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Abstract

An analysis of the tropospheric ozone (O3) columns (TOCs) derived from SCIAMACHY
limb-nadir-matching (LNM) observations during 2003–2011, focusing on the zonal and global
variations in TOC is described. The changes are derived using a multivariate linear regres-
sion model. TOC shows a change of−0.2±0.4 % yr−1, 0.3±0.4 % yr−1, 0.1±0.5 % yr−1 and
0.1± 0.2 % yr−1, which are not statistically significant at the 2σ level in the latitude bands
30–50◦ N, 20◦ S–0, 0–20◦ N and 50–30◦ S, respectively. Tropospheric O3 shows statisti-
cally significant increases over some regions of South Asia (1–3 % yr−1), the South Amer-
ican continent (up to 2 % yr−1), Alaska (up to 2 % yr−1) and around Congo in Africa (up
to 2 % yr−1). Significant increase in TOC is derived from the continental outflows includ-
ing those of Australia (up to 2 % yr−1), Eurasia (1–3 % yr−1) and the South America (up to
3 % yr−1). Significant decrease in TOC (up to −3 % yr−1) is observed over some regions
of the continents of North America, Europe and South America. Over the Oceanic regions,
significant decrease in TOC of about −2 % yr−1 is observed over the outflows of Europe
and North America.

1 Introduction

Tropospheric ozone (O3) is a major environmental concern. The amount of tropospheric
O3 has been shown to be increasing globally during the 20th century due to enhanced
emissions of anthropogenic precursors (Marenco et al., 1994; Shindell et al., 2006). Tro-
pospheric O3 is an important greenhouse gas and a pollutant. It affects air quality and
contributes to global warming (e.g., Shindell et al., 2006; Jacob and Winner, 2009). It is
responsible for respiratory diseases in humans and causes damage to crops and ecosys-
tems (e.g., Lippmann, 1991; Jacobson, 2012). Ozone is a strong oxidant and a precursor of
hydroxyl (OH) and hydroperoxy (HO2) radicals, which drive tropospheric chemistry (Levy,
1971; Logan et al., 1981). Tropospheric O3 has two main sources: photochemical produc-
tion within the troposphere and transport from the stratosphere. The photochemical source
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of tropospheric O3 is mainly controlled by emissions of O3 precursors including nitrogen
oxides (NOx) and volatile organic compounds (VOCs) (Hao and Wang, 1952; Lelieveld and
Dentener, 2000). Instantaneous rates of formation of O3 are dependent on the relation be-
tween O3, NOx and VOC from which two regimes with different O3-NOx-VOC sensitivity
can be identified, i.e. a NOx-sensitive regime (limited NOx and high VOC) and a VOC-
sensitive regime (saturated NOx and low VOC). In the NOx-sensitive regime, O3 concen-
trations increase with increasing NOx and exhibit little response to increasing VOC. In the
VOC-sensitive regime, O3 concentrations decrease with increasing NOx and increase with
increasing VOC. While the NOx-sensitive regime is associated with high VOC/NOx ratios,
the VOC-sensitive regime is associated with low VOC/NOx ratios. The O3-NOx-VOC sen-
sitivity varies with location, events and time. The VOC-sensitive chemistry is more likely in
the urban area or pollution source region, while the NOx-sensitive chemistry is more likely
downwind (Milford et al., 1989; Duncan et al., 2010). O3 precursors such as NOx and VOCs
are emitted from fossil fuel combustion, power plants, biomass burning, lightning and other
combustion sources. They are also emitted from microbes in the soil and from vegetation
(Guenther et al., 2000). High amounts of O3 precursors anthropogenically produced can
accumulate to a hazardous level during favourable meteorological conditions (Zhang et al.,
1998). The reaction of carbon monoxide (CO), VOCs, and methane (CH4) with OH radicals
is the main source of peroxy (RO2, HO2) radicals, which facilitate the conversion of nitric
oxide (NO) to nitrogen dioxide (NO2). Hence, a decrease in the chemical fuels (CO, VOCs,
CH4) may ultimately lead to a decrease in the production of NO2. Increase in tropospheric
NOx concentrations can lead to increase in O3. However under conditions of high NOx

(reaching to levels beyond 10 ppb), which are found mainly in pollution source regions in
some urban centers and around power plants, O3 can be lost or titrated via the reaction:
NO +O3→ NO2 + O2 (e.g., Sillman et al., 1990; Brasseur et al., 1999). Nevertheless, O3

is reformed downwind in the plume from the urban area (e.g., Crutzen, 1979). The influx
of O3-rich stratospheric air through stratosphere-troposphere exchange (STE) also con-
tributes to tropospheric O3 abundance. O3 is transported from the lower stratosphere into
the upper troposphere through tropopause foldings (Danielsen, 1968; Fusco and Logan,
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2003) and it is exchanged with the troposphere via diabatic processes and turbulent dif-
fusion (Lamarque and Hess, 1994), mixing processes and convective injection during the
breakup of stratospheric filaments (e.g., Appenzeller et al., 1996).

Chemical removal of tropospheric O3 occurs by photolysis and catalytic reactions involv-
ing hydrogen and oxides of hydrogen (OH +HO2) as well as halogen and halogen oxides
(Finlayson-Pitts et al., 1990; Monks, 2005; Gentner et al., 2014). In addition, O3 oxidizes
VOCs with double bonds (e.g., isoprene, methanol, acetone, etc.) and is also removed from
the troposphere by deposition to the surface. The photolysis of O3 plays a key role in tropo-
spheric chemistry and it is strongly determined by the stratospheric O3 columns. It has been
observed that a negative trend in stratospheric O3 enhances the O3 photolysis in the tropo-
sphere as a result of increasing UV-B radiation (WMO, 1999). The combination of sources,
loss processes and transport within the troposphere determines the amount of O3 at any
given time and location within the troposphere i.e., its spatial and temporal distribution and
variability.

The factors contributing to trends in background O3 include changes in emissions of
O3 precursors, meteorological variability (changes in temperature and solar radiation), and
regional and intercontinental transport of O3 and its precursors (Jacob et al., 1999; Liu et al.,
2002). Changes in circulation and stratospheric ozone intrusions also play a role (e.g.,
Dickerson et al., 1995; Cooper and Parrish, 2004). Furthermore, interannual to decadal
climate variability can also contribute to changes in ozone.

