expected to have a cooling effect as they could reduce tropospheric ozone concentrations [IPCC, 2013].
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1.2.5 Impact of tropospheric ozone on biosphere

Ozone is a strong oxidant and can cause direct and indirect oxidative damage to biological cells. As an

allotrope of oxygen, ozone can displace O2 in the lungs, causing respiratory problems. The impacts may

vary from changes in lung functioning to asthma or premature mortality [Fowler et al., 2008, WHO,

2006]. Enhanced ozone is also linked to chronic obstructive pulmonary disease (COPD) and to lung

cancer [Burnett et al., 1997, Lelieveld et al., 2015, Medina-Ramon et al., 2006, Uysal et al., 2003].
Ozone may also affect heart functioning, causing arrhythmia that increases the risk of a stroke [Rich et

al., 2006]. It can also irritate the eyes, causing red and itchy eyes. Respiratory problems, caused by

exposure to ozone, are responsible for roughly 150,000 deaths per year [Lim et al., 2012]. Increasing

tropospheric ozone concentrations, is expected to increase the mortality and hospital admissions. An

increase of ozone exposure in the order of 10 μg/m3 may increase the daily mortality by 0.3%, and the

heart diseases by 0.4% [WHO, 2015]. According to the European Union (EU) Air Quality Directive,

the maximum daily 8-hour mean exposure limit is 120 μg/m3, whereas according to the World Health

Organization (WHO) air-quality guidelines (AQGs), it is 100 μg/m3. The 1 hour information threshold

defined in the EU Ambient Air Quality Directive is 180 μg/m3 and the alert threshold, is 240 μg/m3

[EU, 2008, WHO, 2006]. In 2014, 16 out of the 28 EU member states exceeded the surface ozone

concentrations limits for the protection of human health set by the EU. It was estimated that in 2014

around 96 % of the EU-28 urban population lives in areas where the ozone levels are higher than the

WHO AQG threshold for human health protection [EEA, 2016].

Figure 1.10: Current premature mortality due to ozone pollution (2000–1850). The results from a 14 models are

presented in deaths/year per 1000 km2 (Figure taken from: Silva et al. [2013].)

Plants are also affected by ozone; during respiration, ozone enters the leaves, causing chlorosis

and necrosis, reducing the photosynthetic ability of the plants and the seed production [Monks et al.,

2015, U.S. Department of Agriculture, 2012]. The impact is more intense above a threshold of 40 ppb,
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although it depends on the species and the environmental conditions [Felzer et al., 2004, WHO, 2015].
A study by Van Dingenen et al. [2009] on four crop types including, wheat, soybeans, rice and maize,

estimated that current ozone levels cause yield losses of 3-16%, and is dependent on crop type and

modeling assumptions. The same study estimated that for the year 2000, the economic loss was in the

range of 14-26 billion dollars. According to model results, China, India, and USA are the most affected

countries by crop damage due to ozone [Monks et al., 2015]. In 2013, the EU vegetation protection

limit for ozone (40 ppb (AOT40)) was exceeded in about 21% of the EU-28 agricultural land area

mainly in southern Mediterranean regions [EEA, 2016].

1.3 Absorption spectroscopy∗

1.3.1 Electromagnetic radiation

Electromagnetic radiation is a form of energy, of which oscillating electric and magnetic waves propagate

through space with the speed of light (c≈ 2.998 · 108 m/s in vacuum), thereby also having a particle-like

nature (photons). Electromagnetic radiation has certain characteristics as frequency, ν and wavelength

λ, related by:

c = ν×λ (1.54)

Figure 1.11: Sketch of the electromagnetic spectrum at different wavelength (m) ranges from γ-rays to radio

waves. (Figure taken from: http://www.livescience.com/38169-electromagnetism.html)

The electromagnetic spectrum is divided into 7 general regions (see Fig 1.11). γ and X rays reach to

30 nm, UV radiation extends at wavelengths between 100 nm and 390 nm, visible radiation ranges

between 390 nm to 780 nm, IR from 780 nm to 1 mm, and wavelengths longer than 1 mm are known

as microwave and radio-wave radiation. The γ and X-ray region usually characterises radiation by the

photon energy (eV), the UV and visible region usually characterises radiation by wavelengths in nm,

the IR region characterises radiation by the wavenumber (1/λ = ν/c) in cm−1, and the radio wave

region characterises radiation by the frequency (Hz). The UV-region is subdivided into 4 regions. The

short wavelength region (100 - 200 nm) is commonly called vacuum-UV, since it is absorbed very easily

and can only be studied in vacuum. The other regions are UVC (200 – 280 nm) which is absorbed at

∗This section has been based on Wallace and Hobbs [2006], Liou [2002], and Burrows et al. [2011]
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the upper atmosphere, UVB (280 – 320 nm), and UVA (320 – 400 nm) that are mainly absorbed in the

stratosphere, however they can reach the ground. According to Plank–Einstein relation, the energy, E,

of a photon is related with the frequency of radiation:

E = hν= hc/λ (1.55)

where h=6.626×10−34 Js, denotes the Plank’s constant.

Except from the wave-like nature, electromagnetic radiation can also be described as a stream of

particles. When passing through the atmosphere is either scattered or absorbed. It is possible that

a photon collides with a molecule and that the molecule remain unaffected but the photon changes

direction. This procedure is called "Rayleigh scattering" and depends on the wavelength of the light

(I∝ 1
λ4 ). Rayleigh scattering is responsible for the colors of the sky, e.g. blue is dominant since the

scattering is larger for shorter wavelengths, and the sunsets are red since it is the remaining light after

the loss of all blue scattered light, due to longer light path through the atmosphere. Scattering in the

atmosphere may also occur from larger constituents such as aerosols, particles or clouds. In this case

the dimension of the matter is comparable to the wavelength of the photon and such scattering is

called "Mie scattering". Mie does not depend so strongly on wavelengths as Rayleigh scattering (I∝ 1
λα ,

where α is the Ångstöm exponent which is large for small particles and small for larger particles (e.g.

≈1.3.), and produces the white color of the clouds and fog. It is also responsible for the white blaze

around the sun when sufficient particulate matter is present in the atmosphere. Compared to Rayleigh

scattering, Mie has a much stronger distribution of the scattered light on the forward direction. Due

to the corresponding matter size, the geometric scattering is not considered in clear-sky conditions.

Except from scattering, the photons can be absorbed by molecules which undergo an internal energy

change. Raman scattering is a weak interaction of radiation with matter that can be described partly

as scattering and partly as absorption. It can best be described as the interaction of light with an air

molecule that changes its energy state of excitation during the scattering process. The photon transfers

part of its energy to the molecule, or loses a part of its energy.

1.3.2 Molecular energy states

A molecule is an electrically neutral group of two or more atoms held together by chemical bonds. A

molecule may absorb or emit electromagnetic radiation by a transition to a higher or lower energy level.

The absorption or emission can occur only in quanta (discrete changes of energy, ΔE), as described

in Eq. 1.55. This means that its internal energy is quantised and it has discrete energy states. The

molecular energy states consist of: the rotation (angular momentum) of the entire molecule (rotational

energy states), the vibration of the atoms that the molecule consists of (vibrational energy states), and

the changed configuration of the electrons (electronic energy states).

The rotational energy levels are calculated as:

Ej = B · J(J + 1) (1.56)

with B =
ħh2

2Θ
denoting the rotational constant of the particular molecule and its rotation mode (rotation

axis) with moment of inertia Θ. ħh is equal to the Planck constant divided by 2π, and J is the rotational
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quantum number. For a rotational transition, the molecule should have a dipole moment with ΔJ = ±1.

The energy difference between two allowed rotational states is:

ΔEj = Ej+1 − Ej = 2B(J + 1)∝ J (1.57)

Consequently a rotational band consists of a series of equally spaced lines with the difference between

them being 2B. 2B ranges between 10−3–100−2 eV, meaning that the pure rotational transitions may

occur at wavelengths in the sub– to microwave region.

Molecular vibrations can be described by harmonic oscillations with their energy levels given by:

ΔEν = (ν+
1
2
) ·ħhω0∝ ν (1.58)

where ν is the vibrational quantum number (vibration level), ω0 is the oscillation frequency, and

1/2ħhω0 is the zero point energy of the molecular oscillator. The energy of each vibrational state is

proportional to their vibrational quantum number, ν. The oscillation frequency is in the order of 0.1 eV

(∼24,000 GHz) which corresponds to the infrared wavelength region. Only molecules with an inertia

dipole moment (such as greenhouse gases) or dipole moment created by vibration can absorb in the

IR. The selection rule for a vibrational transition is Δν = ±1. Each vibrational state is subdivided into

rotational levels. During vibrational excitations at ambient temperatures, the molecules are likely to be

also rotationally excited.

Figure 1.12: Franck-Condon principle diagram for a diatomic molecule. The curves represent the electronic

energy levels (E0 is the ground, and E1 is the excited electronic state) as function of the distance between the

nuclei of the atoms within the molecule. The lines marked with ν describe the vibrational states, and the green

lines above the ν”= 0 vibrational levels represent the rotational states.

The electronic energy states result from changes in the configuration of the electrons in the molecule

(orbital change). Each electronic state consists of a set of ro-vibrational states. There are no simple
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selection rules for electronic transitions which are determined by the quantum mechanical characteristics

of the individual states. Figure 1.12 shows the electronic and ro-vibrational energy levels of two

electronic states of a diatomic molecule. Also, over-plotted are the variations of the probability density

functions, ψ2, with the internuclear distance, where ψ is the vibrational wave function. Electronic

transitions occur vertically as following the Frank-Condon principle. In quantum mechanics, the Franck–

Condon principle states that the molecule undergoes a transition to an upper vibrational state which

most closely resembles the vibrational wave-function of the vibrational ground state of the lower

electronic state. The two wave-functions in Fig. 1.12 that have the greatest integral overlap of all the

vibrational states are the ones connected with a blue arrow which indicate the most probable electronic

transition in an excited state.

A transition between electronic and vibrational states might cause an energy difference between the

absorbed and the emitted photon. For example, the molecule may absorb a photon and decay back

to the ground state, with the emitted and absorbed photons having the same energy and frequency.

This is the case of the Rayleigh scattering. There is also the case where a molecule decays to a higher

energy level than it originated from, and the emitted photon has lower energy than the absorbed one.

This case is called Stokes shift. The opposite case, where the molecule decays to a lower state than the

one that it originated from, and the emitted photon has higher energy than the absorbed one, is called

anti-Stokes shift.

As a first approach, the change in the total energy of a diatomic molecule can be approximated by:

ΔEtotal =ΔErotation +ΔEvibration +ΔEelect ronic . The orders of magnitude of these respective changes

are ΔEelect ronic ≈ΔEvibration × 103 ≈ΔErotation × 106, so that the vibrational transitions may create

coarse structure, and the rotational transitions more fine structure in a spectra. Thus, the absorption

lines of molecules are not practically lines. They have finite width due to the inherent uncertainty of

their quantised energy levels which is referred as "natural broadening". The shifting of frequencies,

when gas molecules experience incident radiation, due to their random motions (Brownian motion)

toward or away from the source of radiation is called "Doppler broadening" (Gaussian distribution). The

"pressure or collisional broadening" is associated with the molecular collisions that reduce the lifetime of

the excited state below the one that determines the natural line width (Lorentzian distribution).

1.3.3 Radiation from the sun

As discussed in Section 1.1.3, the sun plays an essential role in the formation and destruction of ozone.

The majority of electromagnetic radiation that reaches the surface of the earth originates from the

nuclear reactions taking place in the sun’s interior. The rate at which the solar energy is received on a

unit surface at the top of the atmosphere, perpendicular to the sun’s rays, is approximately 1366 W/m2.

This quantity, although not constant, is broadly known as the "solar constant". Approximately 30% of

the electromagnetic radiation from the sun is reflected by the Earth’s surface and the atmosphere back

to space (planetary albedo). The Earth facing the Sun can be considered as of a circular disc with area

of πr2, where r is the Earth’s radius. The solar irradiance reaches the spherical surface of the Earth

with an area of 4πr2, so that average solar flux at the TOA is the one-quarter of the solar constant,

approximately equal to 342 W/m2. One part of this radiation is absorbed by the atmosphere (67 W/m2)
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but the most of it (168 W/m2) is absorbed by the Earths surface (see Fig. 1.13). The Earth’s surface

returns this heat (235 W/m2) back to the atmosphere as sensible heat and infrared radiation [IPCC,

2007].

Figure 1.13: The annual global mean energy balance of the Earth. (Figure taken from: IPCC [2007].)

Figure 1.14 illustrates the solar spectrum, where the solar intensity (W/m2) is given as a function of

wavelength (nm) at the outer border of the Earth’s atmosphere (top of the atmosphere (TOA)) (yellow

shaded area), at the Earth’s surface (red shaded area), and 10 m below the sea level (blue shaded area).

As shown in Figure 1.14, the surface solar radiation at the Earth’s surface ranges between ∼290 nm

and ∼2500 nm. The solar spectrum approximately follows the energy distribution of a black-body at

temperature 5800 K. A black-body is an ideal object that has the ability to absorb all received radiation

and emits the maximum radiation possible at its given temperature (brightness temperature). The

photon energy of a black-body is described by the Planck function:

Bλ(λ, T ) =
2hc2

λ5

1

e
hc
λkB T − 1

(1.59)

where λ is the wavelength, T is the temperature, c is the speed of light, h is the Planck constant, and

kB ≈ 1.381× 1023J/K is the Boltzmann constant.

The Earth can be characterised as a black-body too, with an average temperature of 15 oC (255 K).

The Stefan-Boltzmann’s law determines the total heat energy radiated from a block body:

E = σT4 (1.60)

where T is the temperature in Kelvin, and σ= 5.67·10−8 W/m2·K−4 is the Stefan-Boltzmann constant.

Differentiating Eq. 1.59 and setting the derivative equal to zero yields the relationship between the

temperature of the black body and the wavelength of maximum intensity:

λmax =
2.89 · 10−3

T
(1.61)

This relationship is known as Wien’s displacement law.
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Figure 1.14: Spectral distribution of solar radiation (yellow shaded area) at the top of the atmosphere (TOA),

solar irradiance at the surface of the Earth (red shaded area), and solar irradiance at 10 m below the ocean

surface (blue shaded area). The black body curve at 5250 ◦C is plotted with black line. Absorption bands

for O3, O2, H2O, and CO2 are indicated in the plot. (Figure taken from:http://book.bionumbers.org/
how-much-energy-is-carried-by-photons-used-in-photosynthesis/.)

However, the Sun is not a perfect black-body, emitting and absorbing radiation at characteristic

wavelengths. The solar spectrum in Fig. 1.14 consist of continuous emissions with an overlaid line

structure. Mainly in the visible and in the infrared spectrum of the photosphere (the lowest layer of the

sun’s atmosphere) strong absorption lines appear, created by absorption from molecules and ions in the

solar atmosphere, also known as Fraunhofer lines. The strongest of them are produced by H, Mg, Fe, Ca,

and Si, and the slightly ionised Ca and Mg.

As seen in Figure 1.14, the absorption from the atmosphere is much larger in UV-B and UV-C than in

UV-A. Most of the solar radiation with wavelengths longer than ∼300 nm reaches the Earth’s surface.

1.3.4 Atmospheric radiative transfer

The absorption of radiation can be described by the Beer–Lambert’s law (Eq. 1.62). This law states

that when a parallel monochromatic beam penetrates a medium (e.g. the atmosphere), the intensity

decreases exponentially.

I(λ) = I0(λ) · ex p[−σ(λ) · c · L] (1.62)

where I0(λ) is the initial intensity when the radiation hits the absorbing medium, I(λ) the intensity

at depth L, c the concentration (number density in cm−3) of the species included in the light-path (in

cm), and σ(λ) (in cm2/ molecule) the absorption cross section at wavelength λ, which is the trace gas

ability to absorb photons as a function of wavelength. This is a characteristic property of any species.
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Figure 1.15: The radiative transfer in the atmosphere.

The absorption cross section can be measured in the laboratory and is related to the mass absorption

coefficient, k, by:

σ(λ) = k · 104 · M
Av

(1.63)

where M is the molecular weight of the absorber in kg/mole, and Av the Avogadro’s number = 6.022

·1023 particles/mole.

Integrating Eq.1.62 between two different levels (in a layer), the concentration of a trace gas, c, can

be retrieved by:

I(λ) = I0(λ) · ex p[−σ(λ) ·
∫

c(s) · ds] = I0(λ) · ex p[−σ(λ) · S] (1.64)

Knowing the intensities I, I0, and the cross section σ, the concentration is then:

c =
log(I0(λ)/I(λ))

σ(λ) · L =
τ(λ)
σ(λ) · L (1.65)

where τ is the optical depth or optical density of the layer. If the optical path, L, is also known, then

the column density, S, can be calculated as:

S =
log(I0(λ)/I(λ))

σ(λ)
=
τ(λ)
σ(λ)

(1.66)

In the atmosphere, equation 1.62 should include all the processes including absorption and scattering

by all the molecules. Although scattering is not an absorption process, it can be added in the Beer-

Lambert law since it also attenuates the radiation passing through the atmospheric layer. Therefore, the

relevant extinction coefficients for absorption, a, is εa = n ·σa(λ), and for scattering, s, is εs = n ·σs(λ).
n is the number of absorbers or scatters per unit volume and σi(λ) are the absorption and scattering

cross sections. Adding the terms for Rayleigh, Mie, and Raman (Ring effect ) scatterings, equation 1.62

can be rewritten as:
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I(λ) = I0(λ) · ex p[−(εa(λ) + εs(λ)) · L] = I0(λ) · ex p[−(σa(λ) +σs(λ)) · n · L] (1.67)

Equation 1.67 contains one form of the so-called radiative transfer equation (RTE) in the UV range,

where the Planck’s function is set equal to zero.

1.3.5 Absorption of UV-radiation from the atmosphere

Solar radiation is partly absorbed in the Earth’s atmosphere (Fig 1.14, red curve). The degree of

absorption is analogous to the composition of atoms and molecules in the atmosphere. By analyzing

the interactions between matter and electromagnetic radiation, information about the concentration of

molecules in the atmosphere may be obtained. This approach is called spectroscopy. The electromagnetic

energy required to release electrons and break molecular bonds is very large (> 500 kJ/mol), therefore

it takes place in the X-rays–Ultraviolet regions (absorption continua). The photons that have sufficient

energy, which exceeds the bonding energy of the particular chemical bond, can cause photo-dissociation

or photo-ionisation. The photons are absorbed, and any excess energy is transformed to kinetic energy

which increases the temperature of the gas molecule and consequently heats the atmosphere. The rate

of photon absorption (photolysis rate) of a molecule A is equal to:

d[A]
d t
= − j · [A]

where j has the units s−1, and is called the first-order rate coefficient or photolysis frequency. j is the

integration of the product of the spectral actinic flux, the spectral absorption coefficient or absorption

cross section, σ (the probability of light absorption), and the quantum yield, φ (the ratio of the number

of molecules that are photolised to the number of photons that are absorbed). The inverse of j represents

the lifetime of the molecule against photolysis.

The absorption spectrum varies from one compound to another. Figure 1.16 shows the absorption

spectrum for several gaseous absorbers. The extreme UV-radiation has sufficient energy to photo-

ionize electrons and atoms in the ionosphere and thermosphere above 90 km (Ionization continuum).

UV-radiation with wavelengths λ < 240 nm is mainly absorbed by O2 which photo-dissociates. The

Schumann Runge continuum (100 – 175 nm) in the thermosphere and the Schumann Runge bands (175 –

200 nm) in the mesosphere and upper stratosphere correspond to absorption by O2. In the mesosphere

the solar Lyman A line (121.6 nm) is absorbed by O2. From 30 to 60 km, the Herzberg continuum (200 –

242 nm) contributes to O2 photolysis. As explained in Sec. 1.1.3, the oxygen atoms which are released

by the break up of O2 lead to O3 production. Next, a significant fraction of the UV-radiation in the

UVC and UVB range is absorbed by ozone. The absorption of O3 in these spectral regions is due to

electronic transitions. The strongest ozone absorption bands are called the Hartley bands, from 242 to

310 nm, and are centered around 255 nm. The absorption of solar flux in these ozone bands takes place

primarily in the upper stratosphere and in the mesosphere resulting in the formation of O(1D). The

weak bands between 310 and 400 nm have more structure, and are called the Huggins bands. There

the absorption by O3 in the stratosphere and troposphere leads to the formation of O(3P). Ozone also

shows weak absorption bands in the visible and near-IR regions (440 – 1180 nm), centered at around
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Figure 1.16: Vertical optical thicknesses of O2, O3, SO2, NO2, H2O, O4, ClO, OClO, HClO, BrO, and HCHO in

UV–Visible spectral ranges. (Figure taken from: Rozanov et al. [2014])

9.6 μm (not shown in Figure 1.16). These bands are referred to as Chappuis bands. The Wulf band

consists of weak absorptions in the visible and near infrared region (five orders of magnitude lower

than the Hartley band) overlapping with the Chappuis band.

1.3.6 Spectroscopic parameters of O3

Absorption of radiation by ozone in the atmosphere may lead to a transition from the ground state

to higher excited states or depending on the photons wavelength to the dissociation of the molecule

producing different excited states of O and O2:

O3 + hv(< 310nm) −→ O(1D) +O2(
1Δg) (1.68)

O3 + hv(< 411nm) −→ O(1D) +O2(
3Σ−g ) (1.69)

O3 + hv(< 463nm) −→ O(3P) +O2(
3Σ+g ) (1.70)

O3 + hv(< 611nm) −→ O(3P) +O2(
1Δg) (1.71)

O3 + hv(< 1180nm) −→ O(3P) +O2(
3Σ−g ) (1.72)

In parentheses are the threshold wavelengths for photolysis. These reactions correspond to transitions

in the Hartley, Huggins, Chappuis and Wulf bands. Reactions 1.68 and 1.72 are spin-allowed and

have the largest quantum yields in the Hartley band, with the main dissociation channel being the

singlet channel (Reaction 1.68) [Schinke and McBane, 2006]. However, also the very weakly populated

spin-forbidden channels (Reactions 1.69 to 1.71) have been observed experimentally in the wavelength

range corresponding to the Huggins band [Grebenshchikov et al., 2007].
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The absorption cross section of ozone in the range from about 1 eV (1240 nm) to 6 eV (206.6 nm)

are shown in Fig. 1.17.a. The Wulf, Chappuis, Huggins, and Hartley absorption bands can be identified

with different colors (red, green, blue, and black). All four bands exhibit more or less pronounced

vibronic structures reflecting different intra-molecular dynamical states. Fig. 1.17.b shows the potential

Figure 1.17: (a) Absorption cross section (in cm2; logarithmic scale) of ozone as function of the excitation energy.

(b) One-dimensional cuts through the potential energy surfaces (PESs) relevant for the photodissociation of

ozone. R1 is one of the O–O bond lengths;the other one is fixed at R2 = 2.43 a0 and the bond angle is a = 117o.

E = 0 corresponds to O3 (X ) in the ground vibrational state (zero point energy). A, B, and R indicate the three

states relevant for the Hartley and Huggins bands. The horizontal arrows illustrate the electronic assignments of

the absorption bands. Color coding in (a) and (b) stresses the relation between the absorption bands and the

underlying electronic states. Figure taken from: Grebenshchikov et al. [2007].

energy surfaces of nine electronic states as a function of the O–O bond length. Different electronic and

vibrational states are responsible for the transition to an electronically excited state which corresponds

to an absorption band. For example, the Hartley band is due to photo-excitation form the ground state

(X1 A’) to the upper third (31A’) singlet state with 1A’ symmetry in the C2ν point group (commonly

termed as B state) [Qu et al., 2004].
The Hartley band is a strong broad continuum extending from 200 to 310 nm with weak vibrational

structures laying on top of the broadband due to the fast dissociation of ozone in the upper electronic

band (B state) which lies about 1 eV above the dissociation limit [Gür, 2006]. The absorption cross

section maximizes at about 250 to 260 nm, where σ ≈ 10−17cm2. The largest part of UV absorption by

ozone occurs in the Hartley band. The Huggins band (310 to ∼370 nm) is characterised by discrete

absorption structures originating from the excitation of vibrational states in the shallow potential wells

of the diabatic B state [Grebenshchikov et al., 2007]. Meaning that the Huggins and Hartley bands

represented different regions of the same transition [Gür, 2006]. The high-energy tail of the Huggins
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Figure 1.18: a) Absorption cross sections of ozone from 240 to 280 nm measured with the GOME-2 FM3

spectrometer at 5 temperatures ranging between 203 K to 293 K. b) Temperature dependent ozone absorption

cross section spectra covering the Hartley, Huggins and the Chappuis bands (230–790 nm). Figures taken from:

band overlaps with the Hartley band. The absorption cross section is about six orders of magnitude

smaller than at the maximum of the Hartley band. The Chappuis band is a broad and slightly asymmetric

continuum extending from 380 to 800 nm with vibrational structures due to the interactions of two

excited electronic states, the 11A” and 21A” states. The diffusive vibrational structures, overlying at the

background, are due to the very short lifetimes in the excited states. The maximum cross section in the

Chappuis band is about three orders of magnitude weaker than the Hartley band. The Wulf absorption

band in the visible and near IR region (λ> 700 nm) is approximately five orders of magnitude weaker

than the Hartley band. Its absorption maximum overlaps with the low-energy tail of the much stronger

Chappuis band [Grebenshchikov et al., 2007]. The Wulf band originates from excitation of the three

low-lying triplet states (13A”, 23A”, 13A’), just above the photo-dissociation threshold of O3 molecules

[Grebenshchikov et al., 2007].

Changes in the population distribution in the rotational–vibrational levels of the ground electronic

state with temperature may cause discrepancies in the absorption cross-sections. The temperature

dependence of the absorption cross-sections becomes significant above 275 nm [Finlayson-Pitts and

Pitts, 2000]. Chehade et al. [2013] measured absorption cross section spectra of ozone (shown in Fig

1.18) using the Global Ozone Monitoring Experiment-2 (GOME-2) Flight Model (FM) spectometer in

the laboratory at temperatures between 203 K and 293 K in the wavelength range of 230–790 nm with

a medium spectral resolution of 0.24 to 0.54 nm. The cross sections show a weak temperature effect in

the Hartley band, decreasing by 1.5 % for a temperature rise from 203 K to 293 K. In the Chappuis

band a small increase in the cross sections is noticed with increasing temperature below 565 nm and

above 610 nm (inversions points), while between the inversion points the temperature effect is the

opposite. Finally, in the Huggins band, which is commonly used for the O3 retrieval, the temperature

effect is very strong with the cross section increasing with temperature up to 70 %.

The pronounced temperature dependence of the Huggins ozone band can be described by a second-

order polynomial, (the Bass-Paur parameterization) interpolating between selected temperatures

[Serdyuchenko et al., 2014]. The Equation describing the temperature dependence of the cross sections
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is:

σ(λ) = 10−20 · [C0(λ) + C1(λ)T + C2(λ)T
2] (1.73)

The measurement uncertainty of the ozone absorption cross sections in the Huggins band ranges

between 1.5 and 2.1% [Weber et al., 2016]. It is obvious that the accuracy of cross sections as well

as the correct temperature dependence is of extreme importance for the ozone profiles and columns

retrieval from space-board spectrometers [Serdyuchenko et al., 2014].

1.4 Measuring total and tropospheric ozone from space

Remote sensing from satellites has been proven to be very useful for measuring ozone concentrations

long-term and on global scale. By pointing a satellite instrument in nadir direction, the measured

back-scattered UV sunlight from the surface or the constituents of the atmosphere can be detected,

providing information on the total column of trace species in the atmosphere. Global map of trace gas

concentrations can be created as the instrument orbits around the Earth. The start of such space-born

atmospheric observations set off in April 1970 with the launch of the BUV instrument on board of the

NASA Nimbus-4 satellite [Heath et al., 1973] and continued with the series of SBUV (Solar Backscatter

Ultraviolet) [Bhartia et al., 2013] and TOMS (Total Ozone Mapping Spectrometer) instruments [McPeters

et al., 1996].

While the basic absorption spectroscopy principles apply to satellite measurements of scattered

sunlight as they would in the laboratory, there are several complications while measuring from space

that need to be taken into account. Firstly, the measured backscattered signal of the atmosphere is a

result of several trace gases having different concentrations and consequently different contributions to

the absorption signal. Secondly, scattering on air molecules, aerosols and clouds as well as absorption

on the ground often dominates the extinction of sunlight. As a result, the atmospheric absorption

signal is sometimes just a minor part of the signal [Richter A., 2006]. In order to separate these effects,

measurements at several different wavelengths are taken simultaneously. The individual absorbers

are identified and separated by their characteristic signature at certain wavelengths in the absorption

spectrum. In contrast, the attenuation of solar radiation by scattering and absorption on the ground

usually varies smoothly with wavelength and can be removed from the signal by applying high pass

filters. The retrieval then becomes sensitive only to variations in absorption with wavelength and

therefore is called Differential Optical Absorption Spectroscopy (DOAS).

1.4.1 The standard Differential Optical Absorption Spectroscopy (DOAS)

The Differential Optical Absorption Spectroscopy (DOAS) method [Platt and Perner, 1980] makes use

of the structured absorption spectra in the UV-VIS spectral range of atmospheric molecules. DOAS is

used to determine the total amount of species in the atmosphere from remote sensing measurements

of scattered sunlight. It was originally developed for ground-based measurements using artificial

light sources or scattered sunlight [Solomon et al., 1987], but was later successfully adapted to nadir

measurements from satellite instruments using the sun as a light source [Burrows et al., 1999].
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Figure 1.19: The main steps of the DOAS

retrieval (Figure taken from: Gottwald et al.

[2006].

The basic idea behind it is to measure several absorbers at

many wavelengths simultaneously by separating the absorp-

tion signal into two parts. The first part is the high frequency

part that provides the atmospheric molecules absorption,

and the second is the low frequency part (Rayleigh, Mie

scattering), which is treated as a closure term and is approx-

imated by a low order polynomial. Depending on the species

of interest, light at different spectral regions is used. First,

the integrated amount of the absorbing molecules along the

light path (slant column density) can be derived by use of

the Beer-Lambert’s law by dividing the Earthshine radiance,

I (after absorption and scattering), by the direct solar irradi-

ance, I0 (background free of absorption). The spectral fit of

the logarithm of the sun-normalised radiance of the molec-

ular absorption cross section together with the polynomial,

yields the trace gas concentration along the light path (slant

column concentration), see Fig. 1.19. The advantage of

the DOAS technique is that multiplicative effects in I and I0
will cancel out since they are measured almost at the same

time with the same instrument [Burrows et al., 2011, ESA

Earthnet Online, 2013].
Analytically, the DOAS slant column equation, S, as a

function of optical depth, τ, is

τ(λ) = ln[
I0(λ)
I(λ)

]�
n∑
i

σi(λ) · Si +
∑

p

αp ·λp +αR · R(λ)
(1.74)

Here, I(λ) is the Earthshine spectrum at wavelength λ

and I0(λ) is the solar spectrum; alternatively, spectra from

regions where the absorber to be measured shows negligible absorptions. Si is the effective slant

column density of a gas i along the light path, L=ds. σi(λ) is the absorption cross section of the gas i.

