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Abstract. We have run a chemistry transport model (CTM) 1 Introduction
to systematically examine the drivers of interannual variabil-

ity of tropospheric composition during 1996-2000. This pe- Reactive tropospheric trace gases play an important role
riod was characterised by anomalous meteorological condiin the Earth system, influencing climate (methane {GH
tions associated with the strong EIfdi of 1997-1998 and  oz0ne) and determining air quality (0zone, nitrogen oxides
intense wildfires, which produced a large amount of pol-(NO,), volatile organic compounds). Their concentrations
lution. On a global scale, changing meteorology (winds,yary on a vast spatial and temporal scale, and characteris-
temperatures, humidity and clouds) is found to be the mosing this variability is a major challenge. Studies examin-
important factor driving interannual variability of NGand  ing trends focus on changes that occur on decadal timescales
ozone on the timescales considered. Changes in stratosphefghile studies examining interannual variability (IAV) focus
troposphere exchange, which are largely driven by meteopp year-to-year variations. Here we focus on investigating

rological variability, are found to play a particularly impor- the drivers of interannual variability of annual and seasonal
tant role in driving ozone changes. The strong influence ofhean concentrations of a variety of tracers.

emissions on N@and ozone interannual variability is largely
confined to areas where intense biomass burning events Og;
cur. For CO, interannual variability is almost solely driven
by emission changes, while for OH meteorology dominates
with the radiative influence of clouds being a very strong
contributor. Through a simple attribution analysis for 1996—
2000 we conclude that changing cloudiness drives 25% o

the interannual variability of OH over Europe by affecting gies Eowler et al, 2003). Changes in biomass burning emis-

shortwave radiation. Over Indonesia this figure is as high_.
. . . sions (NQ, CO, aerosols) from year to year can also affect
as 71%. Changes in cloudiness contribute a small but non: (NQ ) y y

licibl i t0 6%) to the int | variabilit tropospheric composition. An example is the fluctuations in
nfegzlg|n € e\l/mrolgnr (up cr)1d Ig)d ?] ? |nTehriannua Ve}[r'?h' '&f wildfire-driven emissions over the Maritime Continent, de-
Ot 0zone over EUrope a onesia. S suggests tha u'ending on whether a year is characterized by Ed\br La

ture assessments of t_rends in tropos_ph_e_nc_omdlzmg capaqg“ﬁa conditions iauglustaine et 311999
ity should account for interannual variability in cloudiness, a ] ) o
Meteorology can also be very important in driving tro-

factor neglected in many previous studies. ] o -
pospheric composition 1AV, but the extent of this influence
is still an issue for exploration, with some useful contri-
butions made in recent model studies (égntener et al.
2003 Thouret et al. 2006 Szopa et a).2007 Uno et al,

Correspondence toA. Voulgarakis 2007 Savage et al2008 Hess and Mahowa]@009. Long-
BY (avoulgarakis@giss.nasa.gov) range transport eventgfld and Akimotq 2001), which are

One factor that can affect tropospheric composition sig-
ficantly is year-to-year variations in anthropogenic emis-
sions. The latter have changed during recent times in many
‘parts of the globe: in east Asia, rapid industrial development
has caused a dramatic increase of pollutiBicliter et al.
f2005, while in Western Europe, industrial/transport emis-
sions slowly decreased during the 1990s due to control strate-
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initiated by lifting of surface pollution by weather systems or not been presented so far. In particular, the radiative effect
deep convection, are meteorology-related and undergo largef clouds on chemistry (through photolysis) has commonly
year-to-year changes. For example, transport of pollutionbeen neglected as a driver of either IAV or trends in previous
from North America and Asia can cause increases in the constudies.
centrations of ozone and related species over EurQpsil{ In Sect.2 we present the basic model features and the ex-
son et al. 2003 Pfister et al. 2004 Derwent et al. 2004 perimental set-up, and show that the model reasonably cap-
Auvray and Bey 2009, while European pollution can im- tures the interannual variability in pollution. Sectidrana-
pact either cleaner areas like the North Atlantic Ocean andyzes the drivers of 1AV of global N@and ozone columns,
Northern Africa Duncan and Bey2004), or North America  while Sect.4 quantitatively assesses the influence of emis-
during anomalous transport everits €t al., 2002. Transpa-  sions, meteorology and clouds on ozone, CO and OH. Fi-
cific transport can also be very important, with Asian emis- nally, the conclusions are included in Sext.
sions impacting clean oceanic regions, or even North Amer-
ica, depending on the meteorologdyiy et al., 2005 Cooper
et al, 2010. This influence is particularly strong during EI 2 Model set-up and validation of its ability to capture
Nifio years. interannual variability