In the 20th century, the annual mean concentrations of tropospheric O3 at the north-
ern mid and high latitudes were found to have more than doubled (Marenco et al., 1994;
Shindell et al., 2006). Although O3 mitigation efforts in the developed countries have led to
a decrease in peak O3 levels in both urban and rural areas and led to negative trends on
a regional scale, particularly over Europe and North America in recent years (Naja et al.,
2003; Derwent et al., 2003; Cooper et al., 2014; Parrish et al., 2013, 2014), background lev-
els continue to increase in some regions (Oltmans et al., 2006). Furthermore, O3 concentra-
tions over some developed and developing countries are rising due to increased emissions
of NOx and other O3 precursors from anthropogenic activities (e.g., Dentener et al., 2005).
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As a result of regional and intercontinental transport of O3 (e.g., Fiore et al., 2009; Parrish
et al., 1993), increase in O3 is not only limited to local/regional sources but also hemispheric
scale sources (TOR-2, 2003).

Trends in tropospheric O3 have been derived from measurements from urban and rural
sites (e.g., Oltmans et al., 2006, 2013; Cooper et al., 2012), ozonesondes and commer-
cial aircraft (e.g., Logan et al., 2012). Ozone trends derived from satellite measurements
have been published (e.g., Ziemke et al., 2005; Beig and Singh, 2007). Some of the TOC
trends based on satellite measurements are derived from different instruments with differ-
ing algorithms and sampling characteristics and this can introduce some uncertainties in
the data sets (Beig and Singh, 2007; Doughty et al., 2011). Most of the past tropospheric
O3 trend studies focused on regional pollution in the Northern Hemisphere (NH), where O3

precursors are well characterized (e.g., Logan et al., 2012; Parrish et al., 2012). The goal
of this study is to determine the zonal and global changes in the tropospheric O3 data prod-
uct derived from SCIAMACHY limb-nadir-matching (LNM) observations during the period
2003–2011. The manuscript is organized as follows: Sect. 2 briefly describes the data and
regression model used in this study. Sect. 3 provides results and discussion, and Sect. 4
summarizes principal findings and conclusions.

2 Data and regression model

In this work, the tropospheric ozone column (TOC) time series derived from SCIAMACHY
limb and nadir measurements for the period of 2003–2011 using the LNM technique (Ebo-
jie et al., 2014; Ebojie, 2014), have been used to investigate their zonal and global linear
trends. The LNM technique is a residual approach that subtracts stratospheric O3 columns
(SOCs), retrieved from the limb observations, from the total O3 columns (TOZs), derived
from the nadir observations. The technique requires accurate knowledge of the SOCs,
TOZs, tropopause height, and their associated errors. The SOCs were determined from
the stratospheric O3 profiles retrieved in the Hartley and Chappuis bands of O3 from SCIA-
MACHY limb scattering measurements. The TOZs were also derived from SCIAMACHY
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measurements, but in this case from the nadir viewing mode using the Weighting Function
Differential Optical Absorption Spectroscopy (WFDOAS) technique in the Huggins band of
O3. Since TOCs constitute only about 10 % of the TOZs, small errors associated with clouds
might significantly affect the derived TOCs. Therefore, limb scenes that are contaminated
with clouds and nadir measurements that have a cloud fraction of more than 0.1 were
screened out. Detailed discussion of the LNM technique applied to the retrieval of TOC
from SCIAMACHY, analysis, a sensitivity study and validation of the SCIAMACHY TOC are
given in Ebojie (2014) and Ebojie et al. (2014). The SCIAMACHY TOCs show good agree-
ment with TOCs derived from other satellite instruments (Ebojie et al., 2014; Ebojie, 2014).
The comparison of SCIAMACHY TOCs with co-located ozonesonde measurements show
agreement to within 3 DU (Dobson Units) on average (Ebojie et al., 2014; Ebojie, 2014).

The SCIAMACHY tropospheric O3 changes are determined using a multivariate linear
regression taking the autocorrelation of consecutive values into account. This helps to re-
duce the uncertainties on the TOC trends and gives a better understanding of what drives
O3 trends and variability. In addition, the monthly mean time series were used in order to
reduce the auto-correlation in the residuals. The implemented approach is similar to that
used for stratospheric O3 trends and variability by Gebhardt et al. (2014). The regression
model is expressed as:

Zt = µ+ωt+St +R(t) + ε(t), (1)

where Zt is the monthly mean tropospheric O3 data, t is the month index (1–108), µ is the
intercept, ε is the error term, ω, which is the gradient or slope, represents the trend. St is the
seasonal component including annual, semi-annual and the 4 and 3 month terms as shown
in Eq. (2).

St =
4∑

i=1

(
β1i sin

(
2πit

12

)
+β2i cos

(
2πit

12

))
. (2)

β1i and β2i are parameters, which are determined to fit the amplitude and phase of the os-
cillations (von Clarmann et al., 2010; Eckert et al., 2014). The harmonics (12, 6, 4, 3 month)
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are used to represent seasonal changes (Weatherhead et al., 2000). The 12 and 6 months
correspond to the annual and semi-annual cycles, respectively. The terms with 4 and 3
month periods help to improve the fit quality mostly when the cycle shape is not sinusoidal
(Stiller et al., 2012). The combination of sine and cosine terms provide a flexible adjustment
to any phase of the (semi-) annual variation. R(t) represents additional terms including the
quasi-biennial oscillation (QBO) and El Niño-Southern Oscillation (ENSO), which can be
expressed as:

R(t) =mQBO50(t) +nQBO70(t) +x

(
N34(t) +

dN34(t)

dt
∆(t)

)
. (3)

The first and second terms of Eq. (3) are the QBO terms, while the last term corresponds
to the ENSO term. The factors m, n and x represent their fit coefficients. The QBO indices
of 50 and 70 denote the pressure level of the proxy. The solar term is not included in
the regression model because the residuals show no evidence of a missing solar-cycle
component. The different contributions to the regression model are described in more detail
in Sect. 2.1. The trend uncertainty is 1σ, which is defined by the covariance matrix of
regression coefficients. The trends and their uncertainties are presented in relative units
of % yr−1, i.e., percent per year relative to the mean value of the underlying time series.
The reported changes in TOC are considered statistically significant at the 95 % confidence
level if the absolute ratio of the trend to its uncertainty is greater than 2 (Tiao et al., 1990).