The absorption cross sections are usually highly structured, broadband dependencies appear due to

absorption by particles, scattering by molecules and particles, as well as by reflection at the surface

[Gottwald et al., 2006]. These broadband modulations are approximated by the second term in Eq.

1.74, which is a common low order (usually of 3, 4 or 5 order) polynomial. The last term on the right

hand side of Eq. 1.74 is the additive terms for the Ring reference spectrum R(λ) (to account for inelastic

Raman scattering). The Fraunhofer lines (see Sect. 1.3.3) in I and I0 are expected to cancel out when

their ratio is taken in the DOAS equation. However, their depth is smaller for the Earthshine than the

solar spectrum [Grainger and Ring, 1962]. The result is a high structure signal in the sun-normalised

ratio. The reason for this effect, which is known as the Ring effect, is the inelastic rotational Raman

scattering which shifts the intensity of the scattered photons by several nanometers [Joiner and Bhartia,

1995, Kattawar, 1981]. The Fraunhofer lines in the scattered spectrum are filled-in and the amount of
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this filling can be calculated with radiative transfer models.

The propagation of radiation in the atmosphere can be simulated by radiative transfer models e.g.

SCIATRAN [Rozanov et al., 2014]. The light-path (ds=L) depends on the (a priori) vertical trace

gas profile, the viewing geometry, the solar zenith angle (SZA), the wavelength, the surface albedo,

the altitude, the clouds, and the aerosol load. The light path is often expressed as airmass factor

(AMF), which is the light path enhancement factor relative to a vertical layering of the atmosphere

[Burrows et al., 2011]. Nevertheless, the standard DOAS retrieval works well under the assumption of

an optically thin atmosphere, as long as the trace gas absorption is weak and the spectral window is

narrow. Under these conditions, the wavelength dependence of the optical thickness, as long as the

pressure and temperature dependence of the absorption cross sections can be approximated by the low

order polynomial in Eq. 1.74 [Rozanov and Rozanov, 2010].
The resulting slant column density, SCDi , is the integration of molecular concentration ci along the

light path, ds:

SC Di(λ) =

∫
ci(s)ds(λ) (1.75)

With a least squares fit of this linear equation, the best set of slant columns and polynomial coefficients

for each wavelength can be calculated by minimising the following quadratic form:

‖τ(λ)−
n∑
i

σi(λ) · SC Di −
∑

p

αp ·λp −αR · R(λ)‖2 (1.76)

The SCDi is later converted to vertical column density, VCDi:

V C Di =

∫ TOA

0

c(x)id x (1.77)

by integrating from the ground until the top of the atmosphere and simulating the effective light path,

dx, through the atmosphere by a radiative transfer model. This is done based on AMFs which are

obtained by radiative transfer simulations. The vertical column concentration of the absorber can then

be calculated by:

V C Di =
SC Di

AM Fi
(1.78)

Nevertheless, the slant column fitting also depends on the signal-to-noise ratio (SNR) of the mea-

surement, the spectral calibration, the knowledge of the instrument slit function and the separation of

interfering spectral structures [Gottwald and Bovensmann, 2011]. Furthermore, the clouds can modify

the AMF significantly since they block the light path through the atmosphere (shielding effect), and

therefore they need to be taken into account in the AMFs calculation. The most important cloud param-

eter is the cloud fraction, which describes the fractional coverage of the Earth’s surface by clouds. For

stratospheric trace gas retrievals, the AMF strongly increases with SZA since the light-path is increasing.

However, for tropospheric trace gases, the AMF are relatively small (small light-path due to scattering

in higher layers) and independent on SZA, although at large SZA it rapidly decreases. The dependence

on the a-priori trace gas profile, the surface albedo, the clouds and aerosols close to surface is much

stronger than for stratospheric trace gases and this introduces an important error source in the vertical

column retrieval.
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1.4.2 The modified WFDOAS method for satellite total ozone retrieval

Using the DOAS algorithm, atmospheric columns of a number of species can be determined, including

NO2, SO2, HCHO, BrO, and OClO [Burrows et al., 2011, ESA Earthnet Online, 2013]. However,

limitations of the classical DOAS technique rise from the assumption that the trace gas absorption cross

sections are dependent of pressure and temperature (and consequently of altitude) and that the light

path is independent of the vertical distribution of the absorber. However, as discussed in Section 1.3.6,

for strong-line absorbers such as O3, H2O, O2, CO, CO2 and CH4, this assumption is not yet valid (light

path depends on the concentration of the trace gas) and distortion of the absorption structure is observed

in the measured optical depth, introducing large errors in the retrieval. The second assumption is that

the logarithm of the sun-normalised radiance depends linearly on the vertical column of the retrieved

trace gas, as described by the Beer-Lambert law which is only valid for monochromatic radiation.

However, the AMFs are wavelength dependent within the spectral intervals defined by the instrument’s

spectral resolution, and as a result, the slant column is no longer linearly related with the vertical

column [Buchwitz et al., 2000, Burrows et al., 2011]. To overcome these drawbacks, a DOAS-type

technique using weighting functions instead of AMFs was developed to account for such effects and to

permit successful retrievals of the trace gas species. This new algorithm is called Weighting Function

Differential Optical Absorption spectroscopy (WFDOAS) [Buchwitz et al., 2000, Coldewey-Egbers et al.,

2005].

Weighting functions describe the relative radiance change with respect to a parameter’s di change

(e.g. trace gas concentration or temperature) from its a-priori assumption, d0
i :

W Fi(λ) =
∂ lnI(λ)
∂ di

|d0
i . (1.79)

The measured optical depth (logarithm of the sun-normalised measured intensity, lnImeas
i ) at wave-

length λ can be approximated by a first-order Taylor expansion of a sun-normalised reference intensity,

Imod
i , calculated from a radiative transfer model (RTM). The RTM calculations require a-priori trace gas

profiles as input which are usually taken from climatologies (e.g. for ozone and temperature profiles the

Total Ozone Mapping Spectrometer (TOMS) v7 [Wellemeyer et al., 1997]) or chemical transport models.

Look-up tables are contracted in order to avoid time-consuming on-line RT simulations [Buchwitz et al.,

2000]. Additionally, a low-order polynomial Pi is added to account for the broadband contributions,

such as surface albedo and aerosols, as for the standard DOAS. The optical depth from the WFDOAS

equation is calculated as follows:

τ(λ) = ln[
I0(λ)
I(λ)

] = lnImeas
i (λ)� lnImod

i (λ) +W FV (λ)(V − V 0) +W FT (λ)(T − T0)

+SC DNO2
σNO2

+ SC DBrOσBrO +
∑

p

αp ·λp +αR · R(λ)
(1.80)

Here, V is the vertical column of the absorber to be retrieved (e.g. ozone) and V0 is the a-priori profile

of the absorber. T is the surface temperature and T0 is the a-priori surface temperature. The ΔT =
T − T0 temperature fit represents the dependence of the observed ozone absorption on stratospheric

temperatures, since the ozone and temperature weighting functions correlate. The whole right part of Eq.
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1.80, except from the reference intensity, has to be adjusted to the measured sun-normalised intensity,

for all absorbers, i, at the same time. The slant column fitting is also applied to the minor absorbers

NO2 and BrO. The ring effect is included, as in the standard DOAS. The unknown fit parameters are

derived from a linear least-squares minimisation [Coldewey-Egbers et al., 2005].

The main difficulty with the WFDOAS retrieval is choosing the proper a-priori assumptions (e.g

ozone and temperature climatologies) since the accuracy of the retrieval increases as the retrieved

column correction, ΔV = V − V 0, is getting small [Burrows et al., 2011]. The fit for ozone in the

WFDOAS is done in a wide fitting window (8.2 nm) between 326.8–335 nm, so that the correlation

between the temperature and ozone weighting functions is minimised. The precision of WFDOAS total

ozone retrieval was found to be better than 3% for SZA lower than 80o, and reaches 1% in the tropics

[Coldewey-Egbers et al., 2005].

In the case of cloud covered scenes, the satellite retrievals of total ozone should include the ghost

vertical columns (GVC) which are the shielded part of the atmosphere. GVC are determined by vertically

integrated climatological ozone profiles from the surface until the cloud top height (CTH). For partially

cloud covered pixels, the integrated ozone columns are multiplied by the cloud fraction, CF, given by a

cloud retrieval algorithm (e.g. the Fast Retrieval Scheme for Clouds from the Oxygen-A Band (FRESCO)

[Koelemeijer et al., 2001]). The ghost column is then:

GV C = C F ·
∫ C T H

0

[O3(h)] · dh (1.81)

The resulting error from the GVC estimation in the retrieval is of the order of 0.2% [Coldewey-Egbers

et al., 2005].

1.4.3 Satellite-based tropospheric ozone measurement techniques ∗

Remote sensing from satellites is a substantial component in order to monitor tropospheric ozone

concentrations and study their long term evolution over large areas. Tropospheric ozone was first

retrieved from space with the so-called residual method. The stratospheric ozone column above 100

mbar retrieved from the Stratospheric Aerosol and Gas Experiment II (SAGE II), was subtracted from

the total ozone column, retrieved from the Total Ozone Mapping Spectrometer (TOMS) aboard the

Nimbus 7 satellite [Fishman et al., 1990]. The following years, several other methods have been

developed, such as the cloud slicing (CS) technique [Ziemke et al., 2001]. The later technique was

first applied using above cloud column ozone measurements from the Nimbus7 Total Ozone Mapping

Spectrometer (TOMS) instrument in combination with Nimbus-7 temperature-humidity and infrared

radiometer (THIR) cloud-top pressure data on TOMS. The CS takes advantage of the almost opaque

property of water vapour clouds to ultraviolet wavelength radiation, in order to derive ozone column

amounts in the upper troposphere. Later, the CS method was applied to ozone and cloud data from

the Ozone Monitoring Instrument (OMI) [Ziemke et al., 2008] and from the Global Ozone Monitoring

Experiment-2 (GOME-2) [Valks et al., 2014] to derive ozone mixing ratios inside Deep Convective

Clouds (DCC), and was proven that very low ozone amounts exist inside these clouds over the Indian

∗This subsection has been partially published by Leventidou et al. [2016]
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Ocean and the western Pacific Ocean. Kim et al. [2001] developed the Scan Angle Method (SAM) using

TOMS data. The method was based on the use of physical differences in ozone column detection as

a function of its scan-angle geometry. The difference in TOMS retrieval information between nadir

and high viewing angles maximizes in the troposphere, with a peak near an altitude of 5 km. This

analysis suggests that the total ozone difference between two viewing angles contains information

about tropospheric ozone. Another residual approach to retrieve tropospheric ozone has been applied

to OMI total column ozone measurements in combination with Aura Microwave Limb Sounder (MLS)

stratospheric column ozone measurements, producing global maps of OMI/MLS tropospheric ozone

[Ziemke et al., 2006]. Tropospheric ozone data have also been produced by the Limb-Nadir-Matching

(LNM) technique [Ebojie et al., 2014, Sierk et al., 2006] which benefits from the most important feature

of SCIAMACHY; the possibility to observe the same atmospheric volume first in limb and then (after

about 7 minutes) in nadir geometry. With the knowledge of the tropopause height, the tropospheric O3

can be retrieved by subtracting the stratospheric (limb) from the total (nadir) O3 columns. Tropospheric

ozone profiles have also been produced from UV spectra of GOME [Munro et al., 1998] and GOME-2

[Miles et al., 2015] taking into account the UV radiometric degradation in the Hartley and in the

Huggins bands. Equally important attempts to retrieve tropospheric ozone have been made by using

thermal infrared (TIR) emission instruments, such as the Infrared Atmospheric Sounding Interferometer

(IASI) on MetOp-A [Boynard et al., 2009, Keim et al., 2009] or by a combination of IR with ultraviolet

(UV) measurements [Burrows et al., 2004, Cuesta et al., 2013].
The present thesis focuses on the Convective Cloud Differential (CCD) method, which was first de-

veloped by Ziemke et al. [1998], and was applied to TOMS (1979–2005) and OMI ozone data (since

2004) [Ziemke and Chandra, 2012]. The original technique used above-cloud (reflectivity > 0.9) and

clear-sky (reflectivity < 0.2) ozone column measurements to derive monthly mean tropical tropospheric

ozone columns. The cloudy measurements above the Western Pacific and the Indian Ocean represent

stratospheric ozone, which is assumed to be independent of longitude in the tropics. In a subsequent

step, the monthly mean Above Cloud Ozone Columns (ACCO) are subtracted from the cloud-free

Total Ozone Columns (TOC) assuming a zonally invariant stratospheric column, resulting in monthly

averaged Tropical Tropospheric Columns of Ozone (TTCO). The same method was improved and

applied to GOME [Valks et al., 2003] and GOME-2 data by Valks et al. [2014]. In contrast to TOMS,

GOME was able to determine cloud fractions, cloud albedos, and cloud top pressures by using spectral

measurements in the near-infrared wavelength (oxygen A-band) region combined with broadband

spectral data from Polarization Measurement Devices (PMDs), which have better spatial resolution

than the spectra used in trace gas retrievals. By combining the cloud information with ozone column

measurements, monthly-mean values of the tropical tropospheric ozone columns have been determined.

1.5 Instruments

In this thesis, a CCD algorithm (CCD_IUP) has been developed using total ozone column data retrieved

with the WFDOAS (Weighting Function DOAS) [Coldewey-Egbers et al., 2005] algorithm applied on

spectra from the series of European satellite instruments GOME, SCIAMACHY, and GOME-2/MetopA,

spanning a time period of 20 years (1996-2015). In this section, a brief description of the instruments
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used in order to obtain the tropical tropospheric ozone columns retrieval from satellite data is given.

1.5.1 GOME

The Global Ozone Monitoring Effiperiment (GOME) was a passive remote sensing instrument on

board the European Space Agency’s (ESA) Second European Remote Sensing Satellite (ERS-2), which

was launched on the 21st of April, 1995. GOME was a nadir viewing instrument, consisting of 4

spectrometers, performing hyper-spectral measurements of the backscattered, reflected, transmitted,

and/or emitted radiation from the atmosphere and Earth’s surface at UV/Vis wavelengths (240–790 nm)

with a resolution of about 0.2 and 0.4 nm. The instrument is scanning the Earth moving the scan mirror

by ± 31◦. During each scan, three ground pixels were created from east to west direction, followed

by one back-scan pixel. The maximum across-track swath width of GOME was 960-km resulting in a

ground pixel spatial resolution of 40×320 km2 for the majority of the orbit. Global coverage could

be achieved within 3 days after 43 orbits. ERS-2 had a near-polar sun-synchronous orbit crossing

the equator in descending-node at 10:30 local time [Burrows et al., 1999]. After June 1997, GOME

instrument had the possibility to function in a narrow swath mode (NSM) by reducing the scan mirror

angle to ± 8.7◦, leading to an increased spatial resolution of 40×80 km2, applied three days per month

(the 4th/5th, the 14th/15th and the 24th/25th of every month between the sun calibrations of those

days). Despite the fact that the NSM improved the spatial resolution, it reduced the global coverage

time from 3 days to 120 days, since now 12 measurement days were required, thus the NSM is only

applied every 10 days [Beirle et al., 2004a]. On the 22nd of June 2003, GOME global coverage was lost

due to the ERS-2 tape recorder failure. Initially, the measurement data transmission continued using

the ESA ground stations, limiting the coverage to Europe, North Atlantic, the Arctic, Antarctica and

western North America. Afterwards, new ground stations were included increasing the coverage and

allowing the continuation of the atmospheric monitoring. Unfortunately, data gaps appeared in a large

extent, especially over the Pacific Ocean, restraining the studies at the tropical belt. The ERS-2 satellite

was finally de-orbited on the 5th of September 2011 [ESA Earthnet Online, 2011].

1.5.2 SCIAMACHY

The SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY (SCIAMACHY) was an

imaging spectrometer lying on board of the ESA ENVISAT satellite; launched on 28th February, 2002.

Its name comes from the Greek word "σκιαμαχη" meaning fighting shadows [Burrows et al., 1995].
This spectometer had a relatively high resolution of about 0.2 nm to 1.5 nm at the range of 214 nm to

2386 nm in 8 science channels. The spectral resolution of channel 2, which was used in total ozone

retrievals, is 0.26 nm (Huggins bands; 326.6-334.5 nm). SCIAMACHY functioned in three different

viewing geometries: nadir, limb, and sun/moon occultations. One of it’s main objectives was to measure

the same atmospheric volume both in nadir and limb (limb/nadir matching) within one orbit (Δt=430

s) [Gottwald and Bovensmann, 2011]. A typical orbit started with a limb measurement of the twilit

atmosphere, followed by the solar occultation measurement during sunrise at high northern latitudes

and an optimised limb-nadir sequence. When the moon was visible, lunar occultation measurements

were performed in every second orbit [Bovensmann et al., 1999]. ENVISAT circled the Earth in a
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near-polar sun-synchronous orbit at 799.8 km, with an equator crossing at 10:00 local time at the

descending node, with a repeat cycle of 35 days (501 orbits per cycle). In late October 2010, the orbit

was lifted by 17.4 km, leading to a repeat cycle of 30 days (431 orbits per cycle) completing about 14.3

orbits per day [ESA Earthnet Online, 2013]. The swath width of ±480 km relative to ground track

in nadir and limb scans allowed for global coverage within 6 days. In nadir mode, the forward scan

(left to right) was performed in 4 s and the backward scan in 1 s. The instrument’s integration time

was 0.25 s. The size of the individual ground pixels was dependent on the selected integration time.

The typical spatial resolution was approximately 240 ×30 km2 (across track times along track) with

the footprint of a single observation being typically 30 ×60 km2 [Gottwald and Bovensmann, 2011].
In limb geometry, the instrument observed the scattered light from Earth’s atmosphere with scanning

horizontally and vertically the atmosphere with elevation steps of approximately 3.3 km at the tangent

point. With discrete steps from the surface up to about 100 km, the tangent height was raised in order

to scan the atmosphere vertically. For every limb state, a horizontal scan with a cross track coverage of

960 km, and typically four readouts in the visible part of the spectrum, were performed. This resulted

in a typical horizontal resolution of 240 km [Gottwald and Bovensmann, 2011]. In occultation mode,

SCIAMACHY measured the radiation of the rising sun and moon directly, and its attenuation due to

the Earth’s atmosphere at the line-of-sight tangent point [Gottwald and Bovensmann, 2011]. The

communication with the satellite was lost on 8th of April 2012, without any successful recontact by

ESA.

1.5.3 GOME-2

The Global Ozone Monitoring Experiment-2 (GOME-2) is one of the European instruments on board of

the MetOp satellite series, continuing the long-term monitoring of atmospheric trace gases started by

GOME on ERS-2, and SCIAMACHY on Envisat. The GOME-2 nadir viewing UV/Vis scanning spectrometer

(240–790 nm wavelength region in four different channels; bands 1 (240–315 nm) and 2 (310–403

nm) are used for total ozone retrieval) is designed almost as a carbon copy of the GOME-1 concept,

besides small adoptions and minor improvements to the design [Callies et al., 2000]. The footprint of

the instrument is 40×80 km2 for main channel data. The instrument is scanning the Earth forward

moving from East to West in 12 subsets (4.5 s) and backwards in 4 subsets (1.5 s) of 375 ms each.

The default swath width of each scan is 1920 km, which leads to nearly global coverage of the Earth’s

surface within one day [ESA, 2006]. Metop-A (launched on 19 October 2006) and Metop-B (launched

on 17 September 2012) satellites have a sun-synchronous orbit crossing the equator in descending-node

at 09:30 local time. They are in a low polar orbit, at an altitude of 817 kilometres [ESA, 2012]. From

15thof July 2013, the Metop-A operates with a reduced swath of 960 km and spatial resolution of

approximately 40×40 km2 [O3M SAF - EUMETSAT, 2017]. Metop-C is planned to be launched in 2018

[EUMETSAT, 2017].

1.5.4 TROPOMI

The TROPOspheric Monitoring Instrument (TROPOMI) is a spaceborne nadir viewing spectrometer

jointly developed by ESA and the Kingdom of the Netherlands, coming to continue the heritage of
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the European satellite instruments (GOME/SCIAMACHY/GOME2) and Ozone Monitoring Instrument

(OMI) aboard the NASA’s Earth Observing System’s (EOS) AURA satellite. It was launched on board the

Sentinel-5P on 13th of October, 2017. With no other missions capable to obtain the data acquired by

SCIAMACHY and OMI, Sentinel-5P will fill the five-year gap until the launch of Sentinel-5 TROPOMI

is a UV-VIS-NIR-SWIR (270- 320 nm, 310-495 nm, 675-775 nm and 2305-2385 nm) instrument with

a spectral resolution of 0.25-0.55 nm. The instrument makes use of 4 two-dimensional detectors,

allowing it to operate in a push-broom configuration. TROPOMI will scan the Earth for 1 s while the

instrument will move approximately 7 km. The swath (scanned strip) will be approximately 2600 km

long across track, and 7 km along track. After the 1 s measurement a new measurement will start, so

the instrument will scan the Earth’s atmosphere as the satellite moves. TROPOMI will provide daily

global coverage with a high spatial resolution of 7×7 km2, with a special focus on the troposphere. This

high temporal and spectral resolution is expected to increase the cloud-free observations. Sentinel-5

Precursor is expected to fly in loose formation with the NASA/NOAA Suomi-NPP satellite at 824 km

orbital height. It’s orbit will be near-polar sun synchronous with crossing Equator time at 13:30 local

time (early afternoon orbit) with a repeat cycle of 17 days. The foreseen in-orbit lifetime of Sentinel-5

P is 7 years [SP-1332: Sentinel-5 Precursor, 2016].

Table 1.2: Characteristics of satellite instruments.

Instrument GOME/ERS-2 SCIAMACHY/Envisat GOME-2/ Metop-A TROPOMI/ S5-p

Period of

operation
06/1995–07/2011 08/2002–04/2012 01/2007–present 10/2017– -

Spectral

Coverage
240 - 790 nm 240 - 2380 nm 240 - 790 nm 270 - 2385 nm

Ground

pixel size
320 x 40 km2 60 x 30 km2 40 x 80 km2 7 x 7 km2

0◦ cross-

ing time
10:30 a.m. 10:00 a.m. 9:30 a.m. 13:30 p.m.

Global

coverage
3 days 6 days almost daily daily
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2
CCD retrieval algorithm

Tropical Tropospheric Columns of Ozone (TTCO) can be retrieved from satellite data using the total

column of ozone and cloud information from only one satellite instrument. The Convective Clouds

Differential (CCD) technique, originally developed by Ziemke et al. [1998], is a statistical method that

makes use of known statistical properties of the atmosphere (e.g. location of deep convective clouds,

latitudinally invariant stratospheric ozone in the tropics) without using a radiative transfer equation in

the retrieval algorithm. This makes CCD computationally easy and appropriate for operational satellite

retrievals. This Chapter describes the improved convective clouds differential algorithm, developed for

three different instruments (GOME, SCIAMACHY, and GOME-2), and discusses the corrections needed

for the retrieval of the above cloud columns of ozone (ACCO).

2.1 The Convective Cloud Differential (CCD) method 1

Figure 2.1, illustrates the method and the considerations concerning the method that will be discussed

in this section. The original technique, as applied to TOMS data, assumes that the ozone column above

deep convective clouds (ACCO) simulates the stratospheric ozone in the same latitude band and that

this amount is invariant with longitude; which is approximately true in the tropics [Ziemke et al., 1998].
However, a zonal variability of less than ∼6 DU (see Fig. 2.2) exists on monthly time scales in the

tropical region. The ACCO retrieval is limited to the western Pacific and Indian ocean (70◦E-170◦W) as

it is the area where the most deep convective clouds are found (see Fig. 2.3) and the tropospheric ozone

column background is the lowest. The ACCO values elsewhere are overestimated and do not represent

the stratospheric columns due to the existence of less high clouds and more polluted background from

biomass burning that is up-lifted to the UTLS (upper troposphere and lower stratosphere) region [Avery

et al., 2010, Sauvage et al., 2006].

The stratospheric ozone column amount may be influenced by episodic tropical waves (Kelvin waves,

mixed Rossby-gravity waves, and equatorial Rossby waves) in the stratosphere [Ziemke and Stanford,

1994]. The assumption made in the original CCD method from Ziemke et al. [1998] that the stratospheric

ozone column is independent of longitude in the tropics has been extensively investigated by Valks et

1This section has been previously published as part of Leventidou et al. [2016]
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Figure 2.1: The convective cloud differential method.

al. [2003], where they conclude that it is valid above 200 hPa in the tropics. According to Fig. 2.2 the

zonal variability in August 2008 for the latitude bands 5◦-7.5 ◦ and -15◦– -12.5◦ is less than 6 DU (1σ

standard deviation of the mean). Another important factor causing the monthly variability of the ACCO

is the natural variability of the deep convective clouds (DCC) top height.

The second basic assumption of the CCD method refers to the fact that the tropopause ( ∼18 km

or ∼100 hPa) lies close to the top of the DCC. These clouds are high, thick and bright with greatest

occurrence rates over the Inter-Tropical Convergence Zone (ITCZ), the western Pacific, and the Indian

Ocean [Hong et al., 2007, Sassen et al., 2009]. Due to the immigration of the ITCZ, these clouds are

located south, over the western and central Pacific Ocean, northern South America and equatorial Africa

in boreal winter and spring, whereas in boreal summer, the highest DCC occurrences are located over

the Indonesian region and the Bay of Bengal [Sassen et al., 2009]. Figure 2.3a shows the distribution of

the DCCs in January and August 2008 for SCIAMACHY [cf>0.8 and cth>9km, SACURA] and GOME-2

[cf>0.8 and cth>7km, FRESCO] indicating the ITCZ. Both instruments and cloud algorithms agree in

the location of the DCCs but not on the number of the DCCs per grid box, mainly due to differences in

the cloud algorithms used and the spatial resolution of the instruments. For example, several cloud

algorithms like FRESCO [Koelemeijer et al., 2001] assume that clouds behave as opaque Lambertian

surfaces, resulting usually in retrieving the effective (optical centroid) cloud top height (see Fig. 2.1)

which lies below the physical cloud top height [Ziemke et al., 2008]. SACURA cloud top height retrieval

algorithm [Kokhanovsky et al., 2005] on the other hand, takes into account radiative transfer inside,

above and below the clouds [Lelli et al., 2014]. Therefore, it provides more realistic cloud top heights.

In order to define the DCCs measurements with cloud fractions (cf) greater than 0.8 and cloud

top heights (cth) greater than 9 km for SCIAMACHY and 7 km for GOME and GOME-2 were used.
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Figure 2.2: a) Above-cloud column ozone (ACCO for the latitude bands 5◦N – 7.5◦N and 15◦S – 12.5◦S (cf>0.8

and cth >9 km) from SCIAMACHY (using OCRA/SACURA for cloud detection). b) Above-cloud column ozone

(ACCO for the latitude bands 5◦N – 7.5◦N and 15◦S – 12.5◦S (cf>0.8 and cth >9 km) from GOME-2 (using

FRESCO for cloud detection) in August 2008. The 1σ standard deviation is less than 5 DU.

Even with a higher cth threshold for SCIAMACHY, SCIAMACHY has the highest frequency of "cloudy"

measurements among the three satellites. Fig. 2.3b shows that roughly ∼25% of cloud top heights in

the western Pacific are higher than 9 km for SACURA (SCIAMACHY), whereas for FRESCO (GOME-2),

the same frequency is met for clouds only above 7 km. Since the cloud algorithms differ between

instruments and in order to have sufficient "cloudy" ozone measurements in more than 1% of all the

measurements per latitude band, the lower cloud top height limit classifying the DCCs is different for

each satellite instrument. It is obvious that the different cloud algorithms calculate different cloud

fractions and top heights and as a result, yield different ACCO values (see Fig. 2.4a). However, it was

concluded that the ACCO does not change significantly when the cf is greater than 0.8 and cth greater

than 7 km. The differences in ACCO between the different critical values tested, are within the 1σ

of the monthly ACCO variability (< 10 DU). The differences are even smaller for SCIAMACHY, since

SACURA retrieves more high clouds than FRESCO, making the sampling more uniform between 9 and

12 km (see Fig. 2.3b).

For the calculation of the ACCO, all "cloudy" measurements, (defined separately for each instrument in

order to have enough data) are selected and monthly averaged in latitude bands of 2.5◦ width between

20◦S and 20◦N in the western Pacific and Indian Ocean (70◦E-170◦W). Furthermore, it is known that

most DCC tops only reach the bottom of the tropical tropopause layer or "tropical transition layer" (TTL)

[Fueglistaler et al., 2009, Gettelman and Forester, 2002, Sherwood and Dessler, 2001], which is well

below the thermal (cold point) tropopause ( ∼150 hPa). Only on rare occasions do the DCCs overshoot

the top of the TTL [Fueglistaler et al., 2009, Hong et al., 2007]. Therefore, due to the natural variability

of clouds, a climatological correction term is applied to each individual measurement of ACCO in order
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Figure 2.3: a) The number of counts per gridbox with cf greater than 0.8 and cth greater than 9 km (SCIAMACHY)

and cth greater than 7 km (GOME-2) for January and August 2008. b) Frequency of cloud top heights (cth)

for August 2008 from SCIAMACHY (SACURA) and GOME-2 (FRESCO) in the Western Pacific area (20◦S–20◦N,

70◦E–170◦W). Pink shaded data are used for the ACCO calculation

to correct for different cloud top heights and adjust the ACCO to a fixed level of 200 hPa ( ∼12 km).