Apart from changes in the winds (influencing transport
processes), other meteorological variables that affect chemFhe model used for the experiments is the updated version
istry in a chemistry transport model (CTM) can vary strongly of the p-TOMCAT tropospheric CTM described Moulgar-
from year to year. Changes in humidity can affect the pro-akis et al.(20099. A detailed description of the ozone bud-
duction of OH, which in turn impacts the loss and the pro- get as calculated in the model is describedvoulgarakis
duction of tropospheric ozone. OH variability also strongly et al. (20095. The horizontal resolution is 22.&2.8> and
affects the loss processes of methane, CO, hydrocarbons aridere are 31 vertical levels extending from the surface to
NOy. On the other hand, variations in temperature and, in10 hPa. Tropospheric chemistry for 63 trace species is simu-
some cases, pressure may impact the reaction rates that deéted with the ASAD chemistry packagédrver et al.1997),
termine the concentrations of various tracers. Finally, cloudsand photolysis rates are calculated using the Fast-JX photol-
can directly affect gas-phase tropospheric chemistry by deysis schemeWild et al, 2000. Six-hourly meteorological
creasing shortwave radiation below them, and increasing itlata (winds, temperatures, humidities, cloud water contents)
above them. This leads to important effects on photolysisfrom the ECMWF analyses are used to drive the model. At
and, through/(O'D) modifications, on OH concentrations the upper boundary, ozone, methane ang, @ prescribed
above and below clouds (especially in the boundary layer)with climatological values from the Cambridge 2-D-Model
with a variety of subsequent effects on ozone and its precur{Law and Pyle1993.

sors (for more details séiée et al.(2003; Liu et al. (2008 Annually and monthly-varying emissions for industry,
Voulgarakis et al(20091). All these processes show strong transport, shipping and biomass burning come from the
interannual variability. RETRO emissions databasgchultz 2007). Biogenic emis-

Extraordinary meteorological conditions, like exception- sions are taken fronMuller (1992 and Lathiere et al.
ally strong El Nfio events (e.g. in 1997-1998) can lead to (2009 and are not interannually varying. Lightning emis-
large composition anomalies, with, for example, elevatedsions of NQ are based on the parameterizationRyfce
ozone over the western Pacific and decreased ozone ovand Rind(1994 as implemented bgtockwell et al(1999.
its eastern partsQhandra et al.1998 Sudo and Takahashi The average lightning emission for the 1996-2000 period
2001 Doherty et al. 2006. Results from the modelling is 3.9 Tg(N)yrl. We use a fixed global annual 3-D field
study of Zeng and Pylg2005 suggest that El Nio also  for methane produced from an earlier long-term integration
has an impact on the amount of stratospheric ozone enterin¢global burden: 4760 Tg methane). Year-to-year variations in
the troposphere through stratosphere-troposphere exchangdobal annual total emissions for each species are shown in
(STE), and that through these changes even the composiFablel for three different latitude zones. For all species, the
tion of the extratropical troposphere is affected (also seehighest global emission rates occurred in 1997 in the tropics
Koumoutsaris et a(2009). and in 1998 in the northern extratropics. These two years

Recent model studies have examined the drivers of interwere characterized by intense wildfire events in the tropics
annual variability of tropospheric trace gases such as OH1997) and in boreal regions (1998), which influenced global
(Dentener et al.2003 Dalsoren and Isakser2006, CO tropospheric chemistry for many months. In the southern ex-
(Szopa et a).2007 and NG (Uno et al, 2007 Savage etal.  tratropics the highest emissions are in 1998, but IAV in the
2008, reaching a variety of useful conclusions. However, emissions is generally small.