2.1 QBO and ENSO signatures in ozone

El Niño-Southern Oscillation (ENSO) and quasi-biennial oscillation (QBO) influence tro-
pospheric O3 through modulation of the stratospheric circulation (e.g., Simpson et al.,
2011; Baldwin et al., 2001), O3 (e.g., Oman et al., 2013), and STE O3 influx (e.g., Zeng
and Pyle, 2005). QBO is characterized by alternating easterly and westerly wind regimes
within a variable period of 2–3 years (Pascoe et al., 1948). The QBO directly modulates
tropical upwelling through the thermal wind balance. Although the QBO is a tropical phe-
nomenon, it influences the entire stratospheric flow by modulating the effects of extrat-
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ropical waves. It regulates the upwelling branch of the Brewer–Dobson circulation (BDC)
and leads to variation in O3 volume mixing ratio (VMR) mostly at the altitudes of steep O3

VMR gradient, which is found below and above the maximum in the vertical O3 VMR pro-
files (Butchart et al., 2003). QBO has been identified to affect the troposphere indirectly
through its effect on the polar vortex (e.g., Holton and Tan, 1980). It directly affects the
tropical and extratropical troposphere through convective anomalies (Haigh et al., 2005;
Neu et al., 2014). Evidence of a QBO signal in the tropical troposphere O3 has been
recorded from satellite and ozonesonde measurements (e.g., Chandra et al., 2002; Lee
et al., 2010). QBO can also affect the troposphere through tropospheric eddies even in
the absence of an anomalous polar vortex or tropical convection (e.g., Garfinkel and Hart-
mann, 2011). A downward propagating QBO O3 signal has been found to extend to the mid-
troposphere where the phase analysis of the temperature anomalies implies that the driv-
ing force is a zonal mean overturning circulation associated with thermal wind adjustment
(Lee et al., 2010). In the present study, the 50 and 70 hpa Singapore (1◦ N, 140◦ E) winds
(http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/, last access: 28 April 2015) are
used as fit proxies. They are smoothed by a 4 month running mean and used globally in the
form of Eq. (4).

QBO(t) =mQBO50(t) +nQBO70(t). (4)

Another dominant driver of interannual tropospheric variability is ENSO with a varying pe-
riod of 2–7 years and maximizes around late boreal autumn to late winter (Bjerknes, 1966).
The response of tropospheric O3 to ENSO has been demonstrated (Chandra et al., 1998;
Ladstätter-Weißenmayer et al., 1999; Zeng and Pyle, 2005; Valks et al., 2014; Ziemke et al.,
2014; Coldewey-Egbers et al., 2014). Response to circulation and convective changes dur-
ing El Niño lead to decrease in TOC in the central and East Pacific and an increase in the
West Pacific/Indonesia (Fujiwara et al., 1999; Thompson et al., 2001; Valks et al., 2014;
Ziemke et al., 2014). Statistically significant signals consistent with anomalous vertical mo-
tions during ENSO have been observed from tropospheric O3 profiles associated with the
Southern Oscillation Index (SOI) (Lee et al., 2010). In this study, an ENSO proxy based on
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the anomalies of the Niño 3.4 index (http://www.cpc.ncep.noaa.gov/data/indices/,last ac-
cess: 30 April 2015) is employed to reveal ENSO signatures in tropospheric O3 time series.
The combined fit of the proxy and its time derivative accounts for the time lag as shown in
Eq. (5).

ENSO(t) = x

(
N34(t) +

dN34(t)

dt
∆(t)

)
, (5)

where N34 is the ENSO proxy and ∆(t) is the time lag. Therefore, to account for the non-
linearity of dN34(t)

dt , the fit starting with a time lag of 2 months is repeated with the lagged
proxy until the remaining time lag approaches zero.

3 Results and discussion

3.1 Global distribution of tropospheric O3

Analysis of the global distribution of tropospheric O3 is important for the understanding of
recent changes in O3 and its precursor emissions. The tropospheric O3 distribution reflects
a balance between local production and destruction as well as atmospheric transport. Fig-
ure 1 shows the seasonal distribution of the global tropospheric O3 in DU retrieved from
SCIAMACHY observations averaged over 2003–2011 for 5◦ latitude×5◦ longitude bins.
Seasonal averages of the TOC provide a good agreement between minimizing variability
associated with shorter time period averages while still providing information on seasonal
dependence of long-term O3 changes (Ebojie, 2014).

In the tropics, TOC in the top left panel of Fig. 1 for December–February shows a char-
acteristic tropospheric O3 wave-one feature, which is persistent in the southern tropics with
higher TOC values (> 40 DU) over the southern Atlantic tropics than the southern Pacific as
reported elsewhere (e.g., Fishman et al., 1990; Ebojie, 2014). This feature is observed in all
seasons and maximizes in September–November with tropospheric O3 values greater than
40 DU as compared to TOC values of less than 30 DU over the southern Pacific (Ebojie,
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2014). The wave-one pattern in TOC originates from different contributing factors includ-
ing biomass burning and lightning in both Africa and South America, deep convection in
the Pacific region coupled with vertical injection of low marine boundary layer tropospheric
O3 into the middle and upper troposphere (the large scale Walker Circulation) (e.g., Fish-
man et al., 1990; Chandra et al., 2003; Sauvage et al., 2007b). In the top right panel of
Fig. 1, which corresponds to TOC for June–August. Largest TOC values (> 45 DU) occur
in the NH extratropics with a corresponding enhancement of TOC values (> 35 DU) in the
tropical/subtropical southern Atlantic region. The high level of tropospheric O3 during bo-
real summer is primarily photochemically produced from anthropogenic pollution, biogenic
VOCs and NOx. Pollution effects with sources from STE, biomass burning, lightning also
play a role during this season of the year as reported by many sources (e.g., Pfister et al.,
2008; Thompson et al., 2008; Chandra et al., 2004). During March–May, i.e., bottom left
panel of Fig. 1, NH springtime TOC buildup is observed. The high tropospheric O3 val-
ues (> 45 DU) in the northern subtropics and mid-latitudes are associated primarily to STE
processes, which assume an annual maximum in these zonal bands (e.g., Chandra et al.,
2004). Also of importance to the enhancement of O3 in these zonal bands are tropospheric
O3 production sources including lightning, combustion of fossil fuels, biomass burning and
soil emissions (e.g., Pfister et al., 2008; Thompson et al., 2008). There is a shift in the
seasonal cycle from summer maximum to spring/summer peak mostly over northern mid-
latitudes which can be attributed to either response to emissions reduction over the region
or an increase in springtime O3 or both (Parrish et al., 2013; Cooper et al., 2014). In the
bottom right panel of Fig. 1, corresponding to TOC for September–November. The high
TOC values (> 40 DU) that lie along a zonal band of approximately 30–50◦ S in the South-
ern Hemisphere (SH) are similar to the high values observed at the mid-latitudes in the NH
during summer and spring. These seasonal enhancements in TOC are of dynamical origin
caused by STE (e.g., de Laat et al., 2005).
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3.2 Global wind distribution