For the calculation of the column amount (CorACCO), which adjusts the ACCO values to the 200 hPa

level, climatological ozone values from Fortuin and Kelder [1998] climatology were used. The Fortuin

and Kelder [1998] climatology is reported in volume mixing ratios (vmr) for specific pressure levels. In

order to convert the volume mixing ratios (ppm) at the i-th level to Dobson units (DU), the following

formula was used, taking into account the ideal gas law and the horizontal surface density [Ziemke et

al., 2001]:
CorACCO(i) = c · 0.5 · [vmr(i) + vmr(i + 1)] · [p(i)− p(i + 1)] (2.1)

where, vmr is the volume mixing ratio (ppmv), p, the pressure (Pa), and

c =
kB · Ts · NA

μ · ps · g = 0.7889 (2.2)

TS is the standard temperature (273.16 K), Ps, the standard pressure (101325 Pa), kB, Boltzmann’s
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Figure 2.4: a) SCIAMACHY (left) and GOME-2 (right) ACCO per 2.5◦ latitude bands in the Indian and western

Pacific Ocean (70◦E–170◦W) for different cloud fractions (0.8, 0.9) and cloud top heights (7-9 km) in August

2008. b) Above cloud column of ozone (ACCO) for 2.5◦ latitude bands in the Indian and western Pacific Ocean

from GOME-2 (cf<0.8 and cth<7km) and SCIAMACHY (cf<0.8 and cth<9km) in August 2008. Blue and yellow

dashed lines are the zonal ACCO values before applying any corrections for GOME-2 and SCIAMACHY, respectively.

Red and green lines are the zonal ACCO values after corrections applied for adjusting to the 200 hPa level and

screening out outlier data. Error bars denote 1σ standard deviation. Black boxes show the stratospheric ozone

columns from ozonesondes, of the stations Ascension, Natal, Nairobi, Kuala Lumpur, Paramaribo, and Hilo.
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constant (1.3806× 1023J· K−1), NA, Avagadro’s number (6.022× 1026 molecules·kmol−1), μ, the mean

molecular weight of the atmosphere (approximately 29), and g, the mean acceleration of gravity (9.81

m· s−2).

Finally, the vertical ozone column of the nearest pressure level as given in the ozone climatology to

the retrieved cloud top height (pressure) measurement was used for the adjustment of the ACCO.

• If ctp < 200 hPa then ACCO′ = ACCO+ CorACCO

• If ctp > 200 hPa then ACCO′ = ACCO− CorACCO

The original CCD method developed by Ziemke et al. [1998] assumed that UV nadir satellite measuring

instruments measure ozone above the top of the DCCs, something that is not completely true since UV

radiation penetrates inside the cloud, resulting in an additional ozone absorption [Ziemke et al., 2008].
The ozone concentrations inside the high reflective clouds at the regions of the tropical eastern Indian

Ocean and western Pacific are about 4–7 ppbv (corresponding to an ozone column of ∼ 1 DU between

the mean cloud top and the 200 hPa level). This is due to vertical convection of ozone poor oceanic air

from the marine boundary layer into the upper troposphere so that the error from ozone below the

thermal tropopause is minimal if the retrieved ACCOs are taken from that region [Ziemke et al., 2008].
For this reason, for the cases where ctp > 200 hPa (for the reason discussed above, that FRESCO does

not take into account the UV penetration inside the clouds), the value of 1 DU was subtracted from

the climatological correction term in the case of GOME and GOME-2 ACCO. As the geometrical top of

the cloud is hundreds of meters higher than the one retrieved by FRESCO, the vertical ozone column

correction between the cloud top height given from these algorithms and the 200 hPa is higher than it

should.

In order to restrict the variability and homogenize the ACCO in a latitude band, all ACCO measure-

ments which result in negative TTCOs or have a daily averaged standard deviation in a 2.5◦ lat by 5◦ lon

bin of more than 10 DU or differ more than 5 DU with the neighbouring daily binned measurements are

screened out. Figure 2.4b shows the difference between the ACCO values before (blue for GOME-2 and

yellow for SCIAMACHY) and after screening out the outliers and adjusting to the 200 hPa level (red for

GOME-2 and green for SCIAMACHY). The differences are generally less than 5 DU and can reach 10 DU

for latitudes where less cloudy ozone measurements appear (in this case at southern tropics, since the

ITCZ moves to northern latitudes on summer, see Fig. 2.3a on the right, were practically where there

are no DCCs below 15◦S). These cases are excluded from the <1% DCCs per latitude band criterion.

Another approach for the difference between the cloud pressure level and the 200 hPa level was used

by Valks et al. [2014] assuming a constant ozone volume mixing ratio of 5 ppbv between the effective

cloud top and the 200 hPa level. They concluded that the correction term is small (less than 2 DU) and

therefore the difference with the climatology considered negligible.

After the corrections have been applied in GOME-2 and SCIAMACHY ACCO, the agreement between

them improves. The comparison of the ozone column above 200 hPa with six ozonesonde stations from

the SHADOZ network (Ascension, Natal, Nairobi, Kulala Lumpur, Paramaribo, and Hilo) is also presented

in Fig. 2.4b. The number of ozonesonde data for this month varies between 1 and 4 ozonesonde launches

per station. The ozonesonde burst altitude resides within the stratosphere (∼ 30 km), therefore the

above 200 hPa ozone column from the ozonesondes had to be indirectly calculated for these stations.

The ozonesonde measurements from the surface up to 200 hPa were integrated, monthly averaged and
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then they were subtracted from the GOME-2 monthly averaged total ozone measurements, deriving the

ozone column above 200 hPa as done by Valks et al. [2003]. The difference between the ozonesonde’s

ACCO and the corrected CCD ACCO is less than 3 DU for these six stations.

Finally, the monthly averaged ACCO per 2.5◦ latitude bands from the western Pacific region (70◦E–

170◦W) was subtracted from the monthly averaged total ozone column (2.5◦ by 5◦ bins) of nearly

cloud free areas (cf < 0.1), yielding the monthly tropical tropospheric column of ozone (TTCO). The

developed algorithm has been applied to GOME (1996-2003), SCIAMACHY (2003-2012), and GOME-

2 (2007-2015) ozone and cloud data. As discussed in Section 1.5, these instruments have nearly

identical spectral channels in the UV so that the same retrieval algorithm for total ozone and the derived

tropospheric column ozone can be adopted without significant changes.

2.2 Summary and discussion

An improved CCD retrieval algorithm for tropical tropospheric ozone columns (TTCO) has been de-

veloped for three different satellite instruments (GOME/ERS-2, SCIAMACHY/ENVISAT and GOME-

2/MetopA), covering the period between 1996 and 2015. A climatological correction has been used

to adjust the above cloud column of ozone (ACCO) to 200 hPa, the outliers have been screened ou to

homogenise the ACCOs for each latitude band and 1 DU has been removed from the ACCO of GOME

and GOME-2 to take into account the penetration of UV radiation withing the clouds. Tests made

here indicate that the retrieved ACCO provides a reasonable approximation of the stratospheric ozone

columns, although there are still limitations due to cases of limited cloudy data in some latitude bands

as a result of the ITCZ seasonal migration. Further optimization of the WFDOAS data using the same

algorithm for cloud properties (e.g. SACURA) for all satellite datasets would improve the accuracy

of ACCO and TTCO retrieval. Using SACURA, the cloud optical thickness (cot) could be added in the

WFDOAS dataset for all instruments. This will provide an additional selection criterion for locations of

deep convective clouds (DCC). A sensitivity study for the ACCO retrieval above DCCs with various cloud

parameters (cf, cth cot) could improve further the CCD retrieval and the estimation of its uncertainty.

The uncertainty of WFDOAS ozone retrieval above different cloudy scenes could be quantified in a

future study by testing the deviation of synthetic data from a radiative transfer model (e.g. SCIATRAN)

from a reference ozone profile.
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3
TTCO retrievals, validation and uncertainty estimation

Tropical tropospheric ozone is a secondary pollutant, following the variation of its precursor emissions

(NOx , VOCs, CO, CO2, CH4 etc.) as well as the spatiotemporal changes in atmospheric transport and

meteorology. Ozone is removed from the troposphere by several chemical reactions or is dry deposited

at the surface [IPCC, 2007]. Its concentration is the net result of these two processes. Remote sensing

from satellites has been proven to be very useful in providing consistent information of tropospheric

ozone concentrations over large areas. The present study focuses on the convective cloud differential

(CCD) method. The CCD technique and the modifications made to the method applied in the past

by Ziemke et al. [1998] and Valks et al. [2003, 2014] have been described in Chapter 2. Here, are

presented the main results of the advanced CCD retrieval. Additionally, the uncertainty budget of

CCD is estimated for the first time here. The validity of CCD results from the individual instruments is

tested using comparisons to vertically integrated in-situ measurements from the Southern Hemisphere

ADditional OZonesondes (SHADOZ) network [Thompson et al., 2003] and tropospheric ozone columns

from Limb/Nadir matching data (for SCIAMACHY data only) [Ebojie et al., 2014].

3.1 Tropical tropospheric ozone column (TTCO) results from CCD ∗

Undoubtedly, the need to control the tropospheric O3 increase is crucial [WHO, 2006]. Every potential

monitor and study of long-term tropospheric O3 changes as well as the quantification of associated

radiative forcing using chemical transport or climate models have to rely on the availability of reliable

tropospheric ozone data. Using the Convective Cloud Differential (CCD) method, monthly mean tropical

tropospheric ozone columns have been derived on a 2.5◦×5◦ grid for the years 1996-2015. As shown in

Figures 3.1, 3.2, and 3.3, tropical tropospheric O3 column exhibits a profound wave-one pattern, with

high values over the South Atlantic (∼30–40 DU) and low values over the Indian and Pacific Oceans

(∼10–20 DU). This feature is persistent with a maximum in autumn (austral spring). This maximum

is a combined result of biomass burning and long-range transport [Chandra et al., 2002, Jonquieres

et al., 1998, Thompson et al., 2001, Ziemke et al., 2009b]. O3 precursors from biomass burning from

the African and South American continents are dynamically transported to the mid-Atlantic. The main

∗This section has been previously published as part of Leventidou et al. [2016]
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dynamical features in the central Atlantic is the African Easterly Jet (AEJ) and the St-Helene high

which leads to a redistribution of O3 from north Africa to the area around Namibia [Diab et al., 2003].
Whereas both the South westerly Harmattan flow and the AEJ bring high O3 from the ground up to

600 hPa over the African continent, only the AEJ advection exports high O3 over the north Atlantic

[Sauvage et al., 2006]. Lightning produces substantial amounts of nitrogen oxides which are increasing

the ozone-forming potential in the outflow of convected air masses [Apel et al., 2012, Pickering et

al., 1990]. Winterrath [1999] found that the slant columns of O3 and NO2 may increase up to 62%

and 320% respectively inside a thunderstorm cloud, however most of the O3 enhancement is possibly

induced by stratospheric air intrusions or prior to lightning in an electrically active cloud (dissociation

of O2) by coronal, or silent discharge. The upper tropospheric O3 produced from thunderstorm clouds

(including O3 form lightning) sediments stronger over the southern tropical Atlantic as part of the

Walker circulation and weaker over up-welling regions such as the tropical Pacific [Martin et al., 2002].
Tropospheric O3 over the tropical Pacific presents a persistent minimum due to ozone loss reactions

Figure 3.1: Tropical tropospheric ozone column (TTCO) derived with the convective cloud differential (CCD)

technique for January, April, July, and October 2002 and January and April 2003 using GOME data.

that are favoured by the specific conditions dominating there, such as the high marine boundary layer

air temperature and the low overhead ozone. These conditions favour the strong advection from East
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to West by the Walker circulation. For this reason the tropospheric air masses have been in a clean,

warm and humid environment for a long time and loss of odd oxygen and ozone form OH and ozone

precursors like NOx (= NO+ NO2) proceeded longer than elsewhere in the tropics [Rex et al., 2014].
In order to compare the CCD results between the different satellite instruments, two overlapping years

were selected. 2002 and 2003, for GOME/SCIAMACHY comparison and 2008, for SCIAMACHY/GOME-

2 comparison. Figure 3.1, shows the tropical tropospheric ozone columns for January, April, July,

and October 2002 derived from GOME data. The wave-one pattern is well represented, as the higher

tropospheric O3 columns appear over the central Atlantic Ocean in October [Martin et al., 2002, Sauvage

et al., 2006]. Contrasting the tropospheric O3 columns retrieved with CCD-IUP using GOME data with

Figure 3.2: Tropical tropospheric ozone column (TTCO) derived with the convective cloud differential (CCD)

technique for January and April 2003 and January, April, July, and October 2008 using SCIAMACHY data.

the ones retrieved using SCIAMACHY data for the same months, January and April 2003 (see Fig. 3.2

bottom and Fig. 3.3 top), we conclude that the results are similar. The same pattern on tropospheric

ozone for January and April 2002 can be also seen for January and April 2003. In January, the maximum

O3 columns are located for both years at the South Atlantic and South-West Pacific Ocean and the

minimum tropospheric O3 columns at the central-West Pacific. In April 2002 and 2003, tropospheric O3

is similar with higher values at the West coast of Africa. The comparison between SCIAMACHY and
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Figure 3.3: Tropical tropospheric ozone column (TTCO) derived with the convective cloud differential (CCD)

technique for January, April, July, and October 2008 using GOME-2 data.

GOME-2 TTCOs for January, April, July and October 2008 is presented in Figures 3.2 and 3.3. The

tropospheric O3 burden has the expected pattern for all months and it is similar for both instruments.

However, tropospheric O3 columns retrieved using GOME-2 data are apparently higher than the ones

retrieved using SCIAMACHY for all months presented here. These results indicate that a harmonisation

between the instruments is necessary in order to create a consistent, merged TTCO dataset.

3.2 Uncertainty estimation ∗

This section summarizes and gives a rough estimate of the main sources of uncertainty that contribute to

the overall uncertainty in the retrieved tropical tropospheric ozone columns (TTCO). The years presented

here are 2002, for GOME, and 2008, for SCIAMACHY and GOME-2 ozone and cloud data. The square

root of the sum of all individual quadratic uncertainties that contribute in the total column (TCO) and

the above cloud column of ozone (ACCO) results in the uncertainty of the mean TTCO. The uncertainty

in the TCO and the uncertainty in the ACCO are supposed to follow a Gaussian distribution. This

assumption is based to the Central Limit Theorem which states that the convolved distribution (Y=c1X1

+ c2X2 + ... + cnXn) of the input quantities (Xi) converges towards the normal distribution as the

number of input quantities contributing to the convolved distribution variance (σ2(Y ) =
∑N

i=1 c2
i σ

2(Xi))
increases, regardless of the original probability distributions of the input quantities [JCGM 100, 2008].

Ozone time-series present a statistical dependence on its own past or future values, meaning that

∗This section has been partly published as part of Leventidou et al. [2016]
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Figure 3.4: First-order (lag-1) autocorrelation of cloud-free (cf<0.1) monthly mean total ozone data for a) GOME

(2002), b) SCIAMACHY (2008) and c) GOME-2 (2008) WFDOAS data.
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it has the tendency for a month to be similar to the previous and the next month. In atmospheric

sciences, this dependence is referred as persistence. Persistence is typically characterised in terms

of serial correlation, or temporal autocorrelation (φ). Such correlations are sometimes referred to

as lagged correlations. Autocorrelations are computed by substituting the lagged data pairs into the

formula for the Pearson correlation (Eq. 3.1). For the lag-1 autocorrelation there are n-1 such pairs.

The first-order autocorrelation is the most commonly computed measure of persistence [Wilks, 2011].

φT CO =

∑N−1
i=1 [(T COi − T CO−)(T COi+1 − T CO+)]

[
∑N−1

i=1 (T COi − T CO−)2
∑N

i=2(T COi − T CO+)2]1/2
(3.1)

where N, is the number of observations, + indicates the following and - the previous month. The same

equation also applies for the case of the ACCO.

Figure 3.4, shows the first-order (lag-1) autocorrelation of the cloud-free (cf<0.1) monthly mean

total ozone columns for GOME (2002), SCIAMACHY and GOME-2 (2008). The autocorrelation may

reach 0.9 with lower autocorrelations noticed over south-west Pacific and south Africa and America for

the time-series of GOME and SCIAMACHY (∼ 0.4− 0.6). In this case, the autocorrelation indicates that

the uncertainty in total, above cloud and tropospheric ozone at one month is linearly related to the

uncertainty at the previous month.

An uncritical application of classical methods assuming independence of data within a sample will

often give misleading results when applied to strongly persistent series [Wilks, 2011]. For example, the

underestimation of the variance of the sample mean may strongly influence the standard t–statistic�
x −μ0

[Var(x)]1/2

�
, leading to irrational rejections of the null hypothesis [Wilks, 1997]. A wide used

method to estimate the variance of the sampling distribution of the mean even when the data are

persistent, is to include a "variance inflation factor" equal to:

V = 1+ 2
N−1∑
k=1

(1− k
n
)φk (3.2)

where k is the lag of autocorrelation (φk) and N is the sample size. This "variance inflation factor" is

also called the time between effectively independent samples, T0 [Leith, 1973]. For independent data,

where φk = 0 and k
= 0, V = 1 and the classical t–test could be carried through as before. Estimation of

the effective sample size is most easily approached if it can be assumed that the underlying data follow

a first-order autoregressive process. For lag-1 (k=1) autocorrelated data (φ1), the "variance inflation

factor" is equal to V = 1+φ1
1−φ1

, adjusting the variance of the time averaged sampling distribution to reflect

the influence of the serial correlation [Wilks, 1997]. The autocorrelated time-series tend to have nearby

values more alike than in the independent series, meaning that these averages will be less consistent

from batch to batch, resulting in having a higher variance than the independent data [Wilks, 2011].
Estimation of the "effective sample size" or "equivalent number of independent samples" is usually

approached by the assumption that the data follow a first-order autoregressive process (when a more

complicated time-series model is necessary to describe the persistence, appropriate but more complicated

expressions for the effective sample size can be derived [Katz, 1982]). Using the "inflation factor", the

effective sample size can be estimated by the following approximation [Leith, 1973, Wilks, 2011]:

N ′ ∼= N
V
= N
�

1−φ1

1+φ1

�
(3.3)
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When there is no time correlation, φ1 = 0 then N ′ = N . As φ1 increases the effective sample size

becomes progressively smaller. Using Equation 3.3, the variance of the mean TCO becomes:

Var[T CO]∼= s2
T CO

N ′ =
s2

T CO

N

�
1+φT CO

1−φT CO

�
(3.4)

where sT CO, is the TCO standard deviation and φT CO is the first-order autocorrelation of TCO time-series

[Wilks, 2011]. The positive square root of the TCO variance is called (Type-A) standard uncertainty of

the total ozone column, uT CO. The same equations as Eq. 3.1, 3.2 , 3.3 and 3.4 can also apply to the

ACCO uncertainties.

The largest contribution in the WFDOAS total ozone column retrieval uncertainty originates from

the a-priori errors associated with the use of the ozone climatology and simplifying assumptions made

in the derivation of effective parameters (e.g. look up tables for albedo, altitude, and solar zenith

angle, other errors like the absorbing aerosol load, the ghost vertical column and the Ring ozone filling)

[Coldewey-Egbers et al., 2005]. The individually retrieved total ozone column with WFDOAS has an

uncertainty of 3% [Coldewey-Egbers et al., 2005]. The comparison with ground data show an RMS

difference of about 1.5% in the tropics [Weber et al., 2005]. Assuming that the precision of satellite

and ground data equally contribute to the RMS difference, it results in a precision of WFDOAS total

ozone of about 1% (uT COret rieval
� 3DU is the estimated average uncertainty for the individual WFDOAS

TCO and uACCOret rieval
� 2.5 DU for the WFDOAS ACCO retrieval). The total uncertainty of the grid-box

averaged total column ozone is therefore given by

uT CO =

√√√√∑Ni=1 u2
T CO(i)ret r ieval

NT CO

√√1+φT CO

1−φT CO
� uT COret rieval�

NT CO

√√1+φT CO

1−φT CO
, (3.5)

where NT CO is the number of cloud-free total ozone measurements per grid-box. uT CO is found to be

generally less than 2 DU for SCIAMACHY and GOME-2 whereas it may exceed 6 DU in a few grid boxes

in case of GOME (Fig. 3.5a).

However, a notable uncertainty contribution in the tropospheric ozone column arises from the above

cloud column calculation. For the CCD method, the above cloud ozone column refers to pixels with

cloud fractions greater than 0.8 and cloud top heights greater than 7 km for GOME and GOME-2 and

9 km for SCIAMACHY. The averaged uncertainty in the individual above cloud ozone retrieval from

WFDOAS algorithm, uACCO(i)ret r ieval
is 1% (∼2.5 DU). Similar to eq. 3.5 for the total ozone column,

the standard uncertainty of the monthly mean ACCO per latitude band in the reference region of the

western Pacific (70◦E-170◦W) is calculated by

uACCOaveragning
=

uACCOret rieval�
NACCO

√√1+φACCO

1−φACCO
(3.6)

where NACCO is the number of above cloud column ozone measurements per latitude band and φACCO

is the autocorrelation of the ACCO � 0.9. The uncertainty of monthly averaged ACCO is found to be

less than 2 DU for all instruments (see Fig. 3.5b).

The cloud parameter introduces an additional uncertainty contribution to ACCO. In order to calculate

the possible impact of cloud fraction and cloud top height on the monthly mean zonal ACCO, the ACCO
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values have been calculated using the marginal values of the known uncertainties in cloud fraction

and cloud top height. The half of the deviation between them is then considered to be the parameter

uncertainty for a given parameter change [Rahpoe et al., 2013].

Figure 3.5: a) The uncertainty in the WFDOAS TCO retrieval in August 2002 using GOME, and in August 2008

using SCIAMACHY and GOME-2 data b) the uncertainty of monthly averaged zonal ACCO for 2002 using GOME

data and 2008 using SCIAMACHY and GOME-2 c) the uncertainty in the monthly averaged zonal ACCO due to

CF for the same years as before d) the uncertainty in the monthly averaged zonal ACCO due to CTH for the same

years as before e) the total uncertainty in the TTCO using the CCD method on GOME WFDOAS total ozone data

in 2002 and SCIAMACHY and GOME-2 WFDOAS total ozone data in 2008.

The uncertainty in the cloud top height, uC T H is about ± 500 m [Lelli, 2013]. Monthly ACCO values

for cloud top heights greater than CTH – 0.5 km and CTH + 0.5 km were calculated for each instrument.

Eq. 3.7 gives the mathematical formula for the uncertainty in ACCO for ± 500 m cloud top height

change:

uACCOC T H
=
|ACCOC T H+0.5 − ACCOC T H−0.5|

2
(3.7)
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Fig. 3.5c shows the ACCO uncertainty for a cloud top height perturbation of ± 500 m. This uncertainty

is generally less than 0.5 DU for all instruments.

The uncertainty in cloud fraction, is uC F ±0.1 [Valks et al., 2011]. Monthly ACCO values for cloud

fractions greater than 0.7 and greater than 0.9 were calculated and uncertainty in the ACCO due to

cloud fraction is then:

uACCOC F
=

ACCOC F>0.7 − ACCOC F>0.9


2

(3.8)

As seen in Figure 3.5d, the uncertainty in ACCO as a function of latitude and month, for a cloud fraction

perturbation of 0.1 is less than 1 DU for GOME and SCIAMACHY and less than 1.5 DU for GOME-2.

This factor contributes the most to the total TTCO uncertainty. The ACCO uncertainty due to cloud

fraction (uACCOC F
), cloud top height (uACCOC T H

), is combined with the uncertainty from averaging in a

grid box to yield the total ACCO uncertainty as follows.

uACCO =

√√√u2
ACCOret rieval

NACCO

�
1+φACCO

1−φACCO

�
+ u2

ACCOC F
+ u2

ACCOC T H
(3.9)

Consequently, the total ACCO uncertainty is roughly 2 DU.

Finally, the combined standard uncertainty of the mean tropospheric ozone column (uT T CO) is then

uT T CO =

√√√u2
T COret rieval

NT CO

�
1+φT CO

1−φT CO

�
+

u2
ACCOret rieval

NACCO

�
1+φACCO

1−φACCO

�
+ u2

ACCOC F
+ u2

ACCOC T H
(3.10)

The total uncertainty of TTCO is found to be less than 3 DU (<10%) with GOME showing the greatest

values. As shown in Figure 3.5e), for all instruments, larger uncertainties are found in spring and

autumn for both years (2002 and 2008) presented.

An additional source of uncertainty in the ACCO retrieval could be the cloud optical thickness (COT)

which can either increase or decrease the overlying ozone amount [Jana, 2012]. Unfortunately, WFDOAS

dataset does not provide the COT information (values and uncertainties), since it could only be available

for the case of SCIAMACHY using SACURA cloud algorithm. Sensitivity tests on synthetic data using

a radiative transfer model could be performed instead in the future in order to quantify the effect of

different COT in the ACCO retrieval.

3.3 Validation with ozonesondes ∗

The accuracy of the CCD-IUP algorithm was investigated by comparisons with collocated ozonesonde

measurements of tropospheric ozone columns. The ozonesonde data were taken from the Southern

Hemisphere ADditional OZonesondes (SHADOZ) network (Thompson et al., 2003). The closest gridbox

that the ozonesonde station belongs was selected for the comparison. Using a fixed gridbox around the

sonde station where we could apply the CCD method was also investigated but it was concluded that

the statistics do not change significantly. The ozonesonde sites shown here (Fig. 3.6- 3.8), starting form

North to South, are: (a) Hilo (19.4◦N, 155.4◦W), (b) Paramaribo (5.8◦N, 55.2◦W), (c) Kuala Lumpur

∗This section has been previously published as part of Leventidou et al. [2016]
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(2.7◦S, 101.7◦E), (d) Nairobi (1.4◦S, 36.8◦E), (e) Natal (5.4◦S, 35.4◦W), (f) Java (7.6◦S, 111◦E), (g)

Ascension (8◦S, 14.4◦W), (h) Samoa (14.4◦S, 170.6◦W), and (i) Fiji (18.1◦S, 178.4◦E). The time-periods

of 1996-2002 for GOME, 2003-2007 for SCIAMACHY and 2008-2012 for GOME-2 were selected for

validation. For most stations, the ozonesonde measurements start in 1998 and the launches vary from

one to several per month (< 5). The ozone profiles were integrated until 200 hpa and the monthly mean

and 1σ standard deviation was calculated. No error bars are shown for stations with only one launch

per month. Ozonesondes provide measurements along the track of the sonde, whereas tropospheric

ozone from CCD covers a larger area (grid box of 2.5◦ by 5◦). Tropospheric ozone can change from

30 to 70 ppbv within a convective cell system [Avery et al., 2010]. Considering these points and the

fact that ozonesonde measurements are rather sparse in time, the comparison of monthly averaged

tropospheric ozone from CCD with monthly averaged tropospheric ozone from ozonesondes has some

limitations.

Table 3.1 lists the mean GOME (1996-2003), SCIAMACHY (2003-2012), and GOME-2 (2007-2015)

TTCOs as well as tropospheric ozone columns from ozonesondes at the stations mentioned above. Also

presented here are the relative differences between CCD and ozonesonde, the mean bias (the difference

between CCD and ozonesondes), the Root Mean Square (RMS) deviation (the standard deviation of the

differences between CCD and ozonesondes), and the correlation coefficient (R) between the CCD and

ozonesonde time-series. The comparison for all these ozonesonde stations shows that the bias is less

than 6.4 DU, the mean relative differences range between -8 and 28 %, the RMS is between 3.5 and 13

DU, and the correlation coefficient R ranges between 0.2 and 0.8. Comparing the CCD results for each

instrument with ozonesondes, SCIAMACHY TTCO were found to have the smallest relative differences

(0–9%) and RMS (3.5–7.9 (Hilo) DU) with the ozonesondes. The correlation is strong (R > 0.6) at four

over nine stations used for the comparison. GOME CCD results on the other hand, have generally small

biases with the ozonesondes (< 3 DU) with the exception of Hilo, where the bias is 5.4 DU. The RMS

differences are less than 7.2 DU (with the exception of Hilo, where the RMS is up to 11.1 DU) and the

correlation is strong only at two over nine stations used for the comparison with ozonesondes. GOME-2

CCD results compared with the nine ozonesonde stations show a persistent positive bias (2.5–6.4 DU)

with relative differences between 10 and 28%. The RMS differences are greater (5.8–13 (Hilo) DU)

among the three instruments, and the correlation is strong at four stations.

Figures 3.6- 3.8 present the tropospheric ozone timeseries from the CCD method (1996-2003 for

GOME, 2003-2012 for SCIAMACHY and 2007-2015 for GOME-2) plotted with collocated ozonesondes

measurements (until 200 hPa) for the aforementioned stations. In more detail, Fig. 3.8a shows the

comparison of tropospheric ozone column with ozonesondes in Ascension island which is located in

the South Atlantic. The mean tropospheric ozone columns are the highest among all the stations (∼32

DU). The seasonal cycle is strong, with maximum in autumn (biomass burning season) and minimum

in late spring, when the ITCZ passes over the island and the wet season begins. Similar seasonal

patterns with slightly smaller mean values (∼30 DU) can be seen in Natal (Fig. 3.7b), which is located

3400 km Northwest of Ascension. The same seasonal pattern is noticed in Paramaribo (Fig. 3.6b),

showing a distinct seasonal cycle (minimum at spring- maximum at autumn) but with even smaller

mean tropospheric ozone values (∼ 24 DU). The correlation with ozonesondes in these three stations is

highest (R= 0.4-0.8), mainly due to the fact that they have a distinct seasonal cycle. On the other hand,
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Table 3.1: Statistical comparison between GOME, SCIAMACHY, and GOME-2 TTCOs with ozonesondes for nine

SHADOZ sites. Information presented here are the ozonesonde site, the mean TTCO for GOME/SCIAMACHY and

for ozonesondes, the relative difference, the bias and the RMS difference between CCD-IUP TTCO and sondes

and finally the correlation coefficient.