a systematic study a) involving more than one interdepen- The analysis is based on the results of three model integra-
dent species, b) focusing on global as well as regional scalegions from 1996 to 2000 (the approach folloBavage et al.
and c) investigating the role of clouds independently in ad-(2008): a) BASE, in which all variables vary from year to
dition to meteorology and emissions, to our knowledge hasyear; b) EmFix, in which the surface emissions of all species
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Table 1. Total annual surface emissions (in Tq}) for all species emitted ip-TOMCAT for the northern extratropics (201—90° N), the
tropics (20S-20 N) and the southern extratropics (8-20 S). Lightning and aircraft NQemissions are not included here.

Species /Year 1996 1997 1998 1999 2000
NORTHERN EXTRATROPICS

NOx 86.3 841 863 845 865
CoO 489.7 441.7 509.0 439.3 4452
Ethane 4.9 4.6 5.1 4.7 4.8
Propane and higher alkanes 27.3 26.6 26.1 26.2 26.4
Isoprene 115.3 1153 1153 1153 1153
Formaldehyde 10.8 10.2 11.4 10.3 104
Acetaldehyde 11.7 11.5 12.0 11.5 11.6
Acetone 29.4 29.3 29.6 29.1 291
TROPICS

NOx 40.3 465 440 407 418
CoO 482.6 719.2 585.2 4935 504.2
Ethane 3.9 6.5 4.8 4.0 4.0
Propane and higher alkanes 6.8 9.1 7.5 6.9 6.9
Isoprene 379.8 379.8 379.8 379.8 379.8
Formaldehyde 18.6 21.3 19.8 18.7 18.8
Acetaldehyde 19.1 201 19.7 19.1 19.2
Acetone 43.9 455 44.7 44.0 44.1
SOUTHERN EXTRATROPICS

NOx 9.3 9.3 10.0 9.6 9.6
CoO 60.2 61.1 738 66.0 63.7
Ethane 0.7 0.7 0.8 0.8 0.8
Propane and higher alkanes 1.9 1.9 1.9 1.8 1.8
Isoprene 270 270 270 270 270
Formaldehyde 15 15 1.6 15 15
Acetaldehyde 15 15 1.6 1.6 15
Acetone 3.6 3.6 3.7 3.6 3.6

Table2 we summarise these runs. CIldFix, a run like BASE

Table 2. Runs conducted for this study and how they differ. putwith clouds only fixed at 1996 values, is analyzed in Sec-
Interannually-varying fields are denoted with “1996-2000" and tjgn 4.

zlelds w[}hout interannual Yarlatlon are I:al_belled 1996”. Note that A detailed evaluation, presented Woulgarakis et al.
Clouds” are a subset of “Meteorology” in the current approach,

meaning that in the case that meteorology is fixed to 1996 valueézooga’ showed that the model is capable of capturing onne
(MetFix), clouds are kept fixed as well. and CO seasonal cycles well, and that the concentrations of

these tracers at various sites compare well with observations.
Notable underestimates were found in the Northern Hemi-

Emissions Meteorology Clouds sphere for surface CO and overestimates in the upper tropo-
BASE  1996-2000 19962000 19962000 spheret f?r l;)zlone.d The;edfel?tL;reSZ%rg rgltanvely con:mlon in
ErmFix 1996 1996-2000 1996-2000 current global modelsShindell et al, 2006 Stevenson et al.
MetFix  1996-2000 1996 1996 2006.
CldFix  1996-2000 1996-2000 (except clouds) 1996 Here, we further assess how well the model captures ob-