A good knowledge of the global wind distribution is necessary for the interpretation of
changes in global tropospheric O3 as it reveals information on the continental outflow and
intercontinental transport of O3 pollution. Variation in wind speed and direction can favour
tropospheric O3 variability. Changes in tropospheric O3 are not only a consequence of
chemical reactions but are also greatly affected by tropospheric circulation. Figure 2 shows
contour plots of the global distribution of the seasonal winds speed in m s−1 at 500 hPa av-
eraged over the years 2003–2011, which is overlaid with arrows (in blue) depicting wind di-
rection. The plots are based on the ECMWF (European Centre for Medium-Range Weather
Forecasts) Reanalysis Interim (ERA-I) wind data for 1.5◦ latitude×1.5◦ longitude bins re-
gridded to 5◦ latitude×10◦ longitude bins for better identification of the magnitude and
direction of the wind. The plots show that in the free troposphere, the easterlies prevail in
the tropics while westerlies prevail at the extratropical region. Low wind speeds of less than
9 m s−1 dominate the tropics with wind speed of less than 6 m s−1 observed across part of
South America, the Atlantic Ocean, Africa, the Indian Ocean and the maritime southeast
Asia region. This shows the manifestation of the ITCZ (Intertropical Convergence Zone,
Trenberth et al., 2000).

In the top left panel of Fig. 2, which corresponds to the wind distribution for December–
February, high wind speed greater than 24 m s−1 is observed over the North Atlantic and
North Pacific Oceans. A corresponding high wind speed appear over the southern extrat-
ropics, mostly in the 40–60◦ S latitude bands. During boreal summer (June–August), which
is shown in the top right panel of Fig. 2, large wind speed greater than 18 m s−1 is observed
over the southern extratropics with the largest wind speed greater than 24 m s−1 occurring
in the region 40–60◦ S and 0–100◦ E. Some localized areas of high wind speed appear over
the North Atlantic and North Pacific around the Gulf of Alaska, which are produced by tropi-
cal cyclones. An asymmetry in the winter to summer variation between the two hemispheres
is observed. The largest seasonal variations in wind speed occur in the NH oceans mostly
over the northern Atlantic. In contrast, the winter to summer variation in wind speed over the
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SH oceans is relatively small. The largest wind speeds greater than 24 m s−1 appear at the
southern extratropics at all seasons with corresponding large wind speed in the northern
extratropics during boreal winter, spring and autumn. These bands of high wind speed are
associated with mid-latitude winter storms (Romanski et al., 2014). Similar wind patterns
are observed in both hemispheres of March–May and September–November as shown in
the bottom left and right panels of Fig. 2, respectively. Sudden reversal or change in wind di-
rection are observed in all seasons between 15◦ and 35◦ in both hemispheres. This shows
the manifestation of subtropical highs, which have been observed to have shifted due to di-
rect radiative forcing from greenhouse gases among other processes (e.g., Hudson, 2012).

The middle-upper tropospheric anticyclone due to the response to the thermal and oro-
graphic forcing of the Tibetan Plateau has great impact on the atmospheric circulation in
the NH (e.g., Ye and Wu, 1998; Zhang et al., 2005). The trans-Pacific transport of Asian pol-
lution can influence changes in O3 over North America and the Oceanic region (e.g., Jaffe
et al., 1999; Parrish et al., 2012; Cooper et al., 2014), variation in the trans-Atlantic trans-
port of North American pollution can influence pollution over Europe as well as the Atlantic
Oceanic region (e.g., Derwent et al., 1998; Logan et al., 2012), and trans-Eurasian transport
of European pollution can influence changes in O3 over Asia (e.g., Liu et al., 2002; Parrish
et al., 2012). The vertical wind velocity in the middle troposphere plays a significant role in
controlling the amount of O3 in the lower troposphere (Kim and Newchurch, 1996). Analy-
sis shows that the centers of high velocity potential are associated with convergent inflow
winds. The convergence in the upper troposphere corresponds to divergence in the lower
troposphere, which is associated with downward vertical motion at the mid-troposphere. On
the opposite side, a low velocity results in a vertical upward motion in the troposphere. Cen-
ters of lower tropospheric convergence and upper tropospheric divergence over the equa-
torial western Pacific are characterized by strong upward velocity at the mid-troposphere
with maximum upward velocity outside the equatorial regions. The equatorial eastern Pa-
cific is associated with upper tropospheric convergence, lower tropospheric divergence, and
mid-tropospheric downward vertical motion (Wang, 2005). These are consistent with Pacific
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climate features of the western Pacific warm pool and the equatorial eastern Pacific cold
tongue.

3.3 Zonal mean tropospheric O3 changes

O3 trends are caused by long-term changes in either chemistry or dynamics or both. Zonal
mean time series of monthly averaged tropospheric O3 over four latitude bands (50–30◦ S,
20◦ S–0, 0–20◦ N and 30–50◦ N) are displayed in Figs. 3–6 with the time labeling on the
x axis corresponding to the first month of the year. The TOC time series (black) are overlaid
with their fitting curves (blue) and linear term plus offset (hereinafter referred to as linear,
(violet)) from the regression model. The fit residuals are shown below the TOC time series.
The individual terms from the regression including the harmonics, QBO, linear and ENSO
terms are shown in the panels below, respectively. The time series of the fit parameters are
coloured differently, i.e., pink, green, orange, and brown representing the harmonic, QBO,
linear and ENSO terms, respectively, while the overlaid time series in black represents the
time series with all fit terms removed except the particular fit parameter. Good fit quality is
obtained in all four latitude bands. The fit residuals are typically on the order of a few DU.
The annual cycles make comparable contributions to the fitting curves in all four latitude
bands.