Site (1996-2003) GOME

TTCO (DU)

SONDES

TTCO

(DU)

Relative

difference

BIAS

(DU)

RMS

(DU)

R

Hilo (19.4N,155.4W) 31.2 25.8 19% 5.4 11.1 0.5

Paramaribo (5.8N,55.2W) 23.2 23.5 -1% -0.2 5.8 0.2

Kuala Lumpur (2.7N,101.7E) 19.3 19.5 -1% -0.2 4.1 0.3

Nairobi (1.3S,36.8E) 24.4 22.3 9% 2.1 4.1 0.6

Natal (5.4S,35.4W) 29.7 26.7 11% 3.0 5.6 0.7

Java (7.6S,111E) 21.0 19.2 9% 1.9 4.7 0.3

Ascension (8S,14.4W) 31.3 31.3 0% -0.0 6.3 0.4

Samoa (14.4S,170.6W) 17.5 16.0 9% 1.5 5.8 0.2

Fiji (18.1S,178.4E) 20.2 18.3 10% 1.9 7.2 0.3

Site (2003-2012) SCIAMACHY

TTCO (DU)

SONDES

TTCO

(DU)

Relative

difference

BIAS

(DU)

RMS

(DU)

R

Hilo (19.4N,155.4W) 27.0 26.9 0% 0.1 7.9 0.6

Paramaribo (5.8N,55.2W) 19.3 21.0 -8% -1.6 4.0 0.3

Kuala Lumpur (2.7N,101.7E) 19.4 21.0 8 % -1.6 3.8 0.3

Nairobi (1.3S,36.8E) 24.4 22.3 9% 2.1 3.5 0.6

Natal (5.4S,35.4W) 27.7 27.5 1% 0.2 4.5 0.8

Java (7.6S,111E) 19.6 20.6 -5% -1.0 4.1 0.5

Ascension (8S,14.4W) 30.8 31.2 -2% -0.5 4.5 0.7

Samoa (14.4S,170.6W) 15.2 16.5 -8% -1.3 4.9 0.5

Fiji (18.1S,178.4E) 18.5 17.5 5% 0.9 5.2 0.4

Site (2007-2015) GOME-2

TTCO (DU)

SONDES

TTCO

(DU)

Relative

difference

BIAS

(DU)

RMS

(DU)

R

Hilo (19.4N,155.4W) 33.9 28.2 18% 5.7 13.0 0.6

Paramaribo (5.8N,55.2W) 25.6 23.1 10% 2.5 6.2 0.5

Kuala Lumpur (2.7N,101.7E) 24.8 21.9 12% 2.9 5.8 0.3

Nairobi (1.3S,36.8E) 28.9 22.5 25% 6.4 6.9 0.6

Natal (5.4S,35.4W) 34.4 28.4 19% 6.0 7.2 0.8

Java (7.6S,111E) 25.5 21.0 19% 4.5 5.9 0.5

Ascension (8S,14.4W) 36.4 31.4 15% 5.0 6.2 0.7

Samoa (14.4S,170.6W) 23.7 17.9 28% 5.8 6.8 0.5

Fiji (18.1S,178.4E) 25.3 19.9 24% 5.4 8.4 0.4
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Figure 3.6: Time series of monthly mean CCD tropospheric ozone columns and collocated monthly mean SHADOZ

ozonesonde TTCO in Hilo, Paramaribo, and Kuala Lumpur (from top to bottom). The red lines give the integrated

ozone column from sonde ozone up to the fixed level of 200 hPa (roughly 12 km). The blue tinted lines are: (a)

GOME-1 CCD ozone columns (1996-2003), (b) SCIAMACHY CCD ozone columns (2003-2012), and (c) GOME-2

CCD ozone columns (2007-2015). Error bars indicate the 1 σ uncertainty of the monthly mean. No error bars

are shown for months with only one ozonesonde launch available. The average TTCO for each instrument and

sondes with the standard deviation of the mean is shown on top of each plot. The difference between CCD and

ozonesondes is plotted in the bottom.
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Figure 3.7: Time series of monthly mean CCD tropospheric ozone columns and collocated monthly mean SHADOZ

ozonesonde TTCO in Nairobi, Natal, and Java (from top to bottom). The red lines give the integrated ozone

column from sonde ozone up to the fixed level of 200 hPa (roughly 12 km). The blue tinted lines are: (a) GOME-1

CCD ozone columns (1996-2003), (b) SCIAMACHY CCD ozone columns (2003-2012), and (c) GOME-2 CCD

ozone columns (2007-2015). Error bars indicate the 1 σ uncertainty of the monthly mean. No error bars are

shown for months with only one ozonesonde launch available. The average TTCO for each instrument and

sondes with the standard deviation of the mean is shown on top of each plot. The difference between CCD and

ozonesondes is plotted in the bottom.
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Figure 3.8: Time series of monthly mean CCD tropospheric ozone columns and collocated monthly mean SHADOZ

ozonesonde TTCO in Ascension, Samoa, and Fiji (from top to bottom). The red lines give the integrated ozone

column from sonde ozone up to the fixed level of 200 hPa (roughly 12 km). The blue tinted lines are: (a) GOME-1

CCD ozone columns (1996-2003), (b) SCIAMACHY CCD ozone columns (2003-2012), and (c) GOME-2 CCD

ozone columns (2007-2015). Error bars indicate the 1 σ uncertainty of the monthly mean. No error bars are

shown for months with only one ozonesonde launch available. The average TTCO for each instrument and

sondes with the standard deviation of the mean is shown on top of each plot. The difference between CCD and

ozonesondes is plotted in the bottom.



3.3 Validation with ozonesondes 67

Nairobi station (Fig. 3.7a), (central east Africa) shows even lower mean tropospheric ozone abundance

(∼ 25 DU) and very small seasonal variations. The reduced seasonal cycle can be explained by the

location of Nairobi

The CCD timeseries for the Indian Ocean stations such as Kuala Lumpur and Java (Fig. 3.6c and

3.7c), show very low mean tropospheric ozone values (∼20 DU). In the western Pacific, the sea surface

temperature is highest favouring strong convective activity which can lead to ozone loss from convective

outflow and photochemical reactions [Morris et al., 2010]. Additionally, the HOx are minimum (below

108 molecules·cm −3) due to denoxification (conversion of NOx into HNO3 inside the clouds observed

in the Pacific region). These ozone precursor levels are too low to effectively produce ozone [Rex et al.,

2014]. The ozone abundance gets even lower (< 10 DU) during summer (particularly in the case of

SCIAMACHY and GOME retrievals) when the monsoon season is active and the ITCZ moves northwards.

The South East Trade winds of the Southern Hemisphere crossing the equator are deflected eastwards in

the Northern Hemisphere due to the Coriolis effect, yielding into the C-shape monsoon winds blowing

from the South-West direction in the lower troposphere [Loschnigg and Webster, 2000, Yonemura et

al., 2002]. As a result, clean ozone air reaches the Indonesian-Malaysian Peninsula. The opposite

circulation takes place in winter, where the gradient is turning from South to North bringing polluted

continental air to both sites. Additionally, ozone peaks can be seen at Java station (Watukosek) during

the pre-midwinter months of 1997, 2002, 2004, 2006 and 2009 (October-January) due to El Niño

conditions [Ziemke et al., 2010]. El Niño is linked to changes in the convection pattern (less clouds over

Indonesian region) and increase of biomass burning [Valks et al., 2014]. Generally, the correlation with

the Indian ocean stations is weak (0.3 <R < 0.5) since tropospheric ozone is low, the seasonal cycle is

weak or even non existent while the bias (< 4.5 DU) and the RMS are small (< 5.9 DU) indicating that

the CCD TTCO can be considered as having acceptable agreement with the ozonesondes.

At the Pacific Ocean site of Hilo (Fig. 3.6a) tropospheric ozone is among the highest (∼29 DU).

Hilo is located in the northern tropics, at a location where the jet stream passes during winter months.

Consequently, Hilo is influenced by stratospheric intrusions via tropopause foldings. Additionally, a

large anticyclone located over the Pacific sends air from Asia towards North America during winter

and spring [Oltmans et al., 2004]. However, the movement of the ITCZ at southern latitudes in boreal

winter months causes less clouds over that region and as a result not sufficient data to retrieve ACCO

and consequently TTCOs. The opposite picture can be noticed in Fiji (Fig. 3.8c) where higher ozone

columns appear during boreal summer months. Both stations are located near the southern and northern

boundary of the tropical region. As a result, the ACCO measurements are considered to be statistically

doubtful and no TTCO is retrieved in these cases. Finally, Fig. 3.8b presents the tropospheric ozone at

Samoa island which ranges around 21 DU with slightly higher values in autumn. The comparison of CCD

results and ozonesondes at Samoa shows that CCD strongly overestimates the retrieved tropospheric

ozone for GOME-2 (relative difference=28%).
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3.4 Comparison with Limb/Nadir Matching tropospheric ozone columns∗

Tropospheric ozone columns from Limb/Nadir Matching (LNM) observations of SCIAMACHY are

available [Ebojie et al., 2014]. The monthly mean tropospheric ozone columns retrieved with the LNM

technique have in general errors of less than 6 DU, and the comparison with collocated and integrated

ozonesonde profiles up to the tropopause shows agreement within 2–5 DU and mean relative differences

of 6–25% in the tropics. [Ebojie et al., 2014]. The comparison with other satellite instruments such

as TES and OMI/MLS generally shows similar features, nevertheless, there are obvious differences

in regional patterns mainly due to instrumental differences, differences in the vertical resolutions,

and overpass times. In order to make the comparison between the tropospheric ozone columns from

CCD-IUP and LNM more realistic, the CCD data have been gridded with the same 2.5◦x5◦ grid and the

ozone amount between the tropopause and 200 hPa has been subtracted from the LNM ozone columns

using the Fortuin and Kelder [1998] climatology.

Figure 3.9 shows the TTCOs from CCD (top) and LNM (middle) from SCIAMACHY in August 2008.

Higher ozone columns are located over the central Atlantic Ocean while the lowest is over the Pacific

Ocean. However, LNM tropospheric ozone data are sparse between 70◦E-160◦E and over southern

central America. It is also apparent that the LNM tropospheric ozone columns appear somewhat noisier

with elevated ozone columns (40 DU) appearing e.g. over the Pacific Ocean where the neighbouring

grid-boxes are around 15 DU.

Figure 3.10 presents the comparison between CCD-IUP and LNM tropical tropospheric ozone columns

for the years 2003-2011. Fig. 3.10a shows the mean tropospheric ozone column bias (CCD minus LNM

TTCO) ranging between ±5 DU with the exception of South-east America and central Africa where it

reaches 10 DU. The bias is mainly positive over land and negative at the borders of the tropical belt,

the central Pacific and Atlantic Ocean. The RMS (Fig. 3.10b) is generally less than 10 DU which is

within the range of the comparison of CCD-IUP with the ozonesondes. The mean absolute bias is less

than 3 DU and the mean absolute relative difference is ∼12%. Finally, the correlation (Fig. 3.10c) is

moderate to low with exception of the areas that present high ozone columns. There are also some

anti-correlated grid-boxes which are located in areas where LNM data are usually sparse (e.g. western

Pacific ocean). The bias between LNM and CCD-IUP tropospheric ozone could be partly explained by

the overestimation of limb V2.9 ozone profiles used for LNM. Comparison with ozonesondes in the

tropics show a positive bias of 5 to 10 DU [Jia et al., 2015]. The position of positive and negative biases

seem to agree well with the ones for the limb profiles. For the newest limb version 3.0, the seasonal

variations in the time series are in better agreement with those from sonde data at most tropical stations

[Jia et al., 2015]. Limb V3.0 is planned to be used in the newest LNM tropospheric ozone dataset and

an improvement in the agreement between the two methods is expected. However, due to the different

sampling of both methods for the total and the stratospheric O3 column, there will still be expected

differences, despite the fact that the same instrument (SCIAMACHY) is used.

∗This section has been previously published as part of Leventidou et al. [2016]
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Figure 3.9: a) Tropical tropospheric ozone column from CCD-IUP SCIAMACHY for August 2008. b) SCIAMACHY

tropical tropospheric ozone column from Limb/Nadir matching technique up to 200 hPa for August 2008. c)

Difference between CCD-IUP and LNM SCIAMACHY data in August 2008.
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Figure 3.10: a) Mean bias between CCD and LNM for the years 2003 until 2011. b) Correlation (R) between

CCD and LNM SCIAMACHY tropospheric ozone for the years 2003 until 2011.
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3.5 Summary and discussion

Monthly averaged tropospheric ozone columns have been calculated on a 2.5◦ latitude by 5◦ longitude

grid between 20◦S and 20◦N by applying the CCD method to GOME/ERS-2, SCIAMACHY/ENVISAT

and GOME-2/MetopA data covering the period 1996 to 2015. The uncertainty budget of the retrieved

tropical tropospheric ozone columns has been estimated here for the first time. The total uncertainty of

retrieved TTCO is found to be in the order of 3 DU (<10%), with GOME TTCO showing the greatest

uncertainties. The comparison with nine SHADOZ ozonesonde sites shows average biases less than

6.4 DU, mean relative differences between -8 and 28%, and RMS between 3.5 and 13 DU. Only for

the case of GOME-2 TTCO the biases are greater than the retrieval uncertainty. The comparison with

limb-nadir-matching observations from SCIAMACHY show good agreement (mean absolute bias < 5

DU and the mean absolute relative difference ∼12%). Further optimization of the WFDOAS data (use

of the same algorithm for cloud properties for all satellite data) and extension of the CCD algorithm to

GOME-2/MetopB and TROPOMI/S5p data is necessary in order to improve the consistency between

satellite datasets for long-term trend and variability studies. The TTCO time-series with the CCD

method can be further continued with the future Sentinel-5 mission (launch 2020) and Sentinel-4

(launch 2025) [Veihelmann et al., 2015]. Sentinel-4 will be able to provide hourly data of ozone from a

geostationary orbit, which will allow a modified CCD method to be applied in mid-latitudes and in a daily

basis assuming then that stratospheric ozone column remains invariant during a day. The individual

tropospheric ozone time series can be harmonised and merged into one consistent long-term dataset in

order to be used in climatological and tropospheric ozone trend studies (see: Section 4.1). This unique

20 year tropical tropospheric ozone dataset provides valuable information about the tropospheric ozone

distribution and variability as discussed in Chapter 5.
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4
Tropical tropospheric ozone trends

In this chapter the multi-instrument (GOME, SCIAMACHY, and GOME-2) CCD tropical tropospheric

ozone column datasets are harmonised into one merged time-series which is then used to derive

long-term trends from. The datasets need to be harmonised in order to remove the biases between the

instruments and therefore correction offsets are calculated using SCIAMACHY TTCOs as reference. Six

different scenarios are tested in order to find the most apropriate approach to harmonise and merge

the individual TTCO datasets. The various possible harmonisation scenarios may have strong impact

on the derived tropospheric ozone trends and add to the uncertainties in the retrieved trends beyond

the statistics of a multiple linear regression (MLR). Long term TTCO trends are calculated by fitting all

natural processes (seasonal cycle, ENSO, QBO, and the solar cycle) that contribute to its variability in a

multi-linear regression model. The trend results for the preferred harmonised dataset are discussed

in detail and compared with trends from ozonesonde profiles. Regional trends and trends over ten

tropical mega cities are presented and compared with results from other studies.

4.1 Harmonisation and merging of the multiple instrument TTCO data

record

As described in Chapter 3, the tropical tropospheric O3 data have been retrieved with the CCD method

using total ozone and cloud data from three different satellite sensors, GOME, SCIAMACHY and

GOME-2 from 1996 to 2015. These instruments have different properties such as spatial resolution,

cloud algorithms, overpass time, etc. The individual TTCO datasets have been created taking into

account these specific characteristics and have been separately validated with integrated (until 200 hPa)

tropospheric ozone columns by ozonesondes from the SHADOZ network [Thompson et al., 2003] (see

Section 3.3). The biases between them have been found to be within -1.6 – 6.4 DU and the root mean

square (RMS) deviation less than 13 DU for all the instruments. The uncertainty of the tropospheric

ozone column retrieval with the CCD method is on the order of 3 DU (∼ 10%). For most of the stations,

the bias of with the ozonesondes is within the retrieval uncertainty, with the exception of GOME-2 TTCO

which is on the order of 5 DU. Finally, the CCD TTCO from SCIAMACHY data have been compared

with the Limb-Nadir-Maching (LNM) tropospheric O3 columns up to 200 hPa altitude from the same
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satellite instrument, showing that the bias and the RMS values are within the ones calculated for the

comparison with ozonesondes.

In order to remove the biases between the instruments and create one consistent tropical tropospheric

columns dataset from the CCD method for the whole timespan of the European satellites operation

(1996–2015), correction offsets have been calculated. SCIAMACHY TTCO were used as reference for

the correction offset calculation, since it is the only instrument that overlaps (2002–2012) both with

GOME and GOME-2 and has the smallest bias with respect to the ozonesondes (< 2 DU). The average

difference (bias) for each grid-box during the common years of the instruments operation (2002 and the

first half of 2003 for SCIAMACHY–GOME and 2007–2012 for SCIAMACHY–GOME-2) was computed

and was applied (added) to GOME and GOME-2 TTCO data. The mean biases, shown in Fig. 4.1, range

between -6 and 6 DU for GOME, with positive differences (3–6 DU) located mainly over land. There are

also two stripes with positive biases appearing north of 7.5◦N until 20◦N, and between -5 and -7.5◦S.

For GOME-2, the bias ranges between -8 and 0 DU, with differences getting smaller over land, especially

over south America and north/central Africa. Possible reasons for the biases are the different cloud

algorithms used for each instrument (SACURA for SCIAMACHY and FRESCO for GOME and GOME-2)

and the small biases noticed in the total ozone columns (e.g. ∼ -2.5 DU between SCIAMACHY and

GOME-2). In addition to correction offsets, correction factors have been calculated using the mean

ratio of SCIAMACHY to GOME and SCIAMACHY to GOME-2 TTCO (see Fig. A1). The correction factors

have similar pattern as the offsets. Since correction offsets are most commonly used in literature, they

have been preferred in order to homogenise the data record.

The latitudinal dependence of the mean bias is shown at the bottom of Fig. 4.1. The average

differences between GOME and GOME-2 with SCIAMACHY are generally negative (less than 5 DU)

in all latitude bands with the exception of the northern tropical latitudes where GOME mean biases

are positive (0–2 DU). GOME mean biases have stronger latitudinal variability than the GOME-2 mean

biases. This behaviour may be explained by the short time of common operation (Jan. 2002–Jun 2003)

between GOME and SCIAMACHY instruments. The 1σ standard deviation (uncertainty bars) of the

mean bias per latitude band is comparable to the magnitude of the biases, ranging from less than 5 DU

close to the equator to 7 DU for latitude bands close to the tropical borders. For the case of GOME, the

mean correction offset is -1.2 DU, whereas for GOME-2 it is -5.7 DU. The mean offset of GOME-2 is

almost double as the CCD retrieval uncertainty (∼3 DU). For this reason and because of the large biases

with the ozonesonde data, it seems reasonable to apply a correction for the GOME-2 TTCO dataset.

The drift on the average differences, β , has be estimated using a simple linear regression model such

as: Y = α + β · Xt , where Y is the time-series of the biases, Xt is the time variable in months, and α is

the offset. The drift between SCIAMACHY and GOME-2 (there are not enough overlapping years to

calculate a trend in the GOME-SCIAMACHY difference time-series) is shown in Fig. 4.2. The drift is

generally less than ∼0.4 DU per year and is statistically not significant (β/σβ<2, see Section 4.2.2,

Eq. 4.12) for nearly all grid boxes, with the exception of the 17.5–20 oN latitude band, where it is

statistically significant and exceeds 1 DU/year. During local winter months at the tropical borders, there

are often missing TTCO data owing to the movement of the ITCZ and the inability to retrieve a reliable

stratospheric O3 column (the number of data is shown in Fig. A2). For this reason, calculated drifts

for these latitudes are not reliable despite the fact that they might appear to be statistically significant.
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Figure 4.1: Correction offsets using SCIAMACHY TTCO as reference. (left) Correction offset for GOME: average

difference of GOME from SCIAMACHY TTCO for the years 2002-2003. (right). Correction offset for GOME-2:

average difference of GOME-2 from SCIAMACHY TTCO (in DU) for the years 2007-2012. The error bars denote

the 1σ standard deviations of the latitudinally averaged biases.

Figure 4.2: Trend in the correction offset for GOME-2. Black "x" denotes statistically non significant trend.
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They do not cover the entire studied period (2007–2012) but only a subset of them.

The creation of a consistent tropical tropospheric ozone column dataset from multiple satellite

instruments demands a careful selection of the appropriate harmonisation approach, since it introduces

additional uncertainty in the merged dataset. For this purpose, six harmonisation scenarios have been

tested all of them using the SCIAMACHY TTCO dataset as a reference, which is in the middle of the

time period, as follows:

• Scenario 1: No correction applied to GOME data (which could be justified by the very short

overlap period), while GOME-2 is corrected using for each grid-box the mean bias with respect

SCIAMACHY for the common years of operation (2007–2012 for GOME-2).

• Scenario 2: No correction applied to GOME data and the average bias (-5.7 DU) with respect

SCIAMACHY is added to all GOME-2 TTCO data.

• Scenario 3: GOME and GOME-2 have been corrected using for each grid-box the mean bias with

respect to SCIAMACHY for the common years of operation.

• Scenario 4: The average bias with respect to SCIAMACHY (-1.2 DU) is added to all GOME TTCO

data, whereas GOME-2 TTCO has been corrected using for each grid-box the mean bias with

respect to SCIAMACHY for the common years of operation (2002 for GOME and 2007-2012 for

GOME-2).

• Scenario 5: The average bias with respect to SCIAMACHY (-1.2 DU) for GOME and for GOME-2

(-5.7 DU) is added to all GOME and GOME-2 TTCO data respectively.

• Scenario 6: No correction applied to GOME, whereas for GOME-2 both the bias and the drift is

included in the correction of GOME-2 TTCO in each grid-box.

After the correction terms for all scenarios have been applied to the original data, the "corrected"

GOME (1996-2002) and GOME-2 (2007-2015) TTCO were averaged with the ones from SCIAMACHY

(2003-2012) for the overlapping months (Jan. 2002–Jun. 2003 and Jan. 2007–Dec. 2012, respectively).

In order to conclude which is the most suitable harmonisation scenario, the various merged datasets

were compared with integrated ozone columns up to 200 hPa altitude from nine ozonesonde stations:

(a) Ascension (8◦S, 14.4◦W), b) Paramaribo (5.8◦N, 55.2◦W), c) Java (7.6◦S, 111◦E), d) Natal (5.4◦S,

35.4◦W), e) Samoa (14.4◦S, 170.6◦W), f) Nairobi (1.4◦S, 36.8◦E), g) Kuala Lumpur (2.7◦S, 101.7◦E),

h) Hilo (19.4◦N, 155.4◦W), and (i) Fiji (18.1◦S, 178.4◦E)). As seen in Table 4.1, the mean bias between

the six harmonised TTCO datasets and the ozonesondes range between -2.5 and 1.8 DU which is well

within the retrieval uncertainty. However, the biases of each scenario with ozonesondes are very close

to each other in every station. The same, occurs for the correlation between the harmonised TTCO

datasets and the ozonesondes (see: Fig. A3 and A4). Although the comparison between the TTCO form

the individual harmonised scenarios and the ozonesonde data does not clearly favor any harmonisation

scenario, the scenarios that can be confidently rejected according to this comparison are scenarios 3, 4

and 5, which have the biggest bias with the ozonesondes. Scenario 6, presents smaller bias at four out
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Table 4.1: Mean differences (in DU) between the harmonised TTCO datasets using six different harmonisation

scenarios with integrated ozone columns until 200 hPa from nine ozonesonde stations. Bold are marked the

harmonisation scenarios that have the smallest biases with ozonesondes for a given station.

CCD – Sondes TTCO [DU] scenario scenario scenario scenario scenario scenario

/Site 1 2 3 4 5 6

Ascension (8S,14.4W) 0.03 -0.14 -0.77 -0.42 -0.60 0.03

Paramaribo (5.8N,55.2W) -1.21 -2.28 -1.28 -1.44 -2.52 -1.21

Java (7.6S,111E) -0.11 -0.12 -1.12 -0.54 -0.55 -0.11

Natal (5.4S,35.4W) 0.56 0.63 -0.21 0.22 0.28 0.57

Samoa (14.4S,170.6W) -0.25 0.09 -1.35 -0.61 -0.23 -0.28

Nairobi (1.3S,36.8E) 1.81 1.10 1.80 1.48 0.74 1.84

Kuala Lumpur (2.7N,101.7E) -1.81 -2.12 -2.12 -2.14 -2.48 -1.78

Hilo (19.4N,155.4W) 0.67 0.65 0.17 0.19 0.23 0.88

Fiji (18.1S,178.4E) 0.19 -0.09 -0.58 -0.21 -0.45 -0.55

of nine ozonesonde stations, whereas scenario 1, at three out of nine ozonesonde stations. Nevertheless,

scenario 6, has larger biases with respect to ozonesondes compared to scenario 1 (with the exception of

one station). As shown earlier, the drift in the GOME-2 data (scenario 6) is statistically insignificant at

most of the grid-boxes and as will be shown later introduces artifacts in tropospheric trends. For these

reasons, scenario 1 has been selected to be the preferred harmonisation scenario for merging the TTCO

datasets. All further results (without explicit indication of the harmonisation scenario used) presented

here are based on harmonisation scenario 1.

4.2 Tropical tropospheric ozone trends

Long-term evolution of tropospheric ozone is complex and depends upon the evolution of precursor

emissions and climate change. Quantifying tropospheric ozone trends is crucial for testing our under-

standing about the processes that can affect tropospheric ozone in the troposphere and attributing

these ozone changes to changes in precursor emissions, removal processes and meteorology [Monks et

al., 2015]. Various studies have been performed in urban and rural sites using in situ data in order to

estimate tropospheric ozone trends in the tropics. Lelieveld et al. [2004] noticed an increase in surface

ozone on the order of 0.4 ppb/year over the northeastern tropical Atlantic, and over the southeastern

tropical Atlantic, with a smaller trend of 0.1 ppb/decade over the southwestern tropical Atlantic Ocean,

based on ship-borne measurements (1977–2002). Oltmans et al. [2013] using surface and ozonesonde

observations noticed a significant increase of 3.8 %/decade (0.16 ppb/year) in surface ozone in Mauna

Loa, Hawaii (19.5◦N) in 1974 and a smaller insignificant trend on the order of 0.7 %/decade (0.01

ppb/year) in American Samoa (14.5◦S) after 1976. Lin et al. [2014] suggest that the increase of ozone

in Mauna Loa is even bigger during autumn, in the order of 0.35 ppbv/year, due to the increase of air

masses transport from east Asia. Cooper et al. [2014] found a significant increase of 0.19 ppb/year

in the subtropical site of Cape Point in South Africa from 1983 to 2011. Additionally, Thompson et al.

[2014], using ozonesonde data from the SHADOZ stations in Irene and Réunion noticed statistically
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significant trends in the middle and upper troposphere of ∼ 25 %/decade (1 ppbv/year) and ∼35 – 45

%/decade (2 ppbv/year), respectively during winter months (June-August). Smaller positive trends

appear in summer, close to the tropopause.

Satellite remote sensing is a very useful tool to perform trend analysis on a regional and global scale.

Ziemke et al. [2005], using the Convective Cloud Differential (CCD) method on Total Ozone Mapping

Spectrometer (TOMS) version 8 data from 1979 to 2003, found a statistically significant positive linear

trend in the mid-latitudes but not in the tropics, where they report an insignificant decline. Beig

and Singh [2007] using tropospheric ozone data retrieved with CCD from the Total Ozone Mapping

Spectrometer (TOMS) between 1979 and 2005, found an increasing trend of 7 – 9 %/decade over

some parts of south Asia, 4 – 6 %/decade over the Bay of Bengal, and 2 – 3 %/decade over the central

Atlantic Ocean and central Africa. Kulkarni et al. [2010] using Tropospheric Ozone Residual (TOR) data

from TOMS, SAGE and SBUV instruments, calculated statistically significant trends over three Indian

mega-cities during 1979–2005. They showed that ozone increased by 3.4 %/decade in Delhi during

the monsoon period, while it increased by 3.4 – 4.7 %/decade in Hyderabad and 5 – 7.8%/decade in

Bangalore during the pre-monsoon and post-monsoon period, respectively. Ebojie et al. [2016] using

the full record of SCIAMACHY limb-nadir matching data (2002–2011) retrieved regional and global

tropospheric ozone trends. An insignificant positive trend in the order of 0.5 DU/decade was noticed

for the northern tropics (0-20◦N) and an even smaller trend of 0.3 DU/decade in the southern tropics

(0–20◦S). Regionally, they noticed statistically significant trends of -1.6 %/year over Northern South

America (10 – 0◦S, 75-45◦W), 1.6 %/year in Southern Africa (15-5◦S, 25-35◦E), 1.9 %/year in Southeast

Asia (15 – 35◦N, 80 – 115◦E), and a trend of 1.2 %/year over Northern Oceania (20 – 10◦S, 100 –

130◦E). Most recently, Heue et al. [2016] published a study about tropical tropospheric ozone trends

using the CCD method on a harmonised dataset consisting of data retrieved from GOME, SCIAMACHY,

GOME-2 and OMI satellite instruments from July 1995–December 2015. The mean tropical tropospheric

ozone trend that they found is 0.7 DU/decade and regionally the trend reaches 1.8 DU/decade on the

African Atlantic coast, and -0.8 DU/decade in the western Pacific.

The various study results for tropospheric ozone trends diverse significantly with each other, even

while using the same dataset (e.g. the trends retrieved from Ziemke et al. [2005] and Beig and Singh

[2007]). In this section, a statistical analysis of the long-term CCD tropical tropospheric ozone trends is

performed along with a sensitivity study of how different harmonisation approaches may affect these

trend results. Finally, regional trends and trends over mega-cities using one harmonisation approach

are calculated and compared with previous studies.

4.2.1 Overview on known contributions to tropospheric ozone changes

Changes in ozone precursor emissions due to urbanization and land use, along with changes in the

atmospheric oscillations which affect processes that modulate the tropical upwelling or the horizontal

ozone transport may cause long-term changes in the tropospheric ozone burden and influence the

photochemical ozone production and loss in the troposphere Chandra et al. [2009], Monks et al. [2015],
Neu et al. [2014], Solomon et al. [2007], Voulgarakis et al. [2010], WMO [2011], Ziemke and Chandra

[2003]. Some of these factors can be represented by periodic seasonal proxies, such as the El Niño
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Southern Oscillation (ENSO), the quasi-biennial oscillation (QBO) and the solar cycle (SC). These

indexes are embodied in the trend model described in Section 4.2.2.