served interannual variations of tracers during the period of

interest. In Fig.1, we show percentage surface CO sea-

sonal mean concentration differences from the 5-year mean
vary seasonally but not interannually (fixed at 1996 values;as calculated from our model and as observed. The observa-
note that lightning emissions vary interannually here as theytions are from the NOAA-ESRL-GMD network (sééov-
are meteorology driven); and c) MetFix, in which the 1996 elli et al. (2003). Figure 2 shows the same comparison
meteorology (temperatures, winds, humidity and clouds) isfor ozone, using data from the WMO World Data Center
repeated for each year (still varying 6-hourly). The modelfor Greenhouse Gases (WDCGGittp://gaw.kishou.go.jp/
was run from June 1995 to December 1995 for spin-up. Inwdcgg.htm) and from stations of the NOAA-ESRL-GMD
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Fig. 1. Percentage surface CO seasonal mean concentration differences from the 5-year mean as calculated from our model (BASE run; red
and from observations (black). Observational data come from the NOAA-ESRL-GMD network. For every year there are four points, each
one corresponding to one season: January-February-March, April-May-June, July-August-September, October-November-December).
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Fig. 2. Percentage surface ozone seasonal mean concentration differences from the 5-year mean as calculated from our model (BASE run
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Fig. 3. Comparison ofa, b) annual 5-year meap- TOMCAT tropospheric N@ columns andc, d) their standard deviation, with GOME
observations. The white area over north India denotes a lack of observations during the 1996—2000 period.

network (seéltmans and Levy 1{1994). The sites have as described iBavage et a(2008, and the annual averaging
been chosen to represent a variety of different regions arountielps to remove random errors in the measurements.
the globe. The model generally captures the distribution of N®-

Itis clear that the model has good skill in simulating inter- POSPheric column maxima around the globe quite well, and
annual variability for these two species. For CO, the agreehis is also true on a seasonal basis (not shown). The model
ment between modelled and measured differences is verynderestimates total NOn the Northern Hemisphere, espe-
good, with the widespread anomaly of 19971998 evident incially over mdustrlal!zed regions (northeast America, West-
all the sites that we examine. The only apparent discrepanc[grn Europe, East Asia), suggesting that the;Nfatime may
is seen at Ulaan Uul in 1997 where the CO increase is found® 100 shortin the model. However, there is an overestima-
about 6 months earlier in the model than in the observationstion of the maxima related to biomass burning in the tropics
For ozone, which is more sensitive to chemical processin Indonesia, central Africa), which is most likely related to too
than CO, there are more differences in the details of the variigh NO« emissions provided by RETRO for this region dur-
ability, but the main features in the observed variability, suchind the 1997 wildfire events. Over South America and cen-

as the late-1997/early-1999 anomaly, are clearly evident irfral/southern Africa the observed columns are more spatially
the model. widespread than those in the model runs, where maxima oc-

_ . cur closer to source regions. This negative model bias over
In Fig. 3 we present a comparison of global modelled

NO» to ob i f the GOME satellite inst o industrialized regions and positive bias over biomass burn-
2 0 observations from the satefiite instrument for ; g regions are also evident for most of the models involved

i
1996-2000. We compare 5-year mean columns (a, b) and: the intercomparison performed bgn Noije et al(2006.

standard deviations (c, d) to provide an assessment of ho\‘\Lhey did not reach a clear conclusion as to what causes these
well the model captures the IAV of global pollution. Sam- discrepancies

pling of model output data (at 10:45 LT, the GOME overpass
time) and post-processing of satellite retrievals is performed

www.atmos-chem-phys.net/10/2491/2010/ Atmos. Chem. Phys., 10, 23082010
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The absolute standard deviations of the NEblumn but the dominant role of emissions in controlling the variabil-
(Fig. 1c and d) show that regions of strong IAV are capturedity is expected to be represented well.
reasonably well, but the amplitude of year-to-year variations Changes in meteorology drive the 1AV of N@ a number
is underestimated by the model over Northern Hemispheriof regions around the globe. For example, without taking into
industrialized regions. For the areas where strong biomasaccount changes in meteorology, the N@bllution caused
burning events occur IAV is overestimated. These differ- by the 1997 wildfires would have been strictly confined to
ences between measured and modelled standard deviatiottse Indonesian region (MetFix plot for 1997). When we ne-
could be related to uncertainties in the column retrievals orglect IAV in emissions (EmFix plot for 1997), the anomalous
to uncertainties in the modelled 1AV. Examining the stan- 1997 wildfire emissions are not taken into account, ang NO
dard deviation normalized to the 5-year mean (not shown)js closer to average or even below average over Borneo and
we find that underestimated variability over industrialized re- Sumatra. However, there are still large increases in the 1997
gions shown in Fig3 is not caused by the underestimation columns in the surrounding areas (Indian Ocean, central west
of NO, columns. Possible reasons for these discrepanciePacific). This indicates that areas surrounding Indonesia,
include a) lack of IAV in aerosol concentrations driving NO where other studies (e.Buncan et al.2003 have found that
loss in the model and b) no representation of year-to-yeapollution from the 1997 wildfires was transported to, would
variations in methane and stratospheric ozone in the runs arliave experienced NfQincreases in 1997 even without the
alyzed for the current study. occurrence of the anomalous biomass burning events. Nor-