The harmonic terms show high values during hemispheric spring and summer for Figs. 3
and 4, which correspond to 50–30◦ S and 30–50◦ N latitude bands, respectively. Figures 5
and 6 show TOC in the latitude bands 20◦ S–0 and 0–20◦ N, respectively. We separated
the southern tropics from the northern tropics due to the seasonal shift in TOC distributions
in the tropics also reported in other studies (e.g., Valks et al., 2014; Ziemke et al., 2014).
In Fig. 5, the harmonic terms show high values mainly during austral spring/summer. The
O3 maxima observed in Fig. 5 during austral spring/summer can be attributed mainly to
transport of pollution and photochemical production of O3. The combination of emissions
from extensive biomass burning and transport of upper tropospheric O3 production from
lightning NOx, especially in the southern tropics can contribute to the observed O3 maxima
in the top panel of Fig. 5. Such tropospheric O3 maxima have been observed during austral
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spring/summer in some studies (e.g., Sauvage et al., 2007b; Randel and Thompson, 2011;
Thompson et al., 2014; Ziemke et al., 2014; Ebojie et al., 2014; Ebojie, 2014). The QBO
fit captures the interannual variability in the regression analysis better in Fig. 5 than in
Fig. 6, while the reverse is the case for the ENSO fit. The tropospheric O3 seasonal cycle
in the tropical region is primarily governed by two processes: the seasonal migration of the
ITCZ and the photochemical production of O3 from biomass burning and lightning activity
(Moxim and Levy II, 2000; Thompson et al., 2000). These processes lead to vertical layers
with strongly enhanced O3 volume mixing ratios and hence the TOCs. The O3 maxima
observed in the subtropics and midlatitudes of both hemispheres (top panels of Figs. 3
and 4) can be associated with the combination of transport of O3 and its precursors, local
or regional photochemical production of O3 as well as stratospheric intrusion of O3 rich
air masses into the troposphere (Chandra et al., 2004; Stohl et al., 2007; Pfister et al.,
2008). The intercontinental transport of O3 and its precursors can also contribute to the
observed changes in tropospheric O3 (Wild and Akimoto, 2001; Stohl et al., 2007; Cooper
et al., 2012). In the southern subtropics and midlatitudes, the influence of both stratospheric
intrusion and emissions from biomass burning (e.g., Sauvage et al., 2006; Wai et al., 2014)
play a key role in the observed O3 maxima during austral spring in Fig. 3. The QBO fit does
not capture a significant contribution of the interannual variability in the regression analysis
as observed in Figs. 3 and 4. The possible ENSO contributions are better identified in Fig. 4
than in Fig. 3.

Table 1 shows the results of TOC changes, the mean values and standard deviation
over some zonal bands. An insignificant increase in tropospheric O3 of 0.1± 0.2 % yr−1

with a mean value of 30.4± 4.9 DU is observed in the 50–30◦ S latitude band (Fig. 3). This
region is mainly over the ocean with less influence from land, hence there is uniformity in
O3 distributions in this zonal band as observed in Figure 12 of (Ebojie et al., 2014) and in
(Ebojie, 2014). The observed insignificant positive change in O3 in this zonal band may be
due to a larger contribution of the significant positive change in TOC over southern South
America compared to the significant negative change or no trend over the oceans as shown
in Fig. 7.
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A statistically insignificant decrease in TOCs of −0.2± 0.4 % yr−1 with a mean value of
39.0± 3.9 DU is observed between 30◦ N–50◦ N (Fig. 4). This zonal band is greatly influ-
enced by land-sea contrast in tropospheric O3 and anthropogenic activity. The observed
insignificant decrease in TOC over this latitude band could be associated with stronger sig-
nificant negative TOC changes over Europe and North America than the significant positive
change over northern China as observed in Fig. 7. Similar negative trends in TOC have
been observed in other studies (e.g., Parrish et al., 2012; Vestreng et al., 2009; Cooper
et al., 2012, 2014).

In the 20◦ S–0 latitudes band (Fig. 5), an insignificant positive change in tropospheric
O3 of 0.3± 0.4 % yr−1 with a mean value of 27.5± 3.9 DU is observed. The insignificant
positive change in ozone in this region may be a consequence of a larger contribution
by significant positive change in TOC over southern Africa and northern Australia outflow
compared to the small significant negative change in TOC or no trend over the Oceans.
The significant positive changes observed over southern Africa and the North Australian
outflow region as shown in Fig. 7 may be a result of changes in O3 precursor emission from
anthropogenic activities. Changes in atmospheric circulation and emissions from biomass
burning may also have contributed to the observed positive change in O3 in this latitude
band (Randel and Thompson, 2011; Thompson et al., 2014). In the 0–20◦ N latitude band
(Fig. 6), an insignificant change in tropospheric O3 of 0.1±0.5 % yr−1 with a mean value of
29.3±2.7 DU is observed. The small positive trend in TOC over this region results from many
small positive and negative trends, most of them are statistically insignificant as observed
in Fig. 7.

3.4 Global and regional mean tropospheric O3 changes

3.4.1 Changes in SCIAMACHY global tropospheric O3 columns

The changes in tropospheric O3 are complex and vary both regionally and globally. They are
strongly influenced by changes in precursor emissions, temperature, humidity, convection,
STE, and hemispheric transport patterns. Figures 7 and 8 show changes in SCIAMACHY
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TOC derived from 2003–2011 for 5◦ latitude×5◦ longitude bins in % yr−1 and DU yr−1,
respectively. The colour ranges from blue to red, representing negative to positive changes
in TOCs from 2003–2011. The white coloured area represents places with no TOC data due
to the applied data screening criteria described in Ebojie et al. (2014) and Ebojie (2014). In
the determination of TOC from SCIAMACHY LNM, limb scenes that are contaminated with
clouds and nadir measurements that have a cloud fraction of more than 0.1 were screened
out (Ebojie et al., 2014; Ebojie, 2014). This makes it unlikely, although not impossible, that
the derived trends may be significantly affected by possible changes in cloud parameters
from 2003 to 2011. The errors of the derived changes in TOCs are estimated at 1-sigma
expressed in units of % yr−1 and DU yr−1. The regions marked with cross signs represent
changes in tropospheric O3 significant at the 95 % confidence level.