El Niño Southern Oscillation (ENSO)

The El Niño Southern Oscillation (ENSO) is the characteristic signature of the atmosphere-Ocean

coupling in the tropical Pacific region, dominating the inter-annual tropical climate variability [Chandra

et al., 2009, Doherty et al., 2005, 2006, Randel et al., 2009, Vecchi et al., 2010]. Switching between

warm (El Niño) and cold (La Niña) phase, ENSO causes significant disturbances to the Oceanic and

atmospheric circulations, and the tropospheric temperature and moisture patterns. Under regular

conditions, the atmospheric pressure at the western Pacific Ocean is lower than the eastern Pacific,

since the Sea Surface Temperature (SST) in this region (Indonesian warm pool) is higher than in the

eastern Pacific. The abnormal warm phase of ENSO (El Niño) is associated with enhanced sea surface

temperatures and latent heat release to the atmosphere in the equatorial central and east Pacific. As a

result, more cloudy conditions appear over the eastern Pacific Ocean leading to reduced tropospheric

ozone burden over that region, whereas the increased dryness over the Indonesian region, enhancing

the tropospheric ozone production [Chandra et al., 2009, Doherty et al., 2006, Oman et al., 2011,

Ziemke and Chandra, 1999, 2003]. Due to the El Niño large scale circulation, the sub-tropical jet

streams and the up-welling branch of the Brewer-Dobson (BD) circulation are strengthening, resulting

in more ozone-poor air being transported from the troposphere to stratosphere. The stratospheric

meridional transport of ozone is getting stronger in the middle latitudes and the polar vortex is getting

weaker [Calvo et al., 2010, Garcia-Herrera et al., 2006, Preethi et al., 2015, Simpson et al., 2011].Xie

et al. [2014] suggested that due to the decrease in stratospheric column ozone during a certain kind of

El Niño events, known as Modoki events, more UV radiation reaches the tropical troposphere, leading

to significant increases in tropospheric ozone columns. Voulgarakis et al. [2010] showed that the global

tropospheric ozone budget can increase due to enhanced stratosphere to troposphere exchange (STE)

during El Niño events. Neu et al. [2014], showed that inter-annal variations in the STE ozone flux by

40% can cause changes of the order of 2% in tropospheric ozone in the northern mid-latitudes, which

corresponds to around half of its inter-annual variability.

Several ENSO proxies are in use for climate studies, like the Southern Oscillation Index (SOI) [Wolter

and Timlin, 1998], the Niño 3.4 SST Index [Gergis and Fowler, 2005] and the Ozone ENSO Index (OEI)

[Ziemke et al., 2010] based on measurements of various quantities. In the present study, the Multivariate

ENSO Index (MEI) is used, based on six main observed variables over the tropical Pacific such as, sea-

level pressure, zonal and meridional components of the surface wind, sea surface temperature, surface

air temperature, and cloud fraction of the sky [Wolter and Timlin, 1998]. The ENSO MEI Index integrates

more information than other indices and represents better the coupling between Ocean and atmosphere

[Wolter and Timlin, 2011]. The ENSO MEI Index data have been downloaded from the NOAA Earth

System Research Laboratory (ESRL) web site (http://www.esrl.noaa.gov/psd/enso/mei/). The data

are reported on a bimonthly basis with negative values representing the cold ENSO phase, (La Niña),

while positive values the warm ENSO phase (El Niño).
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Quasi-biennial oscillation (QBO)

The equatorial stratosphere (16 – 50 km) exhibits periodic or quasi-biennial oscillating (QBO) cycles

which are characterized by the alternation of nearly symmetric zonal layers of east and west winds

with an average period of approximately 28 months [Baldwin et al., 2001]. They result from the

vertical transport of momentum by certain types of equatorial and gravity waves [Plumb and McEwan,

1978]. Kelvin waves provide the necessary momentum for the westerly phase and Rossby-gravity waves

provide the momentum for the easterly phase of QBO oscillation. Nevertheless, the east phase of QBO

is stronger and lasts longer than the west phase [Baldwin et al., 2001]. The maximum amplitudes of

both east and west phases are typically near 20 hPa without any seasonal dependence [Naujokat B.,

1986].

Although the zonal wind and temperature anomalies of the QBO do not penetrate significantly below

the tropopause [Baldwin et al., 2001], several studies have shown that QBO can also affect the tropical

tropospheric circulation. The descending QBO westerlies are associated with downward motion in

the tropics and upward motion in the subtropics, weakening the normal Brewer-Dobson circulation

in the tropics and resulting in a positive ozone anomaly in the tropics and a negative anomaly in the

subtropics. The descending easterly phase of the QBO, enhances the Brewer-Dobson circulation in

the tropics resulting in a negative ozone anomaly in the tropics and a positive ozone anomaly in the

subtropics [Bruhwiler and Hamilton, 1999]. According to Neu et al. [2014], although ENSO and QBO

indices are not always in phase, they are found to be highly correlated with each other from the time

period between 2005 and 2010 (R=0.67). El Niño and easterly QBO phase have been found to enhance

meridional overturning in the stratosphere by increasing the poleward and downward transport from

the ozone maximum regions and as a result they increase the stratospheric ozone transported to the

troposphere in the subtropics. La Niña and westerly QBO shear have been found to decelerate the

stratospheric ozone transport, reducing tropospheric ozone originating from the stratosphere.

In order to study the coupling between QBO and tropospheric ozone, the equatorial Singapore (1◦N,

104◦E) winds at 30 and 50 hPa pressure levels from FU Berlin (http://www.geo.fu-berlin.de/en/met/ag/
strat/produkte/qbo/) were used as explanatory QBO variables in the multivariate linear regression

analysis. The combination of QBO indexes at 30 and 50 hPa, that are phase shifted by about π/2 will

account also for potential lags in the ozone response to QBO [Randel and Wu, 2007] and prevents the

need to find the optimal time lag as described in Bojkov et al. [1990].

Solar cycle

The sun presents a nearly periodic 11-year change in its activity (changes in solar radiation and coronal

mass ejections) and appearance (changes in the number of sunspots, etc). The total solar irradiance

(TSI) within an 11 year solar cycle varies (peak to peak) by about 0.1 %. For time-scales shorter than a

few days, the changes in TSI may be 2-3 times larger. Solar spectral irradiance (SSI) variations differ

from those observed in the TSI. In visible and near-infrared (NIR) wavelengths, the SSI is usually less

than 0.5 % whereas at shorter wavelengths, such as UV, where stratospheric ozone strongly absorbs,

the SSI variability may reach 10% [Ermolli et al., 2013].

This solar cycle (SC), induces changes in the upper atmospheric chemistry, the temperature and
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pressure gradient and as a result in the atmospheric circulation. The direct effects of solar variability

may be more dominant in the stratosphere, however, changes occurring in the upper stratosphere are

propagating to the troposphere due to the coupling of these two layers. For example, solar energetic

protons may lead to nitrogen oxides (NOx) production in the upper stratosphere [Jackman, et al.]
which afterwards could destroy ozone. As a result, more UV radiation may reach the lower atmosphere

and tropospheric ozone production could be enhanced. According to WMO [2007], the global total

ozone budget vary from 2 to 3% in phase with the 11-year solar cycle.

The solar activity is represented by various proxies such as the solar flux at 10.7 cm, the Mg II index, the

Lyman alpha composite data set and the UV 205-nm flux [Fioletov et al., 2009]. In this thesis, the 10.7cm

Solar Flux, obtained from Natural Resources Canada web site (http://www.spaceweather.ca/solarflux/sx-

en.php) is used in the regression analysis. The 10.7cm Solar Flux is a measure of the strength of total

solar emission at 10.7cm radio wavelength from all sources present on the solar disc (chromosphere,

corona and sunspots) [Tapping, 2013]. The 10.7cm solar flux is directly proportional to the magnetic

flux and may vary in intensity ranging from fractions of a second to years [Tapping, 2013].

Figure 4.3: Time-series of the explanatory variables used in the regression (Up) ENSO-MEI indexes, (middle)

QBO at 30 and 50 hPa from FU-Berlin and (bottom) Solar Cycle (10.7 cm) index from Natural Resources Canada.

4.2.2 The multi-linear regression trend model

The time series of the monthly mean tropical tropospheric ozone columns Yt at a specific latitude and

longitude (i,j) (running every 2.5◦ and 5◦ respectively) can be generally described by the following

trend model:

Yt(i, j) = α(i, j) + β(i, j) · Xt + Rt(i, j) + St(i, j) + Nt(i, j) (4.1)

where a, is the TTCO offset for the first month t=1, β , the linear trend in DU/month, X the time variable

(months running from zero to 239) covering the years 1996-2015, and Rt are the time dependent

regression coefficients for the ENSO, QBO, and solar cycle proxies (Fig. 4.3) which can be expressed as:

Rt = δ · ENSOt + ε ·QBO30t
+ ζ ·QBO50t

+η · SCt . (4.2)

St is the seasonal variation which is included in the model using harmonic functions that represent the

annual, semi-annual and quarterly harmonic oscillations. Analytically the seasonal cycle is modeled
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by a Fourier series, with γ11, γ21, γ12, γ22, γ13, γ23 being the regression coefficients for 12-, 6- and

4-month periodicities, with sine and cosine term for each periodicity, for n=1,2,3 respectively.

St(i, j) =
3∑

n=1

(γ1n
· sin(

2 ·π · n · t
12

) + γ2n
· cos(

2 ·π · n · t
12

)) (4.3)

Finally, Nt, is the noise of the time series, representing the unexplained portion of the variability in the

fit.

Equation 4.1 can be written in vector form as follows:

Y = X · b+ N (4.4)

With Y, being an n × 1 vector representing the TTCO time-series for each (lat,lon), X is an n × m matrix

containing the explanatory variables, b is an m × 1 vector consisting of the regression coefficients and

N is an n × 1 vector consisting of the noise term.

The residual noise is then calculated from the time-series minus the fit:

N = Y − X · b (4.5)

Since the tropospheric ozone lifetime approaches a month, the pattern of tropospheric ozone for a

month has the tendency to recur on the next month. Even after removing to the largest extent the

seasonal and other effects in the time series shown in Eq. 2.1, there is still a month-to-month correlation

(φ) in residuals. This phenomena is called persistence [Wilks, 2011] and is quantified by the degree of

autocorrelation of a parameter, shifted by p time steps (lag p).

Atmospheric variables are continuous and their correlation is well represented by the so-called Box-

Jenkins model [Box et al., 1994]. The most simple form of a Box-Jenkins model is the first order or

AR(1) model. In this model, the noise is assumed to be autoregressive on the order of 1 (AR(1)).

In the same sense, the noise is assumed to be stationary which means that the mean, variance and

autocorrelation (−1≤ φ ≤ 1 ) do not change with time [Weatherhead et al., 1998]. Then the white

noise is given by the following equation:

εt = Nt −φNt−1 (4.6)

where εt is the independent random variable with mean zero and φ = Corr(Nt , Nt−1) is the first order

autocorrelation of the noise [Weatherhead et al., 1998]. The variance of the noise is related to the

variance of the white noise, ε by σ2
ε = σ

2
N (1−φ2). Fig. 4.4a shows the autocorrelation of the noise for

4 month lag. Although, the mean autocorrelation for lag 1 (AR[1]) is small (φ � 0.1), there are areas

that reaches 0.3.

The reason for calculating the autocorrelation of the noise is to include it in the fitting procedure

(without using weights in the fit e.g. uncertainty). The autocorrelation is employed in the regression

using a linear matrix transformation [Mieruch et al., 2008, Weatherhead et al., 1998, Wilks, 2011].
This transformation does not change the fitting coefficients significantly, however, it reproduces higher

uncertainties of the fitting parameters, since the degree of freedom is getting smaller. The degree of

freedom, ν, is the minimum number of independent variables defined in general as the number of terms
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Figure 4.4: a) Example of noise autocorrelation, φ, for lags of zero to 4 months. The autocorrelation is equal

to 1 for unlagged data (p=0) and decays gradually with number of lagged months (p=1–4) b) Maps of noise

autocorrelation for 1 to 4–month lag.
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in a sum minus the number of constrains on the terms of the sum [JCGM 100, 2008]. Now, the noise

vector could be written as: N = P
′−1 · ε, in a matrix form, where P

′
, is a t × t matrix equal to:

⎡
⎢⎢⎢⎣

�
1−φ2 0 . . . 0 0

−φ 1 . . . 0 0

. . . . . . . . . . . . .

0 0 . . . −φ 1

⎤
⎥⎥⎥⎦

The model in Eq.4.4 becomes:

Y = X · b+ P
′−1 · ε (4.7)

Using the properties of linear algebra, Eq.4.7 can be transformed as:

Y ∗ = X ∗ · b+ ε (4.8)

where, Y ∗ = P
′
Y and X ∗ = P

′
X are the transformed dependent and independent variables, respectively.

The regression coefficients are calculated now by:

b = (X ∗′X ∗)−1X ∗′Y ∗ (4.9)

The variance of the regression coefficients vector is:

Var(b) = σ2
ε(X
∗′X ∗)−1 (4.10)

where σ2
ε, is the variance of the white noise. Subsequently, the variance of the trend, β is then:

Var(β) = σ2
ε(X
∗′
(2,t)X

∗
(2,t))

−1 (4.11)

Whether the trend is statistically significant or not is tested using standard Gaussian probabilities.

Making use of the null hypothesis, that the observed trend is equal to zero, H0 : β = 0, then a non-zero

H1 : β = β0 may be used. The t-test for significance at the 95% confidence level is met, if the probability

measuring a trend greater than two times its standard deviation is equal to a critical value, 0.05 in

this case (PH0
{|β |> 2σβ} = 0.05) [Mieruch et al., 2008, Weatherhead et al., 1998, Wilks, 2011]. This

means that the trend is considered statistically significant at the 95% significance level if :

|β |
σβ
> 2 (4.12)

For the AR(1) autoregressive model, the trend results are more probable to be rejected from the null

hypothesis since the standard deviation of the trend, σβ , increases as φ increases.

σβ =
σε

(1−φ)n3/2
=
σN

n3/2

√√1+φ
1−φ (4.13)

where n is the number of months in the regression [Weatherhead et al., 1998].
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4.2.3 Sensitivity and uncertainty of the trend

The multivariate linear regression model (Eq. 4.1) and correction for AR(1) have been applied to

six individual harmonised CCD tropical tropospheric ozone columns datasets (see: Section 4.1) from

1996 to 2015. Figure 4.5 shows the trend map and its statistical significance for the six scenarios. The

tropospheric O3 trends from all scenarios range between ∼-4 and 4 DU/decade, with mean values

between 0 and 0.8 DU/decade without any of them being statistically significant. The maximum

trend difference among all six harmonisation scenarios is on average 2 DU/decade exceeding the 2σβ
uncertainty of the trends which is ∼ 1.2 DU/decade (see: Fig. A5 and A6). These differences on the

trends among the differently harmonised datasets reveal the additional uncertainty which is inherited

to the trend from the harmonisation procedure of multiple TTCO datasets. The maximum absolute

differences (>3–6 DU/decade), are noticed mainly over land and more specifically over south America,

and northern Africa, while the minimum absolute differences are over the Oceans with the exception

of the Indian and the southern Pacific oceans. Nevertheless, all scenarios shown in Fig.4.5 agree that

there is a positive trend of tropospheric ozone over the south tropical Atlantic Ocean, and some parts

of central Africa and India, while a negative trend appears over the Caribbean sea and the north and

south Pacific Ocean.

Scenarios 1, 4, and 6 have a similar pattern with each other which is caused by the absence of

correction of the GOME TTCO dataset. Nevertheless, the range of the trends is different, with scenario

4 showing higher positive trends (∼ 2 – 4 DU/decade), mainly over Africa, south America and the

southern tropical borders. Scenarios 2 and 5 have also similar pattern with each other, driven by

the average offset applied to GOME-2 data. The pattern of these scenarios consist of a characteristic

decrease in tropospheric ozone (∼ -2 DU/decade) over central-south America and over the Indonesian

peninsula. The tropospheric O3 trends calculated with scenario 3 repeat the meridional pattern of

GOME correction offsets (see: Fig. 4.1), which appears as an artifact in the trend results.

4.2.4 Tropical tropospheric ozone trend results

From now on, the discussion about tropical tropospheric ozone trend refers to the preferred harmon-

isation scenario (scenario 1). As shown in Fig. 4.6.a, the TTCO trend varies between -3.2 and 3.7

DU/decade, and the average trend for the period 1996–2015 is statistically non-significant and is equal

to -0.08± 1.23 DU/decade (2σ) (see: Fig.4.6a). The noise is random (white noise) following very well

a Gaussian distribution (see Fig.4.6b).

The multivariate regression model (Eq. 4.1) has been applied to the global tropical mean time-series

(20oS–20oN). The fit results are shown in Fig. 4.7. The global tropical equals 0.0±0.6 DU/decade. This

means that there is no significant trend for tropospheric ozone in the tropics. This result is in agreement

with Ziemke et al. [2005] and Ebojie et al. [2016] who found no significant global tropospheric ozone

trends in the tropics. The tropical mean tropospheric ozone time-series (black stars) shows a seasonal

cycle with higher values in late summer-autumn months. The time-series are well followed by the

regressed tropospheric ozone (red line) and the residual (orange line in upper panel) is smaller than

3 DU. The seasonal cycle contributes the most to the TTCO variability in the tropics by about ±3 DU.

Tropical tropospheric ozone reduces up to -3 DU during El Niño years (1997-98, 2006-07, 2009-10,
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Figure 4.5: Tropical tropospheric ozone trends using a linear multivariate first order auto-regression model for 6

harmonisation scenarios, see Sec. 4.1. The trends are given in DU per decade. Grid-boxes marked with "x" are

statistically non-significant at the 95% confidence level.

Figure 4.6: Probability density function (PDF) (black) and cumulative density function (CDF) (green) of a) the

trend (the frequency equals the number of grid-boxes) and b) the noise (shows the distribution of the noise

time-series in all grid boxes for all months). Red lines show the Gaussian distribution calculated using the

standard deviation from the distributions.
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Figure 4.7: Tropospheric ozone trends for the global tropical tropospheric ozone between the years 1996 to

2015. Top: The multivariate linear trend (black), the fit (red) and the residual (orange) are over-plotted. The 2σ

uncertainty of the trend is reported. The next panels show the harmonic functions (green), ENSO (light blue),

QBO (red), solar (orange). Overlaid in black for all proxies are the time series with all fit terms removed except

the particular fit parameter.
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2015) and slightly increases by 1 – 2 DU during strong La Niña years (1999-00, 2007-08, 2010-11).

QBO and the solar cycle, practically do not contribute to the inter-annual mean tropical tropospheric

ozone variability. Overlaid in black for all proxies are the time series with all fit terms removed except

the particular fit parameter. This allows us to relate the magnitude of changes due to a certain process

to the observed residuals (or unexplained variations).

Figure 4.8: (a) Tropical tropospheric ozone trends using a linear multivariate first order auto-regression model

for the selected harmonised scenario 1 in DU/decade. Grid- boxes marked with "x" are statistically non-significant

at the 95% confidence level (b>2σβ) b) 2σ standard deviation of the trend c) The correlation coefficient, R,

between the multi-linear trend model fit and the original time-series. d) The RMS error between the trend model

and the time-series e) The statistically significant trend that exceeds the maximum absolute difference of the

trends calculated for all six scenarios. f) The significant tropical tropospheric ozone trend in %/year.

Figure 4.8 summaries the tropical tropospheric ozone trends calculated in a 2.5o×5o grid as derived

from the merged CCD TTCO dataset between 1996 and 2015. Fig. 4.8b shows the 2σ of the trend,

which is on the order of ∼0–4 DU/decade (mean: 1.2 DU/decade), with greater values at the tropical
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borders and values close to zero along the equator. Fig. 4.8c shows the correlation between the model

and the time-series. The correlation coefficient reaches 1 over the north and central-east Pacific and

the southern Atlantic Ocean. The regions of smaller correlations are mostly over the west Pacific, the

Caribbean sea, the south-eastern Asia, and over the central African continent. The main reason for the

low correlation is the very weak seasonal cycle observed in these regions. Fig. 4.8d shows the RMS

between the time-series and the model fit. The RMS is less than 3 DU close to equator and reaches 7 DU

at the tropical borders. Fig. 4.8e presents only those grid boxes where the trend is statistically significant

and exceeds the maximum difference of the trends calculated from all six scenarios, shown in Fig.

A5. This additional criterion (to exceed the differences between harmonisation scenario) allows us to

identify grid boxes that have significant trends with higher confidence. Following this stronger criterion,

tropospheric ozone increases over some parts of central Africa (∼2 DU/decade), southern Africa and

the Atlantic Ocean (∼2 – 3 DU/decade), India (∼2 DU/decade) and Oceania (∼3 – 4 DU/decade) and

decreases over the Caribbean sea and parts of North Pacific Ocean (∼-2 – -3 DU/decade), as well as

over some regions of the southern Pacific Ocean (∼-2 DU/decade) seem to be relevant, however, for all

other grid boxes trends are highly uncertain and mainly dependent on the choice of the harmonisation

scenario. However the negative trends appearing as a stripe at northern latitudes (Caribbean sea and

northern Pacific) may still be an artifact of the data-set (low sampling of data). Finally, Fig. 4.8f shows

the tropical tropospheric ozone trends in per cent per year (%/year) that are statistically significant

for the TTCO data harmonised according to scenario 1 (S1). Here the maximum increase is noticed

over central Africa, ∼3%/year, over southern Africa, south tropical Atlantic and Oceania ∼1.5%/year,

and finally over India and south-eastern Asia ∼1%/year. The maximum tropospheric ozone decrease is

noticed over the Carribean sea and the noth-east tropical Pacific, about ∼-2%/year, followed by the

central-south Pacific and Indian Ocean, ∼-1%/year.

Regional trends

It is also possible to study regional trends focusing on the regions where the trends are statistically

significant. The TTCO have been regionally averaged for eight regions and the regression analysis

applied to them. The regions are: A: Caribbean Sea (15◦ – 17.5◦,-85◦ – -45◦), B: India(10◦ – 20◦, 70◦ –

85◦), C: north-south America (0◦ – 10◦, -75◦ – -60◦), D: North Africa (5◦ – 15◦, -17.5◦ – 50◦), E: eastern

Pacific Ocean (0◦ – 7.5◦, -180◦ – -110◦), F: Indian Ocean (0◦ – 7.5◦, 50◦ – 100◦), G: west Pacific Ocean

(0◦ – 7.5◦, 160◦ – 180◦), and H: southern Africa (-20◦ – -12.5◦, 10◦ – 50◦).

As shown in Figure 4.9 and Table 4.2, regions B, C, D and H show significant increase on the order

of 1–1.5 DU/decade and regions A, E, F, and G a significant ozone decrease on the order of -1.2–1.9

DU/decade.

The observed significant positive changes in tropospheric O3 over north Africa and parts of the Arabian

sea (D), south Africa and the southern African outflow (H), parts of India (B), and north south America

(C) agree well with results of Lelieveld et al. [2004], Beig and Singh [2007], Kulkarni et al. [2010],
Ebojie et al. [2016] and Heue et al. [2016] who also noticed an increasing ozone trend over these

regions. They can be attributed to changes in anthropogenic NOx and other tropospheric O3 precursors,

due to population and energy consumption increases, which are transported to these areas [Cooper et



90 Tropical tropospheric ozone trends

Figure 4.9: Tropical tropospheric ozone trend in A) central America, B) India, C) east Pacific Ocean, D) South

America, E) central Atlantic Ocean, F) Indian Ocean, G) south Atlantic Ocean, and H) southern Africa. With

orange color is plotted the residual noise.
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Table 4.2: Regional tropospheric ozone trends in 8 tropical regions. Bold are the regions where the trend is

greater than three times the standard deviation of the trend (3σ).

Area

Tropospheric O3

trend ±2σ in

DU/decade

A) Caribbean sea -1.59 ± 1.30

B) India 1.10 ± 0.86

C) North South America 0.99 ± 0.94

D) North Africa 1.54 ± 1.09

E) East Pacific Ocean -1.21 ± 0.65

F) Indian Ocean -1.61 ± 0.83

G) West Pacific Ocean -1.87 ± 0.72

H) South Africa 1.44 ± 1.28

al., 2014, Dahlmann et al., 2011, Duncan et al., 2016, Hilboll et al., 2013b, 2017, Kulkarni et al., 2010,

Schneider et al., 2015]. Biomass burning may also have an impact on tropospheric ozone changes. For

example, the burned area in southern tropical Africa increased by 1.8 %/yr during the period 2000

to 2011 [Giglio et al., 2013]. Ziemke et al. [2009b] and Wai et al. [2014] estimated that biomass

burning can contribute to an increase in tropospheric ozone column by ∼20%. Additionally, changes in

meteorology, convection, and dynamical oscillations, such as the MJO, stratospheric intrusions (STE)

and shorter timescale atmospheric dynamics or cyclones may have influence the transport of pollutants

and contribute locally to observed tropospheric ozone changes [Beig and Singh, 2007, Chandra et al.,

2004, Ebojie et al., 2016, Oltmans et al., 2004, Parrish et al., 2009, Sauvage et al., 2007, Ziemke et

al., 2009b]. Another factor that could influence tropospheric ozone are the changes in stratospheric

ozone column. For example, an increase in the tropical upwelling caused by a stronger Brewer-Dobson

circulation is expected to reduce both lower stratospheric and the total column ozone in the tropics,

increasing the UV-B radiation reaching the troposphere [WMO, 2014]. This could result in an enhance

of tropospheric ozone photolysis (photochemical ozone sink). However, the increase of UV-B radiation

at the surface would also lead to increased concentrations of OH (hydroxyl radicals) and subsequently

increased concentrations of HO2 and RO2 radicals, which could enhance the production of ozone if

NOx are available (e.g. in maga-cities) [UNEP, 1998]. Consequently, there are multiple feedbacks from

these changes that could either increase or decrease ozone in the troposphere.

The negative changes in TTCO over the Caribbean sea (A) are in agreement with the results of Ebojie

et al. [2016]. Although they might be influenced by the decrease in NOx emissions over the north

American continent [Duncan et al., 2016, Hilboll et al., 2013b] or by changes in stratospheric intrusions

via the tropopause foldings [Hwang, et al., Ojha et al., 2017], the observed trends over the northern

and southern tropical latitudes (>18 oN and S) should be generally interpreted with caution since they

are influenced by low sampling of data. Despite the fact that might appear to be statistically significant,

they should be interpreted with caution since they are influenced by gaps in the TTCO time series due
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to the movement of the ITCZ, which reduces the cloudy data during local winters and makes the above

cloud ozone column (ACCO) retrieval difficult, violating in some cases the invariance of the ACCO per

latitude band.

The decreasing trend over the Pacific (E and G) and Indian (F) Oceans agrees well with Heue et al.

[2016]. It might be associated with changes in the burden of organic and inorganic halogens on these

areas as well as changes in dissolved organic matter (DOM) photochemistry in surface waters could be

an additional source of volatile organic compounds that can contribute to ozone destruction [Dickerson

et al., 1999, Ebojie et al., 2016]. Additionally it may be attributed to changes in the humidity burden of

the troposphere. For example, Fontaine et al. [2011] indicated that the Outgoing Long-wave Radiation

(OLR), which allows to differentiate between clear-sky (high OLR) and deep convective regions (low

OLR) has been decreasing over these regions, which can indicate deeper convective clouds appearing

over the Caribbean, the west-central Africa in summer and the Indian Ocean in autumn. The increased

deep convection is associated with ozone loss due to convective outflow and increased cloudiness and

humidity which contribute to photochemical O3 loss (see reactions 1.23 – 1.27 in Chapter 1) [Morris

et al., 2010, Wai et al., 2014]. Fontaine et al. [2011] showed that the location of OLR minima has

been shifted northwards which can be associated with a shift on the ITCZ by 0.5 – 0.8 o northwards.

These changes are subsequently associated with changes in the location of tropical jets, with changes in

rainfall amounts and weather systems. All these changes could be responsible in some degree for the

statistically significant tropospheric ozone trends observed close to the location and the branches of the

ITCZ (e.g in the Indian and Pacific Oceans), but their contribution remains vague.

Seasonal tropospheric O3 trends

Seasonal tropospheric O3 trends can be very useful for understanding the connection between the factors

(e.g. meteorology or emissions) that contribute to tropospheric ozone changes and its distribution. For

this reason, the multi-linear regression model has been applied to Dec.–Feb., Mar.–May, Jun.–Aug., and

Sep.–Nov. TTCO time-series and proxies (ENSO, QBO, solar cycle) in order to calculate TTCO trends for

winter, spring, summer and autumn respectively, with the only difference that the sine and cosine terms

that reflect the seasonal cycle are neglected in the regression. According to Fig. 4.10, the maximum

decreasing trends appear during winter over the northern tropical Atlantic and Pacific Oceans (∼-4

DU/decade). These air masses are more affected by changes occurring in the mid-latitudes due to the

southward movement of the ITCZ in winter and the strong westerly air flow over the tropical borders in

winter [Ebojie et al., 2016]. Therefore, it is assumed that changes in ozone precursors, such as NO2,

over North America and Europe may have affected the O3 trends over these tropical latitudes [Hilboll et

al., 2013b, Logan et al., 2012]. The winter decrease might also be associated with the limited number of

TTCO measurements on the northern tropical borders, thus it demands a more careful investigation. The

trends are mostly insignificant during spring, with the exception of Africa where they are∼ 1 DU/decade

and some parts over South America where ozone is decreasing by less than 1 DU/decade. During

summer, ozone shows a slight statistically significant decrease over the Pacific and Indian Oceans (1-2

DU/decade). Possible reasons for tropospheric ozone decrease over the oceans may be related to changes

in sea surface temperatures (SSTs) which are closely tied to the tropospheric humidity [IPCC, 2007,
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Figure 4.10: Tropical tropospheric ozone trends for winter (DJF), spring (MAM), summer (JJA), and autumn

(SON) for the years 1996 to 2015.

Trenberth, 2011]. As discussed earlier (see Chapter 1, Eq. 1.23–1.27) water vapor in the troposphere

consists of one of the most important sinks of tropospheric ozone [Jacob, 2000]. An increase in vertical

convective patterns over the tropical oceans may result in lower ozone mixing ratios in the upper

troposphere where the WFDOAS retrieval is more sensitive [Coldewey-Egbers et al., 2005, Fontaine et

al., 2011, Morris et al., 2010, Wai et al., 2014, Ziemke et al., 2008]. Several studies have shown that

the total column of water vapour (TCWV) has increased over the tropics. Mieruch et al. [2014] and

Trenberth et al. [2005] found that the TCWV has increased by ∼ 1–2.0%/decade over the oceans. Chen

and Liu [2016] found that also the precipitable water vapor (PWV) increased by 1–2% in the tropics

between 1992–2014. The precipitation increase is about 4% over the ocean, while a decrease of 2% is

found over land in the latitude range 25oS to 25oN, between 1979 and 2001 [Adler et al., 2003]. The

significant increasing trend of ozone at the southern tropical Atlantic, southern Africa, South America,

and Oceania maximise during autumn (∼4 DU/decade). According to MODIS/TERRA Fire Radiative

Power (mW/m2) data (https://disc.gsfc.nasa.gov/neespi/data-holdings/mod14cm1.shtml)

autumn is the season with the most intense fires over southern Africa and South America. Hence, it is

very likely that biomass burning could be the origin of the observed ozone increase.