We conclude that many of the general features of pollu-mal emissions over Indonesia would have been transported

tion variability are captured well by the CTM, and we next large distances due to the anomalous circulation. We note
analyze the results of sensitivity experiments examining thethat much of the N@transport occurs through peroxyacetyl
drivers of IAV on global and regional scales. nitrate (PAN), a major reservoir of NQwhich can be trans-
ported and release NCat a large distance from the source
region Moxim et al, 1996.
e . Apart from the surface emissions effect, one other reason
3 Emissions and meteorology: their influence on N® iy 1997 NG columns over Indonesia are lower in Met-

and ozone interannual variability Fix than in BASE may be that suppressed convection could
) ) o have led to lower lightning activity in the area. In Fig we
3.1 Tropospheric NG, column interannual variability show the 1996—2000 500 hPa mean radon concentration dif-

ferences from the 5-year mean over Indonesia in the BASE
Figure 4 shows the 1996-2000 differences from the 5-yearrun. Radon has a short lifetime of around 5.5 days, is emit-
mean of tropospheric Nfcolumns for all individual years.  ted predominantly over land and its tropospheric distribution
The BASE run describes the overall 1AV. In the idealized depends strongly on horizontal and vertical transptat¢b
case that these differences were entirely driven by emissiort al, 1997. Increased values of radon in the middle tro-
changes, the values on the plots for the EmFix run wouldposphere indicate higher convection. In 1997, radon abun-
all be zero, while the ones for the MetFix run would look dances are around 8% less than average, which shows that
identical to the ones for BASE. We focus on percentage dif-indonesia was a region of suppressed convection during this
ferences, as they better highlight the effect of emissions angear. In Fig.5b we show the differences from the 5-year
meteorology both over polluted and unpolluted regions.  mean of the annual total lightning NGemission over In-

Itis clear from Fig4 that the BASE and EmFix differences donesia in the BASE run. It is clear that 1997 is a year with
look very similar for corresponding years, while the ones for much (close to 15%) lower than average lightningNgbnis-
MetFix differ, with deviations from the 5-year mean being sions. However, this negative effect on the Né»lumns is
generally closer to 0%. This indicates that IAV in meteo- masked by the strong positive effects from the wildfire emis-
rology is far more important as a driver for changes in2NO sions in the BASE run. Similarly, in 1996, when lightning
abundances than emissions over most of the globe on thed¢O, emissions are much greater than average; biflumns
timescales. The only regions where IAV is captured with are low in the model, because surface emissions are low.
fixed meteorology are associated with important biomass El Nifio-associated dryness, another meteorological factor
burning events. The 1997 events in Indoneblayglustaine  (Chandra et a].1998, could also have played a role in in-
et al, 1999 and 1998 in Siberia/Canad8gichtinger et aJ.  creasing NQ@ columns, as a reduced abundance of OH would
2009 correspondingly cause large differences from the 5-increase the lifetime of NQ In our model, decreases in sur-
year mean (up to +240% in Indonesia and +100% in Siberiaface water vapor concentrations over the western Pacific are
which dominate the variability over these regions. To a lesseup to 8% while increases over the central and eastern Pa-
extent, fires over central Africa/Amazonia (mainly 1998) and cific are up to 12% (see Figc). However, as shown later,
the Iberian peninsula (2000) appear to drive much of,NO 1997 was a year with high OH levels over Indonesia due to
IAV over these areas. As discussed in S@ctthe effect of  reduced cloud cover, so dryness cannot have been the main
fires over tropical regions may be overestimated in the modeldriving factor. Decreased wet deposition of HNG loss
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A. Voulgarakis et al.: Drivers of tropospheric interannual variability