Changes in TOC are observed along the outflow from continents to oceanic regions.
Statistically significant changes in tropospheric O3 are observed over the regions of North
America, Europe, South Asia, South America and regions of Africa. Significant changes in
O3 are also observed over the marine region including the Pacific Ocean, Indian Ocean and
the Atlantic Ocean. Significant positive changes in O3 are observed over North America,
especially around Alaska (region A in Fig. 7, up to 2 % yr−1), which may be attributed to
changes in both transport of pollution and photochemical production of O3 from natural and
anthropogenic precursor emissions. Significant negative TOC changes (up to −3 % yr−1)
are observed over some parts of North America, South America and Europe (regions B, C,
D and E in Figs. 7 and 8), which can be attributed to decrease in anthropogenic NOx and
VOCs emissions as well as reduction in other tropospheric O3 precursors (e.g., Vestreng
et al., 2009; Logan et al., 2012). Increase in anthropogenic and biogenic halogens may
also play a role in the observed significant negative change in TOC over North America
and Europe (von Glasow et al., 2002; Read et al., 2008). Similar significant negative trends
in tropospheric O3 have been observed in some earlier studies (e.g., Parrish et al., 2012,
2014).

Significant negative TOC changes (up to −2 % yr−1) are also observed over the marine
regions of the Atlantic Ocean, the Pacific Ocean and the Indian Ocean. The significant neg-
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ative TOC changes over these regions can be associated with an increased photochemical
sink (HOx chemistry and photolysis of O3 to (1D)) and dilution processes due to meteoro-
logical changes (Kley et al., 1997; Wai et al., 2014). The declining trend of tropospheric O3

over North America and Europe has also contributed to the negative TOC changes over the
Oceans, mostly over the outflow regions. Changes in the amount of organic and inorganic
halogens may also play a role in the observed negative TOC changes over the Oceanic
regions (Dickerson et al., 1999; Read et al., 2008). Significant positive changes in tropo-
spheric O3 are observed over some regions of South America (region F in Fig. 7, up to
2 % yr−1), South Asia (region H in Fig. 7, 1–3 % yr−1), part of Africa (region G in Fig. 7)
and over the marine regions (up to 2 % yr−1). The observed significant positive changes in
tropospheric O3 over South America, South Asia and part of Africa can be attributed to in-
crease in population, industrialization and more energy consumption (e.g., Beig and Singh,
2007; Cooper et al., 2014). Changes in meteorology and intercontinental transport of pol-
lution can also contribute to the observed changes in O3 over the regions (e.g., Lelieveld
et al., 2004; Beig and Singh, 2007; Parrish et al., 2012). The significant change in O3

observed over the regions of the Southern Atlantic and southern South America can be
attributed to changes in transport patterns, anthropogenic NOx and other tropospheric O3

precursors (e.g., Schultz et al., 1999; Wai et al., 2014). In southern Africa, the widespread
biomass burning events in Angola, Zambia and the Democratic Republic of Congo, par-
ticularly during July–September lead to the formation of O3 precursors. The transport of
O3 and its precursors by the prevailing wind systems over these regions leads to signifi-
cant change in TOC (Sauvage et al., 2005, 2007a). For instance, the persistent low-level
easterlies/southeasterlies in these regions facilitate the westward transport of tropospheric
O3 and its precursors (see, Fig. 2). The prevailing descending airmasses and relatively low
wind speeds over southern Africa, South America, the Atlantic Ocean and the Indian Ocean
limit the dispersion of tropospheric O3 and its precursors produced from burning plumes in
Africa and South America. The prevailing high-pressure system over southern Africa leads
to the recirculation of plumes of tropospheric O3 and its precursors over the continent be-
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fore exiting from the southern or western part of the continent to the Indian Ocean or the
Atlantic Ocean south of the ITCZ, respectively (e.g., Edwards et al., 2006; Wai et al., 2014).

Biomass burning activities in South America, which peak from August–October, lead to
the formation of tropospheric O3 and its precursors over the region. O3 and its precursors
can remain in the planetary boundary layer before they are transported to the upper tropo-
sphere via deep convective processes (e.g., Wu et al., 2011; Sauvage et al., 2006). In the
free troposphere, the O3 plumes can be effectively transported by westerlies through the
continental outflows located at the southeast of South America (see, Fig. 2). The significant
increase in O3 (up to 2 % yr−1) observed over the North Australia outflow (region I) can be
associated with changes in the wind pattern. The significant increase in TOC over south
Asia can mainly be associated with changes in anthropogenically produced O3 precursors
from both domestic and industrial combustion as well as biomass burning (Liu et al., 2002;
Parrish et al., 2012). The O3 produced over these regions is transported towards the west-
ern Pacific Ocean by large-scale dynamics controlled by the prevailing wind systems. This
can contribute to changes in O3 over some regions of the western Pacific Ocean. The vari-
ation in TOC changes observed over the southern high latitudes may be a consequence of
gaps in the TOC time series due to the applied data screening criteria described in Ebojie
et al. (2014) and Ebojie (2014). This can also contribute to tropospheric O3 variability at the
Northern high latitudes.

The uncertainties of the fit parameters are determined from the covariance matrix of the
regression. This is mainly a random uncertainty source, which has been analyzed using
Tikhonov regularization and found not to impact the TOC trends significantly (García et al.,
2012). The uncertainty in SCIAMACHY TOC has been discussed in detail by Ebojie et al.
(2014) and Ebojie (2014). Additionally, the uncertainty in changes in tropospheric O3 can
arise from scanning mirror degradation and tropopause height information, but the impact
of their effects on SCIAMACHY TOC is small (Bramstedt et al., 2009; Ebojie et al., 2014;
Ebojie, 2014). Inspection of the the colour map of the % yr−1 and DU yr−1 trend uncertain-
ties (figures not shown) shows that the uncertainty in O3 trend is generally below 1 % yr−1

and 0.5 DU yr−1 globally, respectively (Ebojie, 2014). The uncertainties in TOC changes be-
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come high at the Southern high latitudes probably due to gaps in data coverage associated
with prevailing cloud cover and the variability of tropospheric ozone and its precursors in
the region.