4.2.5 Comparisons of tropospheric ozone trends with ozonesondes

Tropospheric ozone trends retrieved by integrated ozonesonde measurements until 200 hPa have been

calculated using the regression model described in Section 4.2.2, in order to validate the trends from

the current study. Figure 4.11 and Table 4.3 show the trend results for Ascension, Java, Kuala Lumpur,

Nairobi, Natal, and Paramaribo. The calculated trends from ozonesondes show an increase in ozone
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at all stations, and especially in Java and Natal this increase is statistically significant (2.83 and 2.25

DU/decade respectively). The CCD trend results show insignificant increasing trend between 0.46 and

0.69 DU/decade, with the exception of Java (-1 DU/decade) and Natal (-0.79 DU/decade), exactly

where the ozonesondes show strong significant positive trends. Nevertheless, the CCD trends are within

the uncertainty of the calculated trends by ozonesondes. As mentioned in Section 3.3, the comparisons

with ozonesonde measurements has specific limitations, since the integrated ozone measurements by

ozonesondes represent the tropospheric ozone columns along the track of the sonde for a few days of

each month, whereas tropospheric ozone from CCD represents monthly averaged tropospheric ozone

columns over a much larger area (a grid box of 2.5◦ by 5◦). Additionally, the time period available from

ozonesonde data is different (usually smaller) than the one from the CCD dataset.

Table 4.3: Tropospheric ozone trends in 6 sites, calculated from the CCD TTCO dataset and ozonesonde profiles.

With bold are marked the trends if they are greater than two times the standard deviation of the trend (2σ).

Area
Tropospheric O3 trend

from CCD ±2σ

in DU/decade

Tropospheric O3 trend

from ozonesondes ±2σ

in DU/decade

A) Ascension 0.45 ± 1.10 1.21 ± 2.96

B) Java -1.00 ± 1.22 2.83 ± 2.25

C) Kuala Lumpur 0.54 ± 0.75 0.84 ± 1.55

D) Nairobi 0.69 ± 1.06 0.70 ± 0.90

E) Natal -0.79 ± 1.32 2.25 ± 1.23

F) Paramaribo 0.46 ± 1.24 1.77 ± 2.05

4.2.6 Tropospheric ozone trends over mega-cities

On local scales, the impact of anthropogenic emissions at mega-cities are of great interest since they affect

human health of millions of people. Tropospheric ozone trend at grid-boxes ( 2.5◦×5◦) surrounding

10 tropical mega-cities have been selected in order to perform a quantitative comparison with other

studies. The selected mega-cities in descending order of population are: Jakarta (-6 ◦S, 106.7 ◦E, 26

million people), Mexico (19.4◦N, 99.1 ◦W, 24 million people), Manila (14◦N, 120◦E, 22 million people),

Mumbai (19◦N, 72◦E, 21 million people), Bangkok (13.7◦N, 100.5◦E, 14 million people), Lagos (6◦N,

3◦E, 13 million people), Kinshasa (-4.4◦S, 15.3◦E, 10 million people), Bangalore (13◦N, 77.6◦E, 10

million people), Lima (-12.1◦S, 77◦W, 10 million people) and Nairobi (-1.3◦S, 36.8 ◦E, 5 million people).

The trend results are presented in Table 4.4 and Fig. A8. The tropospheric ozone trends have

been calculated with the regression model described in Section 4.2.2, using tropospheric O3 data

from the current study (first two columns in Table 4.4) and tropospheric ozone data created by

Heue et al. [2016] (third column) using the CCD method as well on GOME, SCIAMACHY, GOME-2

and OMI satellite measurements from July 1995–December 2015 (data taken from: http://www.
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Figure 4.11: Tropospheric ozone trend in A) Ascension, B) Java, C) Kuala Lumpur, D) Nairobi, E) Natal, and F)

Paramaribo, calculeted using the CCD TTCO datased and intergrated ozonesone measurements from the SHADOZ

network.
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esa-ozone-cci.org/?q=node/160). The fourth column in the table shows the trends calculated by

Ebojie et al. [2016] (in %/year) using the Limb/Nadir Matching technique on SCIAMACHY ozone data

from 2002 to 2011, along with tropospheric NO2 trends from Schneider et al. [2015] (fifth column)

using SCIAMACHY (0.25◦×0.25◦ degrees) NO2 data, and Hilboll et al. [2013b] (sixth column) using

multi-instrument (GOME, SCIAMACHY, GOME-2 and OMI gridded at 1◦×0.5◦ degrees) NO2 data (in

molecules·cm−2/decade).

Table 4.4: Tropospheric ozone trends in 10 tropical Mega-cities using CCDIU P , (in DU/decade and %/year),

CCDDLR, and LNM (in %/year) data and tropospheric NO2 trends with their 2σ uncertainties. With bold are

shown the statistically significant trends at the 95% confidence (p < 0.05) level.

Site
Trop. O3

trend
Trop. O3

trend
Trop. O3

trend
Trop. O3

trend
Trop. NO2 Trop. NO2

CCD CCD CCD LNM trend ×1015 trend ×1015

DU/dec. %/year DU/dec. %/year
molec.·cm−2/dec. molec.·cm−2/dec.

Current study Heue Ebojie Schneider Hilboll
et al., 2016 et al., 2016 et al., 2015 et al., 2013

Jakarta -0.2 ± 0.9 -0.1 ± 0.5 0.2 ± 0.8 -0.2 ± 1.6 -2.4 ± 1.5 -11.9 ± 4.1
Mexico -0.3 ± 1.9 -0.1 ± 0.8 -1.2 ± 1.2 -2.0 ± 0.9 -3.5 ± 2.8 5.1 ± 8.2
Manila 1.1 ± 0.7 0.6 ± 0.4 0.9 ± 0.8 1.8 ± 1.3 -3.6 ± 0.7 -10.3 ± 2.0
Mumbai 0.3 ± 1.6 0.2 ± 0.8 1.6 ± 0.9 -0.4 ± 0.9 0.4 ± 0.8 7.0 ± 2.1
Bangkok 1.4 ± 0.9 0.7 ± 0.5 0.5 ± 1.0 – 2.0 ± 1.6 –
Lagos 1.1 ± 1.2 0.4 ± 0.5 0.6 ± 0.9 -1.5 ± 1.0 2.6 ± 0.5 3.3 ± 1.2
Kinshasa 1.3 ± 0.9 0.5 ± 0.4 1.5 ± 0.8 – 0.4 ± 0.3 –
Banga-
lore

0.8 ± 0.9 0.4 ± 0.4 0.3 ± 0.8 2.3 ± 1.0 1.9 ± 0.6 –

Lima -0.5 ± 1.5 -0.2 ± 0.7 0.0 ± 1.1 – 3.6 ± 1.1 10.6 ± 3.6
Nairobi 0.7 ± 1.0 0.3 ± 0.5 0.7 ± 0.8 – 1.7 ± 0.4 –

Using our CCD data, statistically significant trends at the 95% confidence level (|β |> 2 ·σβ) are found

in Manila (1.1± 0.7 DU/decade), Bangkok (1.4± 0.9 DU/decade), and Kinshasa (1.3± 0.9 DU/decade).

Elsewhere, the trend is less than 1 DU/decade (< 0.5%/year), while negative but insignificant trends of

less than 0.5 DU/decade is noticed in Jakarta (-0.2 ± 0.9 DU/decade), Mexico (-0.3 ± 0.9), and Lima

(-0.5± 1.5 DU/decade). Using the Heue et al. [2016] dataset, statistically significant positive trends, in

the same order order of 1–1.5 DU/decade, are retrieved in Mumbai (1.6 ± 0.9 DU/decade), Manila

(0.9 ± 0.8 DU/decade), and Kinshasa (1.5 ± 0.8 DU/decade). In other mega-cities, the increase is

smaller and insignificant, with the exception of Mexico, where a negative insignificant trend (-1.2 ± 1.2

DU/decade) is found. Ebojie et al. [2016] retrieved a stronger statistically significant ozone increase,

of around 2 %/year in Bangalore (2.3± 1%/year) and Manila (1.8 ± 1.3%/year), while the trends

from the current study do not exceed 0.7 %/year (in Bangkok). Additionally, they found a stronger

significant decrease in Mexico (-2.0 ± 0.9 %/year instead of -0.1 ± 0.5 %/year). For the remaining

mega-cities, the trends are negative, ranging between -0.2 and -1.5%/year. Nevertheless, although the

trends from the three independent studies do not perfectly agree with each other, they are of the same

range (± 2 DU/decade) and within the calculated uncertainties.

The derived tropospheric ozone trends clearly show that the tropospheric ozone increase is not

proportional to the population and level of industrialisation of the mega-cities. Schneider et al. [2015]
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and Hilboll et al. [2013b] studied the NO2 trends over some of the selected mega-cities shown in Table

4.4. NO2 has been found to decrease strongly over the largest mega-cities (Jakarta, Mexico, and Manila),

revealing that possibly NO2 emissions legislation polices [Vance, 2012] or/and the economic crisis

[Vrekoussis et al., 2013] have affected tropospheric ozone concentration. However, there is no direct

correlation between tropospheric ozone and NO2 changes shown in Table 4.4. As discussed in Chapter

1, emissions of NOx and VOCs result in ground-level ozone formation. The degree of tropospheric

ozone changes strongly depends on the NO2 amount and may decrease (moderate NO2) or enhance

ozone (high NO2). Tropospheric ozone changes are also determined by the regional geography and

meteorology (meso-scale circulation) that can transport or trap emissions.

4.3 Summary and discussion

Creating a harmonised data-set of tropical tropospheric ozone columns for the last 20 years makes it

possible to calculate and study long-term tropospheric O3 trends. For this reason, correction offsets have

been calculated for GOME and GOME-2 TTCO using SCIAMACHY as reference (in the middle of the

time-series) in order to reduce the instrumental effects in the long-term time series. Nevertheless, the

short overlap period between GOME and SCIAMACHY raised limitations in the harmonisation of GOME

TTCO dataset. The correction offsets for GOME presented artificial features which have been repeated

afterwards in the trend. In order to identify the best way to merge the CCD data and also to investigate

how the harmonisation approach may affect the observed trends, six different harmonisation scenarios

have been tested. The scenario, using no correction for GOME data and the mean bias of GOME-2

with SCIAMACHY as correction offset has been found to show slightly smaller differences comparing to

ozonesondes, and, therefore, it is considered to be the preferred scenario. After the harmonisation, the

data obtained from the different instruments agree better with each other and with the ozonesondes.

However, harmonisation is one of the largest sources of uncertainty in the merged dataset. Most of

the trend studies that use ozone columns from multiple satellite data (e.g. Xu et al. [2011], Loyola et al.

[2009], and Heue et al. [2016]) underestimate the uncertainty that harmonisation might introduce, and

they calculate their results using only one harmonisation approach. In order to quantify the uncertainty

due to harmonisation, multi-linear tropospheric ozone trends using all six harmonised datasets have

been derived and the maximum deviation between them has been calculated. The trends range between

∼-4 and 4 DU/decade and the difference between the trends from the six scenarios has been found to

be between 0 and 7 DU, exceeding locally the 2σ of the individual trends (0 to 4 DU/decade). With

this study we conclude that the statistical regression analysis using the β>2σβ as criterion to report

significant trends in the 95% confidence level is not adequate in order to conclude whether the trends

are significant with confidence since the trends uncertainties may be larger that the statistical ones.

This could be a possible reason why the tropical tropospheric ozone trend results from various studies

vary significantly [Beig and Singh, 2007, Cooper et al., 2014, Ebojie et al., 2016, Heue et al., 2016,

Kulkarni et al., 2010, Lelieveld et al., 2004, Lin et al., 2014, Monks et al., 2015, Oltmans et al., 2013,

Ziemke et al., 2005].
Using the preferred merged dataset, the global tropospheric ozone trend during the period 1996–

2015 is found to be almost equal to zero (0.002 %/year) and is statistically non significant. This
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is in agreement with studies of Ziemke et al. [2005] (nearly zero trend) and Ebojie et al. [2016]
(∼0.55 DU/decade or 0.2 ± 0.5 %/year (2σ)) however, it is in contrast with the results of Heue et

al. [2016] who found a mean increase of 0.70 ± 0.12 DU/decade. Despite the fact that all the trend

results from this study are small (< ±4 DU/decade or 3 %/ year) and mostly uncertain (66 % are

statistically insignificant), there are regions such as over southern Africa, the southern tropical Atlantic,

south-east tropical Pacific Ocean, and central Oceania where tropospheric O3 increased significantly by

∼3 DU/decade. Additionally, over central Africa and southern India, tropospheric ozone increased by

∼2 DU/decade. Regional positive tropospheric ozone trends of similar magnitude were also observed

in other studies (e.g. [Beig and Singh, 2007, Ebojie et al., 2016, Heue et al., 2016, Kulkarni et al., 2010,

Lelieveld et al., 2004]). They could be linked to anthropogenic activities such as emissions in mega

cities or biomass burning in combination with changes in meteorology or/and long range transport

of precursor emissions [Cooper et al., 2014, Duncan et al., 2016, Giglio et al., 2013, Hilboll et al.,

2013b, 2017, Schneider et al., 2015, Wai et al., 2014]. On the other hand, tropospheric O3 decreases

by ∼ 3 DU/decade over the Caribbean sea and parts of North Pacific Ocean, as well as by less than 2

DU/decade over some regions of the southern Pacific Ocean. Possible reasons for this decrease could be

changes in dynamical processes, such as changes in STE, convection, humidity or precipitation [Adler

et al., 2003, Chen and Liu, 2016, Ebojie et al., 2016, Fontaine et al., 2011, IPCC, 2007, Mieruch et al.,

2014, Morris et al., 2010, Trenberth et al., 2005, Wai et al., 2014]. The biggest limitation interpreting

the observed trends over the northern and southern tropical latitudes (>18 oN and S) is the low data

sampling at these latitudes. Due to the ITCZ movement, cloudy data during local winters are reduced,

making the above cloud ozone column (ACCO) retrieval difficult or violating the invariance of the

ACCO per latitude band. Therefore, even though they might appear to be statistically significant, they

should be referred to with caution.

The comparison of tropospheric ozone trends from the current study with trends using ozonesonde

data from six SHADOZ stations showed that our results are within the 2σ uncertainty of the ozonesonde

trends. Focusing on trends in ten selected mega-cities, a slight tropospheric ozone decrease is observed

at the largest cities, such as Jakarta and Mexico (∼-0.3 DU/decade), whereas statistically significant

increases (∼ 1 DU/decade) are noticed over Manila, Bangkok, and Kinshasa. It has been shown that

tropospheric ozone increase is not linearly related with the size and the industralisation of the selected

mega-cities. This is not surprising since tropospheric ozone production from its precursors, NOx and

VOCs, is not linear. For example, very large increase of NOx or VOCs may result in strong destruction of

ozone (see Chapter 1, subsection 1.2.1). It is also broadly recognised that the mechanisms that modulate

tropospheric ozone variability are not straightforward according to precursor emission, in addition

meteorological conditions and atmospheric oscillations may play also an important role [Chandra et al.,

2009, Monks et al., 2015, Neu et al., 2014, Solomon et al., 2007, Voulgarakis et al., 2010, WMO, 2011,

Ziemke and Chandra, 2003]. Comparing the trend results in these ten mega-cities from the current

study with Heue et al. [2016] and Ebojie et al. [2016], we found that they agree slightly better (within

the combined uncertainties) with the ones from Heue et al. [2016]. The most possible reasons for the

mismatch with Ebojie et al. [2016] is the fact that their retrieval reaches up to the tropopause including

more upper-tropospheric ozone information and additionally the fact that they investigated a shorter

time period between 2003 and 2012.
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In summary it can be stated that this chapter provides a unique sensitivity analysis of trend uncertain-

ties based on different TTCO harmonisation approaches. Additionally, detailed tropical tropospheric O3

changes are presented here on global and regional scale. The attribution of observed trends in specific

regions to the various processes is not possible based on the current analysis and is out the scope of

this chapter. Such a study would require additional multi-annual chemical transport model (CTM)

simulations in order to differentiate between contributing processes (chemistry and meteorology).

The launch of Sentinel 5 precursor (S5p) satellite on the 13th of October 2017, will extend the

TTCO record at least for 7 more years (expected lifetime). It is also expected that the extension of the

time-series will result in more reliable trend results. The grid box size used in this study was relatively

coarse (2.5◦×5◦ degrees), due to the instruments spatial resolution (GOME pixel �320 km), and in

order to remove the residual noise. The high spatial resolution (7×7 km) of the TROPOMI instrument

aboard S5p will also improve the tropospheric ozone trend estimates over mega-cities.
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5
Variability of tropical tropospheric ozone

The analysis of tropical tropospheric ozone global distribution is a precondition for understanding

changes in its natural variability. Therefore, this chapter focuses on presenting the mean seasonal zonal

concentrations of tropospheric O3 along with its longitudinal monthly concentration and anomalies

throughout the period 1996 up to 2015. Finally, the 20 year CCD climatology is compared with other

studies. The second part of this chapter focuses on quantifying the contribution of oscillating factors

such as ENSO, QBO, solar, and seasonal cycles to tropospheric ozone variability, without aiming at

quantifying and separating between chemical and dynamical contributors.

5.1 Seasonal and annual variability of tropospheric ozone

The global and seasonal distribution of tropospheric ozone is a balance between production and loss

processes, along with transport in the atmosphere. Using 20 years of harmonised TTCO data, a tropical

tropospheric ozone mean state sorted by seasons can be established. This climatology can be useful as

background information to understand the chemical cycles of reactive trace gases in the atmosphere

and for validating model simulations.

The seasonally averaged TTCO in winter (DJF), spring (MAM), summer (JJA), and autumn (SON),

are shown in Fig. 5.1. The characteristic wave-one pattern is persistent for all seasons, with higher

tropospheric ozone columns over the South Atlantic (∼ 40 DU) and lower values over the Pacific

Ocean (∼ 15 DU). Enhanced ozone columns (∼ 35 DU) appear over the northern Atlantic and the

northern tropical Pacific Ocean in winter and spring. The maximum over the north Atlantic can be

explained by the northern tropical biomass burning season in December–February, ozone production

from lightning, and large-scale transport [Martin et al., 2002, Sauvage et al., 2006, Thompson et al.,

2003]. The maximum over the north Pacific ocean coincides with the location of the subtropical jet

stream and as a result it is influenced by stratosphere-troposphere exchange (STE). The stratospheric

winter circulation transports more ozone to middle and high latitudes. The Rossby waves break at the

location of the subtropical jet stream (30◦-40◦) and transport stratospheric air into the tropical upper

and middle troposphere [Neu et al., 2014]. One other factor contributing to this maximum, is the

persistent anticyclone located over the Pacific which transports air from Asia towards North America
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Figure 5.1: Seasonally averaged harmonised tropical tropospheric ozone columns (TTCO) derived from the CCD

technique between 1996 and 2015.

during winter and spring [Oltmans et al., 2004].

Tropospheric ozone increases further during austral spring/summer over the South Atlantic and

South-West Indian Ocean. Especially during autumn/winter, tropospheric ozone over the South Atlantic

Ocean exceeds 40 DU. Although this area is affected by enhanced upper tropospheric NOx concentrations

from lightning, meteorology may play the major role in tropospheric ozone burden over the oceans

[Edwards et al., 2003, Murray et al., 2013]. Fishman et al. [1996] during TRACE A campaign showed

that throughout the biomass burning seasons, June-July and October-November, tropospheric ozone

precursor spread both from South America and southern Africa over the South Atlantic Ocean. These

precursors are transported by southeast or northeast trade winds and are accumulating at the equatorial

region between the near-surface monsoon flow and the easterly flow above 4 km, so that ozone can be

in-situ photochemically produced in large quantities [Thompson et al., 2014, WMO, 1996]. Sauvage

et al. [2007], using MOZAIC airborne measurements confirmed that the African Easterly Jet (AEJ),

centered at 650 hPa, allows transport of ozone and precursors westward to Nigeria during the North

hemisphere winter (DJF) dry season. Fishman et al. [1996] during SAFARI-92 campaign showed that

smoke and haze observed over South Africa during austral spring (wet season) originate from northern

countries (central Africa) exiting off the east coast towards the Indian Ocean. This outflow was also

confirmed in the SAFARI-2000 campaign [Swap et al., 2003] and was denoted as the "river of smoke".

In this way, air masses from the burning regions in northern Africa can enter a meteorological system

which allows them to be transported out over the Atlantic where they can produce tropospheric ozone

thousands of kilometers away from the precursor sources [Jonquieres et al., 1998].

In contrast to seasonal variations around the Atlantic Ocean that may exceed 10 DU, the seasonality

is weak in the Pacific Ocean region, with variations of ∼ 5 DU or less between the seasons. Minimum
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tropospheric ozone values are noticed in this area during winter-spring months. The Pacific Ocean is

considered to be an ozone clean area as a result of the strong convective uplift (warm pool) which

works as a photochemical sink for ozone in all seasons [Newton et al., 2016, O’Connor et al., 2004, Rex

et al., 2014]. Ozone loss in the remote troposphere is controlled by its photolysis to atomic oxygen

(O(1D)), followed by the reaction of O(1D) with water (H2O) to produce two hydroxyl radicals (2OH)

as shown in reactions 1.23 to 1.27. The increased sea surface temperatures result in enhanced water

vapor concentration and in combination with low overhead (stratospheric) ozone that results in high

actinic fluxes of λ < 340 nm, maximise the efficiency of ozone loss over the west Pacific Ocean [Rex et

al., 2014].

Figure 5.2: Zonal mean climatology (1996-2015) of tropical tropospheric ozone columns in DU using the

harmonised CCD dataset. Latitude intervals are 2.5◦. Values in DU.

Figure 5.2 and Table 5.1 present the twenty–year zonal mean climatology of tropical tropospheric

ozone. The lowest (∼17 DU) TTCO occur towards the Equator, especially during boreal spring. TTCO

has two distinctive maxima, one during winter-early spring over the northern tropics (∼ 26 DU), and

the other during autumn-early winter over the southern tropics (∼ 30 DU). The pattern of the CCD

TTCO climatology agrees well with the OMI/MLS climatology by Ziemke et al. [2011] and with EMAC

simulations by Righi et al. [2015]. However, in the case of EMAC, the magnitude of the maxima is

higher (∼45-50 DU). The fact that the EMAC tropospheric columns go up to tropopause while CCD

ozone columns are limited to an altitude of ∼200 hPa may explain in parts the differences noted here.

Fig. 5.3 shows Hovmöller diagrams of monthly means and anomalies of tropical tropospheric ozone

from 1996 to 2015 averaged between 10◦S and 10 ◦N. Hovmöller diagrams are very helpful for

displaying variability on long-term time scales as a function of longitude. Fig. 5.3 (left) depicts the

monthly mean tropospheric ozone columns in absolute units. The inter-annual tropospheric ozone

variability is well-pronounced, comprising a wave-one pattern, with maximum values over the Atlantic

(∼35 DU) and minimum values (∼5–10 DU) over the Pacific for all years. The influence of the El Niño

Southern Oscillation (ENSO) is also notable on the ozone anomalies, appearing as an east-west "dipole"

feature [Ziemke et al., 2010]. During El Niño events (1997-98, 2002-03, 2004, 2006-07, 2010-09 and

2015), TTCO decreases by 10–15 DU over the east Pacific Ocean (110◦W–180 ◦W) and during la Niña

conditions (1996, 1999-2000, 2006, 2008-09, 2011-12) TTCO may increase by the same amount in the
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Figure 5.3: Time versus longitude plot of CCD tropical tropospheric ozone; Left: absolute value. Middle:

anomalies from January 1996 to December 2015. Right: the ENSO-MEI index [Wolter and Timlin, 1993, 1998].
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Table 5.1: Zonal climatology of tropical tropospheric ozone column.

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

-20◦ – -17.5◦ 25 25 22 22 20 23 24 22 31 33 26 27

-17.5◦ – -15◦ 25 24 22 22 21 23 22 23 27 31 30 28

-15◦ – -12.5◦ 23 23 21 21 20 22 24 21 26 28 28 25

-12.5◦ – -10◦ 23 22 21 20 19 22 23 21 23 26 26 25

-10◦ – -7.5◦ 22 21 20 19 18 21 22 21 23 26 25 23

-7.5◦ – -5◦ 20 20 20 19 18 20 21 21 24 24 23 22

-5◦ – -2.5◦ 20 20 20 19 18 20 21 21 23 24 22 21

-2.5◦ – 0◦ 20 20 19 19 18 20 21 21 23 23 21 21

0◦ – 2.5◦ 20 20 20 19 17 19 20 21 22 22 20 21

2.5◦ – 5◦ 20 20 20 20 17 18 19 20 21 21 20 21

5◦ – 7.5◦ 21 22 21 20 17 18 19 20 20 20 19 21

7.5◦ – 10◦ 23 23 23 21 18 18 20 20 21 21 20 22

10◦ – 12.5◦ 26 25 24 24 19 20 20 20 21 21 21 24

12.5◦ – 15◦ 26 29 26 24 20 20 20 20 20 21 22 26

15◦ – 17.5◦ 24 27 28 24 21 21 21 20 20 22 23 27

17.5◦ – 20◦ 22 24 29 24 22 23 22 21 22 22 25 28

same region. Over the west Pacific Ocean (70◦E–140 ◦E) tropospheric ozone increase may reach up

to 15 DU during El Niño . These findings are in agreement with studies from Doherty et al. [2006],
Ziemke et al. [2010], Oman et al. [2011], and Murray et al. [2013]. The effect of ENSO on tropical

tropospheric ozone will be further discussed in Chapter 6 where the observations are compared with

model results from a chemistry climate model (CCM).

5.2 ENSO, QBO, Solar and seasonal cycle response to tropical tropo-

spheric ozone

As discussed in Section 4.2 there are several factors that can modulate tropospheric ozone variability.

The multi-linear regression model (described in Section 4.2) have been used to investigate the oscillating

factors that can contribute to tropospheric ozone change. The minimum response of ENSO, solar activity

and the two QBO indices to the tropical tropospheric ozone fitted time-series for each grid box has

been subtracted from the maximum response (F i tCoe f · (max(index) − min(index))). The QBO

contribution on tropospheric ozone changes for the combined QBO indices and the seasonal cycle have

been calculated as: max(Σ(F i tCoe f )i · (index)i)−min(Σ(F i tCoe f )i · (index)i), where i is the the ith
QBO proxy or ith seasonal term used in the regression (2 terms for QBO, 6 for seasons). Regions marked

with (x) show statistically non-significant contributions from the processes considered. Figure 5.4 a),

shows that ENSO contribution is positive (∼7 DU) over the west Pacific Ocean (70◦E–140 ◦E) and
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Figure 5.4: Contribution of various factors responsible for tropospheric ozone variability. Their response is

derived by subtracting the minimum from the maximum proxy response in the time-series for each grid box. For

a)-d) the contribution of each parameter is calculated as: F i tCoe f · (max(index)−min(index)). For e) and

f) the total contribution is calculated as: max(Σ(F i tCoe f )i · (index)i)−min(Σ(F i tCoe f )i · (index)i), where

i is ith QBO proxy or ith seasonal term used in the regression. Grid- boxes marked with "x" are statistically

non-significant at the 95% confidence level. For e) and f) red "x" is marked only when all the parameters are

statistically non-significant.
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negative (<10 DU) over the east Pacific Ocean (110◦W–180 ◦W). This behavior is consistent with studies

from Doherty et al. [2006] and Oman et al. [2011]. Using HadCM3 and GEOS-CHEM model simulations,

respectively, they showed that the maximum positive ENSO response is located around 60◦-100◦E in

the upper troposphere for altitudes greater than 10 km and the maximum negative response is located

at 120◦-140◦W, above 5 km height. Ziemke et al. [2010] used this dipole tropospheric ozone response

to develop the so-called "Ozone ENSO Index" (OEI) by subtracting mean eastern Pacific total column

(15◦S-15◦N, 110◦W-180◦W) from the mean western Pacific (15◦ S-15◦N, 7◦E-140◦E) total column.

Although ENSO contributes to inter-annual tropospheric ozone variability, Ziemke et al. [2015] showed

that its influence in the tropics is small compared with the combined intra-seasonal/Madden-Julian

Oscillation (MJO) [Madden and Julian, 1971] acting on short (weekly) time scales.

QBO has a strong impact on stratospheric circulation which consequently affects the tropical tro-

pospheric circulation via STE. As a result it may increase or decrease tropical tropospheric ozone.

According to Figures 5.4.c, d and e, the QBO signal on tropospheric ozone is rather weak ranging from

-4 to 4 DU for the QBO index at 30 hPa (Fig. 5.4.c) and 50 hPa (Fig. 5.4.d) level. Both coefficients are

mostly statistically non-significant in the regression, with negative contribution (-4 – -2 DU) over the

southern tropics and positive (3 DU) around Indonesia for the QBO30 index. For the QBO50 index, the

contribution is mainly negative (-4 – -2 DU) along the equator and positive (∼ 3 DU) over the northern

tropical Atlantic Ocean. The total QBO signal (Fig. 5.4.e) has a larger contribution over the southern

tropics reaching 5–6 DU. These maximum QBO response is in agreement with Ebojie et al. [2016]
results, both in range and pattern. Neu et al. [2014] suggested that changes in the Brewer-Dobson

circulation and tropospheric ozone are both correlated with QBO and ENSO. Although ENSO and QBO

are not always in phase they are correlated (R=0.67) from 2005 to 2010 [Neu et al., 2014]. According

to Fig. 5.4a, 5.4c, 5.4d, and 5.4e the contributions of ENSO and QBO index at 30 hPa to tropospheric

ozone seem to be correlated over the south-eastern Pacific Ocean and over Indonesia.

The 11 year solar cycle affects the chemistry and thermal structure of the atmosphere and as a result

alters tropospheric ozone [Chandra et al., 1999]. The solar cycle contribution is mostly statistically

significant and positive and varies by up to 5 to 7 DU (see: Fig. 5.4b). The seasonal tropospheric ozone

variability is largest over the northern tropics and south Atlantic by about 15 DU (Fig. 5.4f). Elsewhere,

the seasonal variations of tropospheric ozone are on the order of 5–10 DU.

5.3 Summary and discussion

The tropical tropospheric columns of ozone from 20 years (1996–2015) of harmonised CCD measure-

ments present the distinctive wave-one pattern for all seasons, maximizing (∼ 40 DU) over the south

Atlantic Ocean in autumn while having low values (<15 DU) over the Pacific Ocean. The zonal mean

TTCO climatology agrees well in pattern and magnitude with Ziemke et al. [2011] TTCO climatology

using OMI/MLS data from October 2004 through December 2010. An agreement in pattern is also no-

ticed with Righi et al. [2015] climatology using EMAC simulations of tropospheric ozone. Nevertheless

the amplitude of EMAC TTCO is larger since the simulations reach up to the tropopause.

Longitudinal tropical (10◦S–10◦N) tropospheric ozone anomalies show an ENSO response, with

decreasing ozone (10–15 DU) over the eastern Pacific Ocean (110◦W–180 ◦W) during El Niño events
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and increasing ozone (10–15 DU) over the western Pacific (70◦E–140 ◦E) during La niña events. The

response of tropospheric ozone proxies such as, ENSO, QBO, the solar, and the seasonal cycle have

been quantified by applying the multi-linear regression model as discussed in chapter 4.2. ENSO is

found to contribute by up to +7 DU over the Indian and western Pacific Oceans and by -10 DU over

the eastern Pacific Ocean during 1996 to 2015. The location and magnitude of ENSO contribution to

tropical tropospheric ozone variability agrees well with results from Doherty et al. [2006], Oman et al.

[2011] and Ziemke et al. [2010]. Tropospheric ozone increases by ∼ 7 DU due to solar cycle over parts

of the northern and southern tropics. QBO contributes in total ∼ 5 DU to the tropical tropospheric

ozone variability, mainly over the southern tropics. The seasonal cycle has a stronger contribution in

tropospheric ozone over the northern tropics and the Atlantic Ocean on the order of ∼ 15 DU and

elsewhere its total contribution is less than 10 DU. The seasonal cycle of tropospheric ozone is the

weakest over the west Pacific (< 5 DU).

In conclusion the seasonal, latitudinal and longitudinal tropical tropospheric ozone variability has

been studied and the contribution of various climatological factors such as ENSO, QBO, the solar, and

the seasonal cycle on its variability throughout the last 20 years has been quantified in this chapter.

As discussed in section 4.3, the attribution of TTCO variability to the various chemical processes that

modulate ozone is a task that requires particular chemical transport model CTM simulations. In Chapter

6 a chemistry-climate model (CCM) is used in order to interpret the influence of El Niño events on

tropical tropospheric ozone as a special case. However, background ozone is large enough to be

able to identify pure transport events of ozone. Monthly tagged CTM runs could give an insight into

tropospheric ozone sources for specific locations (e.g. Coates et al. [2015]). With this method, the fate

of emitted species is followed, and a track of their chemical reaction pathways is made. Using labeled

CTM mechanisms for NOx and VOCs emissions, and their degradation products, the ozone burden can

be attributed to the relevant emission source [Coates et al., 2015, Grewe et al., 2012].
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El Niño and tropical tropospheric ozone

This chapter’s focus is on studying the influence of ENSO on tropospheric ozone and its precursors. The

pattern and magnitude of tropospheric ozone anomalies during two El Niño and two La Niña events are

presented and compared between them and with other studies. The influence of 2015 El Niño event on

tropospheric ozone is investigated in more detail. For this study, tropospheric NO2 columns, total CO

columns, fire counts and chemistry-climate model (CCM) simulations of tropospheric ozone along with

its precursors are used in order to compare them with the observed CCD TTCO anomalies. In addition,

tropospheric ozone simulations between September to December 2015 when El Niño was active are

used to quantify the influence of biomass burning and dynamics in tropospheric ozone changes.

6.1 El Niño Southern Oscillation (ENSO) and its influence on tropospheric

ozone

The influence of El Niño Southern Oscillation (ENSO) on tropospheric ozone has been extensively

studied in the past using in-situ and satellite measurements in combination with global chemical

transport models [Chandra et al., 2009, Doherty et al., 2006, Logan et al., 2008, Murray et al., 2013,

Neu et al., 2014, Oman et al., 2011, Randel and Thompson, 2011, Randel et al., 2009, Thompson

et al., 2001, Valks et al., 2003, Xie et al., 2014, Ziemke et al., 2010, 2015]. ENSO causes periodical

changes in the sea surface temperature distribution in the Pacific Ocean. The sea temperature changes

impact the troposphere, by modulating the Walker circulation [Bjerknes, 1966] which modifies the

temperature and moisture fields across the tropical Pacific. During neutral ENSO conditions the Pacific

warm pool is located over Indonesia creating a strong up-welling stream. These rising air masses are

cooled near the Tropopause and continue moving along the equator in two adverse directions until

they descend over the Indian and east Pacific Ocean, creating two reverse loops, the so-called Walker

circulation. During the warm phase of ENSO (El Niño conditions), the warm pool (> 30◦C) is displaced

towards the east Pacific coast, near Ecuador and Peru, forming a low pressure system there and a high

pressure system over Indonesia. During El Niño, three circulation loops are created. Up-welling air

masses are located over Tahiti, Peru and Ecuador while down-welling air masses are located over north

Australia/Indonesia and over the east Pacific Ocean [McPhaden et al., 2006]. This modification of the
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Walker circulation, causes more dryness combined with more forest fires over Indonesia where humans

use fires as a deforestation and fertilization tool [Chandra et al., 2009, Page et al., 2002]. After the end

of the warm ENSO phase, the normal sea and atmospheric circulation are re-established. Nevertheless,

for some months, the sea temperature near the coast of Peru drops significantly (∼20◦C). This situation,

known as La Niña can be considered as the opposite, cold phase of ENSO. Although the anomalies are

of the opposite sign, the spatial patterns are different compared to El Niño [Larkinal et al., 2002].

Tropospheric ozone is very sensitive to these dynamical changes and is expected to respond accordingly.

The dislocation of the up-welling centers is expected to alter the ozone losses and production areas.

Lelli et al. [2014] showed that low clouds are lifted higher up in the eastern Pacific Ocean during El

Niño. Convection induces more ozone being transported to the upper troposphere as well as more

clouds and water vapor being released. Clouds, water vapor and rainfall contribute sequentially to

photochemical loss of ozone (see Section 5.1). Reduced rainfall and suppressed convection reduces

ozone loss leading to higher ozone amounts. Although dynamical changes are fundamental, there is

evidence that additional atmospheric chemistry is occurring due to anthropogenic influences [Chandra

et al., 2002, 2009, Doherty et al., 2006, Logan et al., 2008, Ziemke et al., 2009b, 2015]. ENSO-

driven droughts over Indonesia may result in more forest fires and consequently in tropospheric ozone

precursor emissions from biomass burning. Several studies have been made in the past to investigate the

influence of convection, meteorology, and biomass burning on tropospheric ozone during El Niño. For

example, Chandra et al. [2002] showed that the tropical tropospheric ozone integrated over the tropical

region between 15◦N and 15◦S increased by 6-8 Tg above the climatological mean of 77 Tg. Using

the GEOS-CHEM model, they suggested that biomass burning and dynamical conditions contribute

almost equally (∼10-12 DU) to the tropospheric ozone increase over the Indonesian region. Ziemke

et al. [2009b] using the Global Modelling Initiative (GMI) chemical transport model showed a 4-5%

increase in global tropospheric ozone due to biomass burning with most contributions coming from the

tropics during 2006 El Niño year. Almost half of these increases originated from El Niño related fires in

Indonesia. They conclude that biomass burning does not produce large amounts of ozone, however

increases vigorously its precursors by 7-9% in NOx and 30-40% in CO during the months of greatest

burning. Nevertheless, these increases in ozone precursors are more important in regional scales. In

longer timescales, convection and advection have a more dominant role in the tropical Pacific region

[Ziemke et al., 2015]. For the same El Niño of 2006, Chandra et al. [2009] calculated the biomass

burning influence in tropospheric ozone using OMI/MLS tropospheric ozone retrievals equals to 4–6

DU over Indonesia, where the forest fires are maximum. The dynamical component was about 4–8

DU, covering a much broader area in the Indian Ocean. After December, when the biomass burning

is ending, the main drivers on tropospheric ozone increases are atmospheric dynamics [Chandra et

al., 2009]. The carbon emissions from the 2015 fires have been the second largest in the maritime

south-east Asia after the 1997 El Niño [Huijnen et al., 2016]. The total carbon released from biomass

burning during the period of September–October 2015 was 227 ± 67 Tg C. During September-October

1997, the total carbon release from fires was 866 Tg C, four times more than in 2015 [Randerson et al.,

2015].

Evidently ENSO events have different strengths and subsequently different effects on tropospheric

ozone. Several indexes have been developed for identifying El Niño and La Niña events. In the following
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Section 6.2 we attempt to study the influence of different ENSO events on tropospheric ozone by using

the Multivariate ENSO Index (MEI) [Wolter and Timlin, 1993, 1998, 2011]. The main focus of this

study is to compare the geographical extend, the magnitude, and the amplitude of tropospheric ozone

anomalies between two El Niño and two La Niña events and to investigate whether a relationship

between the strength of ENSO and the observed tropospheric ozone anomalies exists. The drivers of

TTCO anomalies are further studied in Section 6.3 for the case of 2015 El Niño.

6.2 Comparing the influence of El Niño and La Niña events on tropical

tropospheric ozone

Two regions have been selected to study the regional effects of ENSO on tropospheric ozone. The first

region is in Brasilia (7.5 oS–0 o, 45 oW–60 oW) and the second, Indonesia–Sumatra (7.5 oS–0 o, 95
oE–110 oE). The Brazilian region is expected to be affected by increased rainfall and humidity during

El Niño events and by drought during La Niña which means that tropospheric ozone is expected to

increase during La Niña and to decrease during El Niño Chandra et al. [2002, 2009], Doherty et al.

[2006], Logan et al. [2008], Ziemke et al. [2015]. The opposite behaviour is supposedly the case in

Sumatra.

Figure 6.1 shows the time-series of tropospheric ozone anomalies in the Brazilian region and Sumatra,

along with the Niño MEI index, and the Fire Radiative Power (FRP) for both tropical regions between

1996 and 2015. Positive values of the ENSO MEI index indicate El Niño months and negative values

La Niña. In Brasilia, tropospheric ozone is decreasing by ∼-6–8 DU during El Niño (1997 and 2015)

whereas it increases by ∼10 DU during La Niña years. The opposite behaviour can be noticed in

Indonesia where ozone increased by ∼6–8 DU during El Niño events. The biomass burning in South

America maximises during autumn and it is even more intense during La Niña years (> 25 mW/2),

supplying additional ozone precursors in South America. The strongest TTCO increase is noticed during

the winter of 1999 and the summer of 2010 (one of the strongest La Niña years). During El Niño

months of May–June 2004, October 2005 and August–September 2006 extreme fires are present in

this region, while the ozone anomalies are less than -5 DU. Ozone is either destroyed by the excess of

VOCs or NOx released from these fires or the precursors are transported by atmospheric dynamics away

from the source resulting in ozone production away from the region of study. The maximum ozone

increase in Indonesia is observed during the strong 1997 and 2015 El Niño events. Biomass burning in

Indonesia also maximises during autumn (22–25 mW/m2) although it is less than in Brasilia (25–30

mW/m2). During El Niño years, the FRP exceeds 20 mW/m2, increasing tropospheric ozone precursors

emissions in the Indonesian region. However, the intense fires in 2004 and 2005 seem to have no effect

on tropospheric ozone. It is difficult to attribute the O3 decrease during summers of 2003, 2014 and

2015 (El Niño) to precursor emissions or dynamics.

For global influence of ENSO on tropical tropospheric ozone, two major El Niño and La Niña events

from the last 20 years have been selected. The two most intense El Niño events occurred during May

1997 to April 1998 and January 2015 until May 2016. The strongest effects on tropospheric ozone

are usually observed during boreal autumn. The maximum sea surface temperature anomalies appear
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Figure 6.1: Monthly tropical tropospheric ozone anomalies for the regions of Brasilia (7.5oS–0oS, 45oW–60oW)

and Indonesia (7.5oS–0oS, 95oE–110oE) in DU are plotted with blue lines. The ENSO index in oC is plotted with

light blue line, and the Fire Radiative power (FRP) in mW/m2 is plotted with red line.
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during September to December, when the drought and biomass burning maximizes over Indonesia,

south-eastern Sumatra, and Papua. Two of the strongest La Niña years were during September 1999 to

March 2000, following the intense 1997–1998 El Niño event and during July 2010 to April 2011.

Table 6.1: ENSO-MEI index for September–December 1997, 1999, 2010, and 2015. With bold are indicated the

months with maximum (El Niño) and minimum (La Niña) ENSO-MEI index values [Wolter and Timlin, 2011].

Month 1997 2015 1999 2010
Sep 3.0 2.5 -1.0 -1.9
Oct 2.4 2.2 -1.0 -1.9
Nov 2.6 2.3 -1.0 -1.5
Dec 2.4 2.1 -1.2 -1.5

The ENSO MEI index for September–December 1997, 1999, 2010, and 2015 is shown in Table 6.1.

Positive values represent the warm ENSO phase (El Niño), while negative values represent the cold

ENSO phase (La Niña). The September MEI (in bold) represents the peak of both El Niño events,

whereas December and September represent the peak 1999 and 2010 La Niña events. The harmonised

TTCO dataset has been monthly averaged for the period 1996–2015 and the tropospheric ozone

anomalies have been calculated by subtracting the climatological monthly means from the monthly

data for September–December 1997, 1999, 2010, and 2015. Figure 6.2 and 6.3 depict the CCD tropical

tropospheric ozone anomalies for the selected autumn months in 1997, 1999, 2010, and 2015.

According to Fig. 6.2 (left), 1997 El Niño caused a strong increase in tropical tropospheric ozone

by about +10 DU over the Indian Ocean and Indonesia, with maximum spatial extent in October and

December due to limited deep convective clouds over the western Pacific there is no above cloud column

ozone retrieved in most of the cases. The negative anomalies during 1997 El Niño are on the order of

-10 DU, reaching -20 DU over the central-east tropical Pacific in September and over parts of central

Africa in November. Specifically in November, tropospheric ozone is decreasing by -8 DU over the

Indonesian islands of Sumatra and Borneo, which are one of the largest sources of biomass burning in

the Indonesian peninsula [Giglio et al., 2013, Randerson et al., 2015]. Chandra et al. [1998] suggest a

smaller ozone decrease over the east Pacific, on the order of -8 DU, for October and December 1997

compared to 1996. Nevertheless, the same east-west dipole feature with positive ozone anomalies over

Indonesia and the Indian Ocean and negative ozone anomalies over the east Pacific was noticed.

A different anomaly feature is noticed in 2015 (see Fig. 6.2 on the right), with larger spatial extent

of positive anomalies than in 1997. The tropospheric O3 increase is on the order of ∼10 DU reaching

locally +15 DU in September and October 2015. As shown here, the increase in TTCO is not limited

only to the dry region of Indonesia, but extends over thousands of kilometers, covering the southern

part of India to Fiji in the south, and westward to central Atlantic and the south American continent. For

all months, tropospheric ozone decreased mainly on the southern tropics and the Pacific Ocean by about

-10 DU, and especially over the south-east Pacific Ocean the decrease reached -20 DU in September and

October. For November and December, the positive anomalies are spatially restricted, having values

less than +10 DU. However, the positive tropospheric ozone anomalies during September and October

2015 had larger spatial extent and absolute values compared with the same months of 1997 despite the

fact that the ENSO-MEI index was smaller in 2015 (see Table 6.1) and the reported fires released four
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Figure 6.2: The tropical tropospheric ozone anomalies for September–December 1997 and 2015 calculated using

as reference the monthly climatology produced from the harmonised CCD dataset during 1996-2015.
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Figure 6.3: The tropical tropospheric ozone anomalies for September- December 1999 and 2010 calculated using

as reference the monthly climatology produced from the harmonised CCD dataset during 1996-2015.
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times less carbon than in 1997 in the Indonesian peninsula for the months September to November

[Huijnen et al., 2016, Randerson et al., 2015]. The opposite situation appears in December when the

spatial distribution of the positive ozone anomaly is much broader in 1997. In December the biomass

burning season is mostly over and positive ozone anomalies can be attributed to atmospheric dynamics.

The case of 2015 is further studied in Subsection 6.3 by comparisons with a global chemistry model to

investigate possible causes of tropospheric ozone changes.

During 1999 La Niña tropospheric O3 anomalies range between ±8 DU. The anomalies between

September to November present negative values over Africa, the Atlantic and Indian Ocean, and parts of

northern South America, while positive O3 values appear over the Pacific Ocean. In December, when La

Niña is strongest, most of the tropics present increased tropospheric ozone by ∼+6 DU with exception

of South America, south Atlantic, parts of north Africa and Indonesia, where O3 is slightly decreased by

∼3 DU. More specifically, during September and October we notice an increase in tropospheric ozone

over Indonesia and the western Pacific despite the increased convection and precipitation in these area

due to La Niña. It is assumed that this increase is attributable to the biomass burning. On the other

hand over the eastern Pacific Ocean and South America, ozone increases slightly just after November

1999.

The 2010 La Niña was stronger than the corresponding 1999 event, with September and October

2010 being the most intense months. The positive TTCO anomalies are on the order of 6–8 DU and cover

most of the tropics with maximum values between September and November. O3 decreased by ∼10

DU over the Indian Ocean and the northern tropics during October and December 2010. The notable

difference between 2010 and 1999 La Niña is the strong tropospheric O3 increase over South America

in September and October 2010 and over central Africa during October–December 2010 compared with

the moderate tropospheric O3 changes in 1999.

Conclusively, the general pattern of the TTCO anomalies during El Niño consist of a dipole with

positive values (∼10 DU) mainly over the western Pacific and Indian Oceans and secondarily over the

central tropical Atlantic and South America. Negative TTCO anomalies (10–17 DU) appear over the east

Pacific Ocean due to the sea surface temperature (SST) and convection shifts. Atmospheric circulation

during La Niña has the opposite effects in altering the TTCO distribution. During La Niña events, CO

and NOx emissions are reduced by a factor of 2–10 and 2–6 respectively compared to the El Niño years

in the Indonesian region [Inness et al., 2015]. TTCO is reduced over the Indian Ocean and central

tropics by ∼ 5 DU whereas elsewhere it is enhanced by ∼10 DU for both La Niña years studied. The

spatial distribution of positive tropospheric ozone anomalies during both La Niña events studied (1999

and 2010) is larger than the ones noticed for the El Niño years (1997 and 2015). This finding is in

contrast with Ziemke and Chandra [2003] results who found that the changes in tropospheric column

ozone during La Niña have similar spatial patterns and amplitudes as El Niño but reversed sign. The

spatial distribution and magnitude of ozone anomalies varies significantly between the years considered

here for both El Niño and La Niña. As shown in Figure A9, the differences in TTCO between 2015

and 1997 El Niños range from about -10 to +25 DU. Despite the fact that 2015 El Niño was weaker

compared with 1997, TTCO anomalies had larger amplitude and spatial extent and accordingly, we

could conclude that TTCO anomalies are not directly proportional to the strength of an ENSO event.

For the case of 2010 and 1999 La Niñas the differences are smaller, within ±10 DU.
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6.3 Tropical tropospheric ozone and its precursors during 2015 El Niño

Here, we compare the tropospheric ozone observations with other observables to evaluate the El Niño

2015 conditions in more detail. The tropospheric ozone anomalies between 2015 (strong El Niño) are

compared with 2014 (neutral year with respect to El Niño and El Niña). The fire radiative power (FRP),

CO and NO2 emission measurements are compared in order to investigate the role of biomass burning

and atmospheric dynamics during El Nino 2015. The CCD results are compared with tropospheric

ozone columns (until 200 hPa) from a climate-chemistry model.

6.3.1 Tropospheric ozone precursors from satellite data

Biomass burning is the strongest source of ozone precursors during El Niño events [Chandra et al., 2002,

2009]. The location and strength of El Niño driven biomass burning areas are estimated using the Fire

Radiative Power rates (FRP) (mW/m2) from MODIS (Moderate Resolution Imaging Spectroradiometer)

[Justice et al., 2002, Kaufman et al., 1998] on board the TERRA satellite. MODIS measures brightness

temperatures from different channels along with the distribution of other atmospheric constituents

such as clouds and aerosols. When the temperature of a pixel exceeds a given threshold value, the pixel

is classified as a fire pixel. Fire emissions are quantified by carbon monoxide (CO) total columns from

MOPITT (Measurements of Pollution in the Troposphere), also on board, TERRA spacecraft [Drummond

and Mand, 1996, Edwards et al., 2004]. Monthly averaged total columns of CO from MOPITT Version 7

data were used in this study with a spatial resolution of 1◦× 1◦. CO lifetime is in the order of years in

the stratosphere therefore we assume that it is invariant for the years studied [Jacob, 2000]. MOPITT

monthly gridded CO has been found to be consistent with those of TES [Luo et al., 2007a]. Most of the

fires emit significant amount of NOx [Schreier et al., 2014]. NO2 tropospheric columns are retrieved

using upwelling radiances from GOME-2 on-board Metop-A [Callies et al., 2000] using the differential

optical spectroscopy (DOAS) [Hilboll et al., 2013a,b, Richter et al., 2005]. NO2 measurements are

monthly averaged to 0.0625◦ square grids.

Figure 6.4 shows the Fire Radiative Power rates (FRP) (mW/m2) for Sept-Dec in 2014 and 2015 and

their difference between 2015 and 2014. The FRP rates are increased in 2015 by about 5 mW/m2 on

average throughout the tropics. Some areas in Brasilia, southern Africa, Australia, and Indonesia show

enhanced FRP by more than 10 mW/m2 compared to 2014. FRP is lower over the African continent

by 5 mW/m2 and locally over Australia by more than 10 mW/m2 compared to 2014. Figures 6.5–6.8

show the tropospheric NO2 and total CO monthly mean abundances and differences between 2015

and 2014. NO2 is higher in 2015 than in 2014 by about 0.5 – 1.5×1015 mol/cm2 (30-50%), with

maximum differences observed over Brasilia and Indonesia (∼2×1015 mol/cm2). The strongest decrease

in tropospheric NO2 for 2015, reaching 1×1015 mol/cm2, is noticed in September over the southern

central tropics and the ITCZ and in December over the northern tropics and Australia. Total CO is

higher in 2015 than 2014 by 2–4×1018 mol/cm2 (∼60%), mainly over the Indian Ocean and south

Atlantic. This increase in 2015 is not restricted to the areas of emission sources such as South America

and Africa or locations surrounding tropical Mega-cities but also extends to areas such as Indian Ocean

which is considered to be relatively clean. NO2 lifetime is less than 15 days in the troposphere (∼15
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Figure 6.4: Fire radiative power (mW/m2) for September, October, November and December

2015 (left) and 2014 (middle) and the difference between 2015 and 2014 (right) (data from:

ftp://fuoco.geog.umd.edu/modis/C4/cmg/monthly/hdf/).
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Figure 6.5: Tropical tropospheric nitrogen dioxide columns (data from: http://www.iup.uni-bremen.de/doas/)
and carbon monoxide mixing ratios at 300 hPa (data form: http://terra.nasa.gov/data/mopitt-data) for September

2015 and 2014 and the differences between them. White pixels denote missing data due to clouds.
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Figure 6.6: Same as Figure 6.5 for October 2015 and 2014.
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Figure 6.7: Same as Figure 6.5 for November 2015 and 2014.
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Figure 6.8: Same as Figure 6.5 for December 2015 and 2014.
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days in UT and even less than a day at ground level), short enough to know where its source is [Levy et

al., 1999]. Most of the NO2 maxima agree very well with locations of increased FRP, suggesting that

most of the tropospheric NO2 concentration is related to biomass burning, especially for Sept–Oct over

Indonesia and Nov–Dec over Brasilia and central Africa. The enhanced tropospheric NO2 over India

does not coincide with fires, having mainly industrial/anthropogenic emission sources. CO lifetime in

the troposphere is between 1–2 months [Jacob, 2000] allowing for more transported and accumulated

CO. Therefore, the CO maxima may not necessarily coincide with locations of enhanced FRP and may

occur downwind of the fires. CO accumulates mostly over the Indian Ocean (Sept–Nov) and Brasilia

(December).

6.3.2 Comparison with ECHAM5/MESSy Atmospheric Chemistry (EMAC) model simu-
lations

In order to highlight the 2015 El Niño, tropospheric ozone in that year is compared to the previous

year, using both observations and global chemistry model data. We use ECHAM5/MESSy Atmospheric

Chemistry (EMAC) [Joeckel et al., 2016] model runs of tropospheric ozone. The results from the EMAC

model together with observations of tropospheric NO2 columns and total CO columns will be used to

interpret the observed ozone changes.

EMAC is a numerical global coupled chemistry-climate model (CCM) for describing dynamical and

chemical processes in the troposphere and middle atmosphere. It makes use of sub-models such as the

dynamic model ECHAM5 (the 5th generation European Centre - Hamburg general circulation model,

[Roeckner et al., 2006] and the Modular Earth Submodel System, MESSy [Joeckel et al., 2016], a

chemistry module. Reanalysis of the European Centre for Medium-Range Weather Forecast (ECMWF)

are used for meteorological input to the CCM. The EMAC model has a horizontal resolution of 100 to

500 km and uses time steps between 5 and 40 minutes. MESSy consists of more than 40 sub-models

such us the Ocean model MPIOM, the Lagrangian transport scheme ATTILA, and the chemistry model

MECCA in order to describe processes and to perform diagnoses. EMAC has the ability to be operated

either as a general circulation model (GCM) without meteorological inputs or as a quasi chemistry trans-

port model (QCTM) without feedbacks from the chemistry to the dynamics. Anthropogenic emissions

are included as emission fluxes from the Atmospheric Chemistry and Climate Model Intercompari-

son Project (ACCMIP) https://www.giss.nasa.gov/projects/accmip/ [Lamarque and Solomon,

2010] combined with Representative Concentration Pathways (RCP 6.0) greenhouse gas concentration

(not emissions) trajectories adopted by the IPCC for its fifth Assessment Report (AR5) in 2014 [Fujino et

al., 2006]. ACCMIP and RCP 6.0 monthly values have been linearly interpolated from annual emission

fluxes, whereas seasonal varying values are only provided for biomass burning and ship emissions. The

non-anthropogenic emissions such as NMHCs of biogenic origin, terrestrial dimethyl sulfide (DMS),

volcanic SO2, NH3, halocarbons, CH3, I, and Organic Carbon (OC) from secondary organic aerosol have

been mostly prescribed based on climatologies [Joeckel et al., 2016].

Tropospheric ozone distributions from the EMAC model have been evaluated with OMI/MLS tro-

pospheric ozone data [Ziemke et al., 2006, 2011], showing that the model simulations overestimate

ozone by ∼ 30%. Comparison with ozonesondes [Tilmes et al., 2012] showed that EMAC overestimates
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by 20-30% in the tropics, which corresponds to 5-10 DU [Joeckel et al., 2016, Righi et al., 2015]. Righi

et al. [2015] showed that EMAC with ACCMIP emissions implementation overestimates NOx compared

to aircraft profiles [Emmons et al., 2000] in the lower troposphere, while it underestimates them in the

upper troposphere, probably related to lightning emissions. On the other hand, CO is underestimated

compared to NOAA GLOBALVIEW, mainly over regions with extreme anthropogenic influence. Pozzer

et al. [2007] related the lower CO levels to emissions from fossil fuel combustion being too low in the

model.

Figures 6.9–6.12 show NO2 and CO abundances and their differences between 2015 and 2014 as

simulated by the EMAC model. The locations of maximum NO2 concentrations agree well with the ones

retrieved from GOME-2 (Fig. Figures 6.9–6.12 left) for both years. The tropospheric NO2 columns from

EMAC are found to be generally lower by about 1×1015 mol/cm2 compared with satellite observations

for all months with the exception of the Indonesian region in September and October 2015 (Fig. 6.9

and 6.10) where it is higher by ∼2×1015 mol/cm2. The increase in tropospheric NO2 by EMAC over

the Indonesian region in October 2015 is on the order of 6×1015 mol/cm2 compared to 2014, while

GOME-2 observes an increase of less than 1.5×1015 mol/cm2. (note that the scale in Fig. 6.5–6.8e

and Fig. 6.9–6.12e is different). In November and December 2015 (Fig. 6.11–6.12 left) EMAC does

not capture the extent of enhanced NO2 over South America as observed by GOME-2 (Figures 6.7–6.8

left). The CO total columns from EMAC are generally lower than MOPITT observations by ∼ 1–2×1018

mol/cm2. The locations where CO maximises are generally well represented by the EMAC simulations,

nevertheless their spatial extent is limited. EMAC does not show the profound CO maximum over

Brasilia in Oct-Nov-Dec observed by MOPITT (Figures 6.10–6.12 right).

In order to compare tropical tropospheric ozone columns from CCD with the EMAC model, the CCD

algorithm was modified to bin the retrievals to the model grid (2.8◦×2.8◦) and EMAC ozone columns

were integrated from the ground to 200 hPa. The TTCO abundances observed by GOME-2 in September

2015 are increased compared to 2014 (see Fig. 6.13.a, b and c) by about 8 DU over central Africa

and South America, central Atlantic, and Indian Ocean. Positive tropospheric ozone anomalies in the

EMAC model occupy slightly larger area and the negative anomalies have smaller magnitude (<10 DU).

Overall the anomaly pattern is similar. The locations of positive anomalies agree well with increased

fires (Fig 6.4) in the same area, enhanced tropospheric NO2 columns and higher CO mixing ratios from

satellite and model data (Fig. 6.5 and 6.9, respectively). Comparing GOME-2A results in September

2015 with EMAC tropospheric ozone simulations (Fig. 6.13.d, e, g and h), the model overestimates

tropospheric ozone columns by 10 to 20 DU over north Africa, the Arabian sea, India, Philippines, and

Indonesia. The model underestimates strongly tropospheric ozone by about 20 DU in the Atlantic coast

of Congo. The differences are even larger in 2015 exceeding 20 DU. EMAC underestimates tropospheric

ozone columns by about ∼ 10 DU over central Africa, the Atlantic Ocean, and partly the Indian Ocean

and central Pacific Ocean.