3.4.2 Regional mean tropospheric O3 changes

Investigation of changes in the TOCs for some specific regions (Fig. 9), which are high-
lighted in Figs. 7 and 8, shows variability in TOCs over the years 2003–2011, which could
be due to variations in meteorology and anthropogenic emissions of ozone precursors. In
Table 2 and Fig. 9, five out of the eleven regions extracted from Fig. 7 show significant
increase, two regions show significant decrease while the remaining four regions show in-
significant change in TOCs. The changes in TOCs over these regions could be attributed
to variation in tropospheric background O3, temporal variation of precursor emissions, sys-
tematic changes in transport meteorology as well as by the changes in photochemical ox-
idation and removal processes. Most of the regions show a pronounced seasonal cycle
with maximum TOC values during hemispheric spring and summer with different ampli-
tudes. A significant positive change and variability in the mean tropospheric O3 is observed
over Alaska (region A). The significant positive change over this region could be a result
of changes in precursors emissions from biomass burning (Stohl et al., 2007; Oltmans
et al., 2010). Changes in transport from the stratosphere or lower latitudes as well as the
influence of rapid climate change may also play a role (Oltmans et al., 2013). The vari-
ability in TOC over this region is high, which could probably be a result of the gaps in the
TOC time series. TOC minimum is observed during 2010 winter over region B, which cor-
responds to Eastern North American outflow. Negative change in TOC is observed over
the region, which can be associated to the declining trend in TOC over US as reported
in earlier studies (Cooper et al., 2012, 2014; Parrish et al., 2012). The seasonal variation
observed over regions C (Southern Europe) becomes less pronounced between 2007 and
2009. The TOC change over the region is negative, which could probably be due to re-
duction of O3 precursor emissions. The region over Siberia (region D) shows significant
negative change in TOC, which could probably be a result of response to emission reduc-
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tion in O3 precursor and change in anthropogenic and biogenic halogens that are effective
in O3 destruction (Parrish et al., 2012). In general, the observed significant negative change
in TOC over the northern midlatitude, particularly around Europe and North America (re-
gions B, C and D) is a combination of changes in dynamics and chemical processes. The
chemical processes involve the reduction in O3 precursor emissions and increase in an-
thropogenic and biogenic halogens that are effective in O3 destruction (Vestreng et al.,
2009; Parrish et al., 2012). Synoptic-scale meteorological variability and dynamical modes
including changes in tropospheric circulation indices such as those of the Arctic Oscillation
(AO) and the North Atlantic Oscillation NAO can play a role (Zhou et al., 2001; Chipperfield,
2003). A trend toward more equatorward planetary wave fluxes may also play a role in the
negative change in tropospheric O3 in the northern midlatitude (Kuroda and Kodera, 1999;
Chen et al., 2005). Another important process that may be contributing to the decrease in
tropospheric O3 in the northern midlatitude is the decrease in the average total wave flux
entering the stratosphere (Newman and Nash, 2000; Reid et al., 2000). Pronounced sea-
sonal variation in TOC is observed over the regions of northern South America, southern
South America, southern Africa, southeast Asia and North Australia outflow (Regions E–I),
with each region exhibiting significant change in TOC. Strong seasonal cycle in TOC are
also observed over Galapagos Island (region J) and the Southern Pacific Ocean (region K),
with both regions showing insignificant negative change in TOC. The significant negative
change in TOC observed over northern South America (region E) could be due to change
in humidity and solar actinic flux (Revell et al., 2015). The significant positive change in
TOC observed over regions F and G (southern South America and central Africa) is primar-
ily due to change in pollution emission from biomass burning and anthropogenic activities
(e.g., Fishman et al., 1991). The significant positive change in TOC over southeast Asia
(region H) could be associated to changes in anthropogenic emissions as well as changes
in transport pattern as observed by many studies (e.g., Beig and Singh, 2007; Parrish et al.,
2012). Changes in population and increased industrialization in east Asia have led to great
changes in anthropogenic precursor emissions over the region. The observed significant
positive TOC change over northern China (i.e., part of region H) may be associated with
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high O3 over the northwestern mountainous areas during summer and in the afternoon
hours (Tang et al., 2012). Over the northern Australia outflow (region I), a positive signifi-
cant change in TOC is observed, which could probably be a result of changes in transport
patterns and precursor emissions (Wai et al., 2014). The Galapagos Islands (region J) are
among the most renowned natural sites in the world with less impact of anthropogenic ac-
tivities. The observed insignificant negative change in TOC over the region could be related
to synoptic-scale meteorological variability. Over the Southern Pacific Ocean (region K), in-
significant negative change in TOC is observed. The insignificant negative change in TOC
over the region could be associated with the influence of photochemical reactions involving
hydroxyl (OH) and hydroperoxy (HO2) radicals and change in meteorology. A summary of
the changes in TOCs as well as the mean values and standard deviations over the entire
time series for the different regions is shown in Table 2.