In October tropical tropospheric ozone in October 2015 is higher than in October 2014 compared

with 2014 by 7 to 10 DU over the Indian and western Pacific Ocean and lower over the northern tropics

by ∼15 DU according to Fig. 6.14.a, b and c. This tropospheric ozone decrease corresponds to changes

in tropospheric water vapor following the dislocation of the convective cells from the western to the east

Pacific [Bjerknes, 1966]. The mechanism of ozone loss by water vapor is given by Reactions ?? and ??.
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Figure 6.9: Tropical tropospheric nitrogen dioxide columns and carbon monoxide mixing ratios at 300 hPa for

September 2015 (a,b) and 2014 (c,d) and the differences between them from EMAC (e,f) simulations.
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Figure 6.10: Same as Figure 6.9 for October 2015 and 2014.
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Figure 6.11: Same as Figure 6.9 for November 2015 and 2014.
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Figure 6.12: Same as Figure 6.9 for December 2015 and 2014.
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Figure 6.13: Tropical tropospheric ozone columns observed with GOME-2A and simulated by the ECHAM-MESSY

atmospheric chemistry model (EMAC) for September 2015 (a,d) and 2014 (b,e), differences between 2015 and

2014 (c,f) and the differences between observations and model in 2014 and 2015, respectively (g, h).
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EMAC simulates larger tropical tropospheric ozone columns by 10–20 DU than is observed by GOME-2

for both years with the exception of the Atlantic Ocean and central Africa where EMAC underestimates

ozone by about the same amount (Fig. 6.14.g and h). Tropospheric NO2 columns over Indonesia in

Figure 6.14: Same as Figure 6.13 for October 2015 and 2014.

October 2015 were found to be higher by 6×1015 mol/cm2 compared to 2014 over the Indian Ocean

which is 2×1015 mol/cm2 higher compared with GOME-2 observations. The modeled CO is also larger

in October 2015 than in 2014 by approximately 4×1015 mol/cm2 but still smaller by almost 50% than

MOPITT observations in the most of the Indian Ocean. However, the maximum tropospheric ozone

anomalies from EMAC over the Indian Ocean seem to have the same spatial distribution as the CO

anomalies.

In November 2015 GOME-2A TTCO (Fig. 6.15.a, b and c) is greater than in 2014 by ∼ 8 DU

over Indonesia, north Atlantic, and South America and in some locations in central Pacific Ocean.

Tropospheric ozone decreased (∼8-15 DU) over the north east Pacific and central Africa. The biomass

burning season during November (Fig. 6.4) peaks in Brasilia, Australia, central and southern Africa

that agrees well with increases in observed CO and NO2 from satellites. EMAC does not show these

increases, conversely, it shows relatively small changes in tropospheric NO2 (± 1×1015 mol/cm2) and

total CO columns 2 (± 1×1018 mol/cm2) (Fig. 6.15.f). EMAC shows a decrease in tropospheric ozone

over Vietnam, possibly due to the decrease in simulated CO and NO2 over Indonesia in November 2015

compared to 2014 (Fig. 6.11). However, the agreement between CCD and EMAC TTCO is better than

for the other months (Fig. 6.15.g and h).

Figures 6.16.a to c depict the TTCO burden and differences between 2015 and 2014 in December.
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Figure 6.15: Same as Figure 6.13 for November 2015 and 2014.

Figure 6.16: Same as Figure 6.13 for December 2015 and 2014.
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The biomass burning season is already finished in Indonesia but still ongoing in north Africa and South

America (Fig. 6.4). Nevertheless, tropospheric ozone increases considerably by more than 8 DU over

the western Pacific Ocean (see Fig. 6.16.c and f) for both satellite and model results. This shows the

persistence of tropospheric ozone modulated by dynamics while the ozone precursors (CO and NO2) do

not show remarkable increases in that region (Fig. 6.8 and 6.12). The tropospheric ozone anomalies

in EMAC are smaller over the north-east Pacific Ocean and central Africa and occupy a broader area

than the observations (-5 DU instead of -20 DU). EMAC simulations result in a larger area of positive

anomalies over Indonesia compared with CCD. EMAC model (Fig. 6.16.d, e) overestimates tropospheric

ozone compared to GOME-2A observations by about less than 10 DU in the same regions as September,

October, and November. The largest differences between CCD and EMAC are located again at the east

African coast where they may exceed 15 DU for Dec 2014 (Fig. 6.16.g and h).

6.4 Impact of biomass burning and dynamics during 2015 El Niño event

In this section, the the main drivers for 2015 El Niño O3 changes are investigated. These drivers are

biomass burning and atmospheric dynamics (meteorology) in the tropical troposphere. Chandra et

al. [2002, 2009] using GEOS-CHEM model runs in two modes were able to simulate the observed

changes in tropical tropospheric ozone and estimate the contributions of biomass burning and large-

scale transport/meteorology (winds humidity, clouds, temperatures) indicated here as "dynamical

component". Based on their approach, the EMAC model was run in two modes:

• Mode 1: Standard EMAC simulations including biomass burning emissions from ACCMIP and

RCP 6.0 databases.

• Mode 2: EMAC simulations exclude biomass burning emissions. This mode highlights the

changes during El Niño due to atmospheric dynamics (long-range transport and stratosphere-to

troposphere exchange) (Fig. 6.17 left).

• The difference between the two modes provides the biomass burning contribution of the El Niño

related tropospheric ozone changes (Fig. 6.17 right) assuming that the emissions from other

sources are constant.

According to the EMAC model, dynamics are mainly responsible for the pattern of tropical tropospheric

ozone anomalies in September (Fig. 6.17.a). Tropospheric ozone is increasing by ∼ 6− 8 DU over

northern Indian Ocean, India, southern Africa, South America and the central Pacific Ocean in September

2015 whereas it is decreasing by the same amount over the north tropical Pacific, north Atlantic, and

partly over the southern Indian Ocean. The contribution of biomass burning, ∼ 6− 8 DU is restricted to

the Indian Ocean, central South America and parts of southern Africa (Fig. 6.17.b). In a small area over

north Australia a decrease of ∼ 2 DU in tropospheric ozone is noticed due to some biomass burning. In

October 2015, the contribution of dynamics is similar, although the positive changes are more expanded

in south-easterly direction (Fig. 6.17.c). The contribution of biomass burning is maximum this month

with positive anomalies reaching 20 DU over Indonesia, partly due to the NO2 overestimation from

EMAC (Fig.6.17.d). In November dynamics reduce ozone concentrations mainly over Africa and the
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Figure 6.17: Inter-annual difference of EMAC tropical tropospheric ozone of the dynamical (left ) and biomass

burning (right) components (in DU) for the months Sept-Dec 2014-2015.



134 El Niño and tropical tropospheric ozone

western Pacific by less than 10 DU. The increase of tropospheric ozone in November 2015 (∼ 8 DU)

over South America, the south Pacific Ocean, most of the Indian Ocean, mainly over Indonesia, the

north-east Pacific Ocean and a small area over the north Pacific Ocean is mainly due to dynamics (Fig.

6.17.e). The positive contribution of biomass burning in November is smaller than in October, ranging

between ∼ 4−6 DU, covering an extended area over the Indian Ocean (Fig. 6.17.f). Only in this month

a positive ozone anomaly on the order of ∼ 2− 4 DU appears over the southeast Pacific Ocean and

a negative anomaly over Indonesia on the order of ∼ 2− 4 DU (Fig. 6.17.f). The reason for this, as

discussed above, is probably the decreased precursor emissions simulated by the model, especially

CO. In the same area, dynamics contribute more than 6 DU so the net anomaly is positive (see Fig.

6.15.f). In December the dynamical contribution has a similar pattern and magnitude as in November

with positive anomalies appearing over north Africa and north Atlantic Ocean (Fig. 6.17.g). The fire

emissions over South America are the main biomass burning contribution in December, increasing ozone

by ∼ 2 DU (Fig. 6.17.h). These findings are in agreement with results from Voulgarakis et al. [2010]
indicating that 80% of the changes in "global" tropospheric ozone during El Niño is due to dynamics

and only 20% is due to enhanced biomass burning.

In conclusion, GOME-2 captures the tropospheric ozone increase over Indonesia (∼8–10 DU) and

decrease over the east Pacific (∼10 DU) due to El Niño in 2015 when comparing to 2014. The

tropospheric ozone increase observed by GOME-2A in autumn 2015 is in agreement with enhanced

ozone precursors according to GOME-2 (NO2), MOPITT (CO) and TERRA (fire emissions) satellite

observations. EMAC model simulations of tropical tropospheric ozone seem to overestimate ozone

observations by ∼10 DU (reaching locally ∼20 DU) over the northern tropics with the exception of

the north Atlantic Ocean and underestimate most of the southern tropics by about the same amount.

Despite the differences between GOME-2A and EMAC simulations, observed and modelled ozone

anomalies from the difference between 2015 and 2014 agree well and range between + 8 to -10 DU.

However, the spatial distribution of these anomalies does not coincide for all months since simulated

precursor abundances in the model do not always agree with observations. Ratios of CO and NO2

mixing ratios, from both satellite observations and model could reveal the degree of their relative

change and could give an insight on the NOx or VOCs limited regime of ozone production. It would be

difficult to obtain NO2 volume mixing ratios from the available tropospheric column measurements

as NO2 is not homogeneously mixed in the troposphere (at least for polluted areas). According to

the EMAC model, dynamical processes are the dominant driver of tropospheric ozone changes, being

responsible for most of the tropospheric ozone variability during the September-December period in

2014 and 2015. Over the Indian Ocean, the dominant factor controlling ozone production is biomass

burning emissions. Their contribution is minimised in December, when biomass burning season ends in

Indonesia and starts in South America.

6.5 Summary and discussion

Tropical tropospheric ozone anomalies during the El Niño events of 1997 and 2015 have been investi-

gated. It has been shown that El Niño events increased tropospheric ozone over Indonesia (∼10-15 DU)

and decreased it over the east Pacific Ocean (∼-10 DU). La Niña was found to increase tropospheric
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ozone in the entire tropics (∼6–8 DU), except for the Indian Ocean and central tropics, were ozone

decreased (-5– -10 DU). The largest effects are observed during biomass burning season in boreal

autumn. The magnitude of the anomalies agrees well with past studies [Chandra et al., 2002, 2009,

Doherty et al., 2006, Logan et al., 2008, Ziemke et al., 2009b, 2015]. However, the comparisons between

the 1997 and 2015 El Niños and 1999 and 2010 La Niñas showed that these events did not have the

same impact on tropospheric ozone. The 2015 El Niño event resulted in 2–4 times more tropospheric

ozone over parts of the northern tropics between September and November 2015 compared with 1997,

while the ENSO-MEI index is 1.1–1.2 times larger in 1997 compared to 2015.

December 1997 was the month when tropospheric ozone increased the most over the Indian Ocean,

while in 2015, the maximum positive anomalies were in September, covering the majority of the tropical

belt. The 2015 El Niño event caused more tropospheric ozone (about 15-20 DU) over parts of the

northern tropics between September and November 2015 compared with 1997. In December, the

differences in tropospheric O3 between 2015 and 1997 are smaller (∼8–10 DU), with more ozone in

2015 over Africa, central Atlantic and parts of the northern Pacific Ocean and less ozone (∼10 DU)

over the Indian and south tropical Pacific Oceans. For the La Niñas, the differences in tropospheric O3

between 1999 and 2010 are much smaller, on the order of ±5 DU.

The 2015 El Niño was further investigated using tropospheric ozone simulations from the EMAC

model [Joeckel et al., 2016]. The model mainly overestimates tropical tropospheric ozone (for both

years studied, 2014 and 2015) by 10-15 DU over northern Africa, Indian Ocean, and north-east Pacific

Ocean and underestimates by the same amount over the Atlantic, west Pacific Ocean, and central-

southern Africa compared to observations. These findings agree well with model comparisons made

by Righi et al. [2015], Ziemke et al. [2011] and Joeckel et al. [2016]. The comparison of precursors

simulated by EMAC with satellite observations has shown that the model generally underestimate their

abundances (∼30% for NO2 tropospheric columns and ∼50% for 300 hPa CO volume mixing ratio)

with the exception of October 2015 when EMAC simulates larger NO2 columns over Indonesia than

GOME-2.

The contribution of dynamics and biomass burning in tropospheric ozone variability during the

2015 El Niño event was studied using the EMAC model. The model indicates that dynamics mainly

modulate the tropical tropospheric ozone abundances with the exception of the Indonesian region

where biomass burning dominates from September to November 2015 with maximum in October (∼15

DU). Further studies using tagged model runs could provide more information about the tropospheric

ozone production and loss during El Niño (e.g. Coates et al. [2015]) and assist in the development of

emission policies that could improve the air quality and reduce climate change.
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7
Conclusions and Outlook

7.1 Conclusions

This thesis focused on developing an improved and homogenized tropical tropospheric ozone columns

dataset along with an uncertainty budget, using the convective clouds differential (CCD) technique.

Long-term changes, the variability, and in particular the influence of ENSO on tropical tropospheric

ozone was investigated in details based upon the new dataset.

Improvements in the original CCD algorithm

CCD is a statistical method of retrieving tropical tropospheric ozone columns using monthly averaged

total ozone data and cloud information, meaning that no additional radiative transfer calculations are

applied. For this study, an advanced CCD-IUP algorithm has been developed taking into account the

particularities of the satellite instruments used (GOME/ERS-2, SCIAMACHY/ENVISAT, and GOME-

2/MetOp-A). Based on the original technique’s assumption that ozone columns above deep convective

clouds (ACCO) simulate stratospheric ozone, a classification of "cloudy" ozone measurements was

performed using critical values for cloud fraction (cf) and cloud top height (cth) [Ziemke et al., 1998].
Each instrument has different spatial resolution and uses different cloud algorithms. For example,

GOME and GOME-2 use FRESCO algorithm for the cloud top height retrieval, which assumes that clouds

behave as opaque Lambertian surfaces, retrieving usually the effective (inside the cloud) and not the

real cloud top heights [Koelemeijer et al., 2001]. SACURA algorithm on the other hand, which is used

in SCIAMACHY, takes into account the radiative transfer inside, above and below the clouds, resulting

in more realistic cloud top heights [Kokhanovsky et al., 2005, Lelli et al., 2014]. Therefore, in order to

quantify the critical values to be used for the ACCO calculation, the frequency of "cloudy" measurements

for each set of cth and cf values and each instrument was taken into account. Therefore the cf and

cth critical values that have been selected to characterise cloudy pixels, differ accordingly. Due to the

natural variability of clouds, a climatological correction term, taken from the Fortuin and Kelder [1998]
climatology, was applied to each individual measurement of the ACCO to correct for different cloud

top heights, and adjust the ACCO to a fixed level of 200 hPa (∼12 km). Furthermore, the assumption

that UV radiation does not penetrate the clouds is not completely true, since it contributes with a small



138 Conclusions and Outlook

additional ozone absorption inside the clouds [Ziemke et al., 2008]. Based on the cloud slicing results

from Ziemke et al. [2008], ozone concentrations inside the high reflective clouds at the reference region

(Indian Ocean and western Pacific) are about 4–7 ppbv, which corresponds to an ozone column of ∼ 1

DU between the mean cloud top and the 200 hPa level. For this reason, for the cases where ctp > 200

hPa, the value of 1 DU was subtracted from the climatological correction term in the case of GOME

and GOME-2 ACCO, since the geometrical top of the cloud is hundreds of meters higher than the one

retrieved by FRESCO and the climatological ozone column correction between the retrieved cloud top

height and the 200 hPa level is higher than it should. At a final step, the outliers were screened out, in

order to restrict the variability and homogenize the ACCO in every latitude band. It has been concluded

that after applying the corrections to GOME-2 and SCIAMACHY ACCO, the agreement between them

and with the integrated ozone profiles from ozonesondes above 200 hPa improves significantly. Finally,

the monthly tropical tropospheric column of ozone (TTCO) is obtained by subtracting the monthly

averaged ACCO per 2.5◦ latitude bands from the western Pacific region (70◦E–170◦W) from the monthly

averaged total ozone column (2.5◦ by 5◦ bins) of nearly cloud free areas (cf < 0.1) in the same latitude

band and for all longitudes.

TTCO retrievals, validation and uncertainty estimation

The TTCO results from the advanced CCD algorithm show the expected seasonal pattern and are

similar for overlapping months of GOME–SCIAMACHY (2002 and 2003) and SCIAMACHY–GOME-2

(2007–2012) TTCO retrievals. However, a constant bias between the instruments has been noticed

that is corrected for by harmonising the data before merging them into a consistent 20 year dataset

(see further down). The uncertainty of the advanced CCD-IUP algorithm has been estimated and this

is a first attempt to provide a complete error budget for CCD tropospheric ozone. The main sources

of uncertainty arise from the WFDOAS total and above cloud ozone column retrieval, the cloud top

height, and cloud parameter uncertainties. The first order autocorrelation of total and above cloud

ozone columns has been implied in the uncertainties to account for the persistence of the time-series.

Assuming that these uncertainties are Gaussian, the total uncertainty of the CCD-IUP retrieval algorithm

has been calculated to be in the order of 3 DU (<10%). Among the aforementioned factors, cf (for

GOME-2) and ACCO retrieval (for GOME) have the largest contribution to the total uncertainty, while

GOME has the greatest uncertainty between the three instruments. The CCD-IUP results have been

extensively validated with in-situ ozone profiles (integrated up to 200 hPa altitude) at nine SHADOZ

ozonesonde sites. The validation has shown mean biases of∼5 DU, mean relative differences between -8

and 28%, and RMS between 3.5 and 13 DU, all greater than the retrieval uncertainties. Sampling issues

may be a possible reason for the large uncertainties noticed. The comparison with Limb-Nadir-Matching

(LNM) observations from SCIAMACHY showed good agreement, with mean absolute bias < 5 DU and

mean relative difference of about ∼12% on average.

Harmonising the TTCO retrievals into one consistent dataset

Using SCIAMACHY TTCO as reference, the average difference (bias) with GOME and GOME-2 during the

years of common operation (2002 and 2003 for SCIAMACHY–GOME and 2007-2012 for SCIAMACHY–
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GOME-2) was found to range between -6 and 6 DU for GOME, and between -8 and 0 DU for the case of

GOME-2 TTCO. Since the set up for the total ozone retrieval from the WFDOAS algorithm is the same

for all instruments, it was conclude that these biases are related with the different cloud algorithms used

for each instrument (SACURA for SCIAMACHY and FRESCO for GOME and GOME-2) and the simplified

assumptions made in each cloud algorithm (simulation of reflectance spectrum, surface albedo, cloud

albedo etc.). Different cloud algorithms calculate different cloud fractions and top heights [Lelli, 2013,

Lelli et al., 2016], and as a result they yield different TCO and ACCO values, and consequently different

TTCO values. Therefore, the individual TTCO datasets from GOME, SCIAMACHY, and GOME-2 have

been harmonised into one consistent in order to remove the biases between the instruments. Correction

offsets have been calculated using SCIAMACHY TTCOs as reference. Six different scenarios are tested

in order to find the most apropriate approach to harmonise and merge the individual TTCO datasets.

Comparisons with integrated ozone columns until 200 hPa from ozonesondes, showed that scenario 1

(no correction is applied to GOME data (which could be justified by the very short overlap period), while

GOME-2 is corrected using for each grid-box the mean bias with respect SCIAMACHY for the common

years of operation (2007–2012 for GOME-2)) has slightly smaller differences and better correlation,

and for this reason it was the preferred scenario used for merging the CCD-IUP dataset.

Trends of tropical tropospheric ozone

Although scenario 1 is the preferred scenario, there are no strong indications for rejecting the other

approaches. Therefore, trends for all six scenarios, were calculated in order to study the influence of

the dataset harmonisation on the tropospheric ozone trends between 1996 and 2015. The calculated

trends range between ∼-4 to 4 DU/decade. The maximum trend difference between the six scenarios

has been found to be locally up to more than 4 DU/decade. It was concluded that the magnitude and

significance of the trends dependent strongly on the harmonisation approach used. Nevertheless, all

scenarios agree that tropospheric ozone increases over southern and central Africa, the southern tropical

Atlantic, southern-east tropical Pacific Ocean, central Australia and south India, and decreases over

the Caribbean sea and parts of north Pacific, and over some regions of the southern Pacific Ocean. By

comparing the trend results from scenario 1 with tropospheric ozone trends using ozonesonde data from

six SHADOZ stations, they are found to be within the 2σ of the ozonesonde trend uncertainty. Ten grid

boxes surrounding mega-cities have been selected for the comparison with the calculated trends using

the tropospheric ozone dataset from the CCD method by Heue et al. [2016] and the published trend

results from Ebojie et al. [2016] using the LNM technique. The comparison showed that despite the fact

that the trends do not perfectly agree with each other, they still agree within the trends’ uncertainties.

Analysing the trends over mega-cities from the current study, it was noticed that tropospheric ozone

decreased by -0.2 – -0.3 DU/decade at the largest cities such as Jakarta and Mexico, and increased

significantly in Manila, Bangkok, and Kinshasa by ∼ 1 DU/decade. The magnitude of the tropospheric

ozone increase is not linearly related with the size and the industralisation of the selected mega-cities,

since tropospheric ozone production from its precursors, NOx and VOCs, is not linear and also depends

on local meteorology and transport.
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TTCO variability

The seasonal tropical tropospheric ozone variability of the last 20-year has been studied using the

harmonised TTCO dataset. The distinctive wave-one pattern with higher values over the Atlantic and

lower values over the Pacific ocean was observed, with higher tropospheric ozone values noticed, over

the south Atlantic ocean in autumn. Additionally, the dataset has been latitudinally and longitudinally

averaged in order to construct a zonal mean monthly mean tropical tropospheric ozone climatology

record for the years 1996–2015. The pattern of the TTCO zonal climatology is in good agreement

with Ziemke et al. [2011] using OMI/MLS data and Righi et al. [2015] using EMAC simulations. The

response of various factors such as, ENSO, QBO, the solar and the seasonal cycle on tropospheric ozone

was quantified. ENSO contributes to the tropical tropospheric ozone variability by about +7 DU over the

western Pacific and Indian ocean and by <-10 DU over the eastern Pacific ocean. The magnitude and

location of this response agrees well with other studies from Doherty et al. [2006], Oman et al. [2011]
and Ziemke et al. [2010]. The solar cycle has been found to contribute by ± 5–7 DU, mainly over the

northern tropics. QBO contributed in total 5–6 DU to the tropical tropospheric ozone variability, mainly

over the southern tropics. The seasonal cycle was found to have the strongest contribution in the TTCO

variability, contributing by more than 15 DU over the northern tropics and the Atlantic ocean whereas

elsewhere its total contribution is less than 10 DU, with the weakest contribution noticed over the west

Pacific Ocean (< 5 DU).

El Niño and tropical tropospheric ozone

The ENSO response on tropical tropospheric ozone has been quantified by calculating monthly tro-

pospheric ozone anomalies during the two major El Niños, in 1997 and 2015 and La Niñas, in 1999

and 2010. It has been shown that the El Niño events increased tropospheric ozone over Indonesia

by 10-15 DU, and decreased it over the east Pacific ocean by ∼10 DU. La Niña was found to increase

tropospheric ozone in the entire tropics by ∼6–8 DU with the exception of Indian Ocean and central

tropics, were it decreases ozone by 5 to 10 DU. These findings are in agreement with studies made by

Chandra et al. [2002, 2009], Doherty et al. [2006], Logan et al. [2008], Ziemke et al. [2009b, 2015].
When comparing tropospheric ozone anomalies between the 1997 and 2015 El Niños and 1999 and

2010 La Niñas, the 2015 El Niño and 2010 La Niña events resulted in much stronger ozone increase in

the Tropics. The influence of the 2015 El Niño event on tropospheric ozone concentrations was further

investigated using tropospheric O3 simulations from the ECHAM-MESSY atmospheric chemistry model

(EMAC). EMAC was found to overestimate tropical tropospheric ozone mainly over the northern Africa,

the Indian ocean, and the north-east Pacific ocean by 10-15 DU and underestimated tropospheric ozone

over the Atlantic, the west Pacific ocean, and the central-south Africa by 10-15 DU compared to CCD

results. These findings are consistent with the EMAC validation made by Righi et al. [2015], Ziemke et

al. [2011], and Joeckel et al. [2016]. The simulated ozone precursors (CO, and NO2) by EMAC are

generally underestimated compared with satellite observations of GOME-2 and MOPITT (∼-30% for

NO2 tropospheric columns and ∼-50% for CO volume mixing ratio at 300 hPa). EMAC simulations for

two modes, one with and one without biomass burning emissions was studied for the 2015 El Niño event

in order to separate the effect of biomass burning and dynamical processes (stratosphere-to-troposphere
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exchange (STE), meteorology, long range transport, etc). The results suggest that dynamics have mainly

modulated the TTCO anomalies during 2015 El Niño event, with the exception of the Indonesian region

where biomass burning resulted in a tropospheric ozone increase of about +10 DU.

7.2 Outlook

During this study, the retrieval of tropical tropospheric ozone from nadir data of GOME, SCIAMACHY

and GOME-2 was successfully curried out using the CCD method. However, additional prospects for

future research were identified. These concern (1) the optimisation of the CCD method, (2) efficient

changes in the WFDOAS total ozone retrieval algorithm and (3) the interpretation of the TTCO results.

• CCD technique improvements:

It has been shown that the stratospheric ozone columns are reasonably well approximated by the

assumptions and corrections made for the ACCO retrieval, however there are still limitations in

cases where only few cloudy data are available in some latitude bands as a result of the ITCZ

seasonal migration. Therefore, the CCD algorithm could be extended to higher (lower) latitudes

in boreal summer (winter) following the ITCZ movement. The ACCO adjustment to the 200 hPa

level which is now based on a global latitudinally averaged ozone climatology [Fortuin and Kelder,

1998], could be switched to a climatology produced by the cloud slicing technique [Ziemke et al.,

2001] only for the "clean" western Pacific reference region. This way, the latitudinally averaged

ozone mixing ratios will be more representative for the reference region for the ACCO and will

not include ozone values over polluted areas. The 2.5◦×5◦ degrees grid used in this study has

been proven to be too large in order to study the long term evolution of tropospheric ozone from

mega-cities. The instruments’ spatial resolution (especially for GOME) was the limiting factor

for the grid selection. It is expected that the high spatial resolution (7×7 km) of the TROPOMI

instrument aboard S5p (expected launch middle of 2017), will allow smaller grids to be selected,

which will result to more reliable tropospheric ozone results on smaller local scale, i.e. mega

cities. The extension of the time-series should start with the use of the GOME-2/MetopC total

ozone and cloud data and be further extended with the future Sentinel-5 mission [ESA, 2017].
The new missions are additionally expected to have more accurate cloud retrieval algorithms,

which will be a promising improvement for the ACCO retrieval and the final TTCO results.

• Modifications on the WFDOAS total ozone retrieval:

Further optimization of the WFDOAS data using the same algorithm for cloud properties for

all satellite datasets would improve the consistency between the datasets. A sensitivity study

for the WFDOAS ozone retrieval above different cloudy scenes (various cf, cth, and cot) could

be quantified in a future study by testing synthetic data from a radiative transfer model (eg.

SCIATRAN). This could improve further the insight to the impact on the TTCO retrieval and the

estimation of its uncertainty.

• Interpretation of results:
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The knowledge of the tropospheric ozone production sensitivity upon its precursors (NOx and

VOCs) in specific locations is crucial in order to interpret changes in local concentrations. For

example, there are urban regions where extremely large NOx (mainly NO) concentrations may

destroy (titrate) ozone locally, though later it is generated downwind of the cities, over rural

areas due to VOCs oxidation [Pusede et al., 2012]. The relative change of formaldehyde (HCHO)

(representing VOCs) to NO2 (representing NOx) concentrations, for both satellite observations

and model simulations, could define the ozone production regime (NOx or VOCs sensitive)

using the reference RFN ratio values calculated from Martin et al. [2004] and later improved

by Duncan et al. [2010]. Alternatively, the glyoxal (CHO.CHO) to formaldehyde (HCHO) ratio

(RGF ) could be used in order to conclude whether the origin of ozone precursors emissions is

biogenic or anthropogenic (e.g. Vrekoussis et al. [2010] and later Alvarado [2016]). In this way,

the ozone production origin could be investigated over selected areas and better strategies of

emissions regulations can be followed (NOx or VOCs reduction) in order to effectively reduce the

tropospheric ozone burden.

Alternatively to the approach combining different CCM runs, switching on and off the biomass

burning emissions (see: Section 6.4) to quantify the contribution of biomass burning emissions

and dynamics during the 2015 El Niño event, another approach could be applied using "tagged"

chemical transport model (CTM) simulations. For example, Butler et al. [2011], Emmons et al.

[2012] and Coates et al. [2015] used tagged/labeled chemical mechanisms for NOx and VOCs

emissions, and every hydrocarbon produced during the degradation of a VOC, in order to attribute

ozone production to emission sources of NOx and/or VOCs. With this method, the fate of the

emitted species is followed and a track of their chemical reaction pathways is made [Coates et al.,

2015, Grewe et al., 2012].
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Appendix

Figure 1: Correction factors using SCIAMACHY TTCO as reference (top) Correction factors for GOME: average

ratio of SCIAMACHY to GOME TTCO for the years Jan 2002 – Jun 2003 (bottom) correction factors for GOME-2:

average ratio of SCIAMACHY to GOME-2 TTCO (in DU) for 2007–2012.
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Figure 2: Number of TTCO data for SCIAMACHY and GOME-2 for 2007 – 2012.
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Figure 3: Correlation R between the TTCO from the six harmonised scenarios and ozone columns until 200 hPa

from ozonesonde data in Fiji, Ascension, Hilo, and Kuala Lumpur.
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Figure 4: The same as Fig. 3 for American Samoa, Nairobi, Natal, and Paramaribo.
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Figure 5: Maximum trend difference among all six harmonisation scenarios.

Figure 6: The 2σ uncertainty of the trend using six harmonisation scenarios.
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Figure 7: Correlation coefficient, R, between the multi-linear trend model fit and the original time-series excluding

the seasonal cycle.



179

Figure 8: Tropical tropospheric ozone time-series in DU (blue stars) and trend (black line) in Jakarta, Mexico,

Manila, Mumbai, Bangkok, Lagos, Kinshasa, Bangalore, Lima, and Nairobi (in descending population size; size

taken from United Nations [2015])). The regression fit is plotted with red lines while the residuals are plotted

with yellow lines. The 2σ uncertainties are reported beside the trends.
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Figure 9: Difference of tropical tropospheric ozone for September- December 2015–1997 (El Niño) and 2010–1999

(La Niña).
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