4 Summary and conclusions

In this study, changes in tropospheric O3 columns (TOCs) were derived from SCIAMACHY
limb-nadir-matching (LNM) observations during the period 2003–2011. TOC shows a sta-
tistically insignificant change in the mean O3 of −0.2± 0.4, 0.3± 0.4, 0.1± 0.5 and 0.1±
0.2 % yr−1 in the latitude bands 30–50◦ N, 20◦ S–0, 0–20◦ N and 50–30◦ S, respectively.
From the global analysis of changes in TOC, positive changes significant at the 95 % con-
fidence level were observed over South Asia (1–3 % yr−1), the South American continent
(up to 2 % yr−1), North America, especially around Alaska (1–3 % yr−1), the Australian out-
flow region (up to 2 % yr−1) as well as over some regions of the African continent (up to
2 % yr−1). The positive change in O3 over these regions could be attributed to changes in
emissions of nitrogen oxides (NOx) and other O3 precursors. In addition, changes in me-
teorology and intercontinental transport of O3 and its precursors might also have played
a role in the observed changes in O3 over the regions. Over the marine regions, significant
positive TOC changes were derived over the Indian Ocean (1–2 % yr−1) and the southern
Atlantic Ocean (up to 2 % yr−1). The observed positive change in TOC over the Oceanic
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regions could be associated with changes in dynamical processes such as advection, lo-
cal emissions, entrainment and transport of O3 and its precursors from the source regions.
Significant negative TOC trends were observed over some regions of Europe and the North
American continent (up to −3 % yr−1), which could be attributed to reduction in NOx and
other tropospheric O3 precursors emissions over the regions. Halogen chemistry might
have also contributed to the observed changes in tropospheric O3. Over the Oceanic re-
gions including the Pacific, Atlantic and Indian Oceans, significant decrease in TOC (−1 to
−3 % yr−1) was observed. The observed negative change in tropospheric O3 over these re-
gions could be associated with the influence of photochemical reactions involving hydroxyl
(OH) and hydroperoxy (HO2) radicals. Furthermore, changes in the amount of organic and
inorganic halogens as well as changes in Dissolved Organic Matter (DOM) photochemistry
in surface waters could be an additional source of volatile organic compounds that have
contributed to the destruction of O3. In general, changes in TOC in the observed period are
smaller compared to results obtained from studies on tropospheric O3 trends in the previ-
ous years (e.g., Marenco et al., 1994; Simmonds et al., 2004) probably due to the slowdown
in the growth rate of O3 precursors as well as changes in the lowermost stratospheric O3

(WMO, 2011). The strengthening of legislation on air pollution related policies have con-
tributed to the reduction of tropospheric O3 amounts and its precursor emissions. Changes
in the tropopause altitude might have also contributed to the zonal or global change in tro-
pospheric O3. In conclusion it can be stated that the results obtained in this paper provide
first hand information on tropospheric O3 changes both zonally and globally.
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Table 1. Trend analysis results for SCIAMACHY tropospheric O3 for different latitude ranges. Also
included are mean values and standard deviation over the entire time series.

Lat. range Mean value and SD (DU) Trend (% yr−1)

70–50◦ S 24.8± 3.7 0.0± 0.3
50–30◦ S 30.4± 4.9 0.1± 0.2
30–10◦ S 31.1± 4.7 0.3± 0.3
10◦ S–10◦ N 26.1± 3.1 0.1± 0.5
20◦ S–0 27.5± 3.9 0.3± 0.4
0–20◦ N 29.3± 2.7 0.1± 0.5
10–30◦ N 33.9± 2.6 0.2± 0.5
30–50◦ N 39.0± 3.9 −0.2± 0.4
50–70◦ N 35.9± 6.3 −0.4± 0.4
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Table 2. Trend analysis results for SCIAMACHY tropospheric O3 for different regions. Also included
are mean values and standard deviation over the entire time series. Bold text indicates statistically
significant changes in TOC.

Region Lat. range Long. range Mean value and Trend (% yr−1)
SD (DU)

A. Alaska 60–70◦ N 165–130◦ W 36.7 ± 11.0 1.4 ± 0.6
B. North American outflow 25–45◦ N 85–70◦ W 40.3± 4.7 −0.8± 0.4
C. Southern Europe 35–50◦ N 1–25◦ E 41.6± 4.3 −0.9± 0.5
D. Siberia 50–65◦ N 50–80◦ E 39.3 ± 6.5 −1.8 ± 0.5
E. Northern South America 10–0◦ S 80–65◦ W 25.4 ± 4.9 −1.6 ± 0.5
F. Southern South America 40–20◦ S 75–45◦ W 28.6 ± 4.7 1.2 ± 0.3
G. Southern Africa 15–5◦ S 25–35◦ E 27.6 ± 5.3 1.6 ± 0.5
H. Southeast Asia 15–35◦ N 80–115◦ E 34.6 ± 5.1 1.9 ± 0.5
I. North Australia outflow 20–10◦ S 100–130◦ E 26.8 ± 4.4 1.2 ± 0.4
J. Galapagos Islands 10◦ S–5◦ N 105–85◦ W 27.7± 5.2 −0.7± 0.5
I. Southern Pacific Ocean 70–30◦ S 120–75◦ W 25.4± 3.7 −0.4± 0.3
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Figure 1. Global distribution of the seasonal tropospheric O3 in DU from 2003–2011 for 5◦ latitude×
5◦ longitude bins. For latitudes above about 60◦ in each hemisphere O3 columns are only observed
during summer.
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Figure 2. Global distribution of the seasonal winds at the 500 hPa pressure level from the ECMWF
(European Centre for Medium-Range Weather Forecasts) from 2003–2011 for 5◦ latitude×10◦ lon-
gitude bins.
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Figure 3. Time series (in Dobson Units (DU)) from SCIAMACHY for 50–30◦ S (black) with overlaid
fitting curve (blue in top panel) and fit residuals (second panel). Below, the components of the linear
regression are shown individually (from top to bottom): harmonic (pink), QBO (light green), linear
change (orange), and ENSO (brown). Each of these terms is overlaid by the time series with all
other components of the fitting curve subtracted.
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Figure 4. Same as Fig. 3 but for 30–50◦ N.
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Figure 5. Same as Fig. 3 but for 20◦ S–0.
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Figure 6. Same as Fig. 3 but for 0–20◦ N.
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Figure 7. Changes in SCIAMACHY tropospheric O3 columns (% yr−1) derived for the period 2003–
2011 with 5◦ latitude×5◦ longitude resolution. The regions with cross signs describe statistically
significant change and the white coloured areas represent places with no trend data.
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Figure 8. Changes in SCIAMACHY tropospheric O3 columns (DU/yr) derived for the period 2003–
2011 with 5◦ latitude×5◦ longitude resolution. The regions marked with crosses describe statisti-
cally significant trends and the white coloured areas represent places with no trend data.
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Figure 9. Time series (in Dobson Units (DU)) (black) from SCIAMACHY (for the different regions
A–I shown in Fig. 7) with overlaid fitting curves (blue) and linear change plus offset (violet) for the
years 2003–2011.
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