BASE - NO, column difference
1996

50 50

EmFix - NO, column difference

MetFix

- NO, column difference

2497

de [degrees]

latitude [degrees]

latitude [degrees]

TR %
longitude [degrees]

1998

latitude [degrees]

@ 0 ®
longitude (degrees]

1999

3

latitude [degrees]

w0 0
longitude [degrees]

1997

3

latitude [degrees]

@0 ®
longitude [degrees)

1999

20

latitude [degrees]

@0 0
longitude [degrees]

latitude [degrees]

5 2 0 6 30 0

Ea—
longitude [degrees]

-50.  -30.

Fig. 4. Percentage differences between tropospherig Blllumns for each year and the 5-year (1996—2000) mean. Each column corresponds
to one sensitivity run (BASE, EmFix, MetFix). The tropopause was assumed to follow the 380 K isentropic surface in the tropics and the

3.5PVU surface in the extratropics.

www.atmos-chem-phys.net/10/2491/2010/

2000

m % e @ 0 @ 0 % t@  ®
longitude [degrees]

-50 0.0 5.0 10.

(%)

ET

30.

200 »
longitude [degrees]

50.

Atmos. Chem. Phys., 10,2496-2010



2498 A. Voulgarakis et al.: Drivers of tropospheric interannual variability

a) b)
BASE BASE

Indonesia (93E-136E; 165-16N) Indonesia (93E-136E; 165-16N)

10
8+

4+

2T 1997  gmm 1999 2000 ]

0 — E
oL 19% 1998 | ]

4+
6+
-8+
-10

1997 199 mm O

199 B 99 2000

Radon 500hPa conc. difference (%)
T

Lightning NOx difference (%)
o

BASE-1997 surfac‘gn H,0 concentration difference from the 5-year mean

o

' \Q‘) }% ’
\QKE =
= R

§\‘

latitude [degrees]

longitude [degrees]

[ B
12, 80 -40 00 40 80 12

(%)

Fig. 5. Tropical Pacific meteorologya) 1996—2000 percentage annual 500 hPa mean radon concentration differences from the 5-year mean
over Indonesia in the BASE rurfb) 1996—2000 percentage annual total lightning,\\Ngnission differences from the 5-year mean over
Indonesia in the BASE rurfr) 1997 percentage annual surface water vapor concentration differences from the 5-year mean over the tropical
Pacific in the BASE run.

process for N, also plays some role in boosting the posi- NO, abundance (see Fi@) does not diminish the impor-
tive signals over the Indian Ocean and western Pacific. tance of this conclusion, since in Ndimited environments
Apart from the Maritime Continent, other continental re- even small changes in NGconcentrations can have a sig-
gions where meteorological processes appear to have driveificant effect on other tracer budgets (e.g. for ozone). 1AV
significant NQ column increases include the British Isles in driven by shipping emissions is not detectable, but it is likely
1996 (as also seen I§avage et al2008, North Africa in that any related variability is masked by the effect of biomass
1997 and northeastern Europe in 2000. In all these cases, dgurning plumes transported over the oceans.
viations from the 5-year mean could be related to increased
lightning activity (especially in the tropics), humidity, cloud 3.2 Tropospheric ozone column interannual variability
optical depths or anomalous transport processes in the corre-
sponding years. We calculated the anomalies of radon conFigure 6 shows the differences between each year’s tropo-
centrations (not shown) and found that they are strongly corspheric ozone columns and the 5-year mean. The maximum
related with the features found for N@ver the same ar-  differences for ozone are smaller than for N@aximum
eas, implying that transport was the major driver of thesNO +36% over Indonesia in 1997 and around +20% over north-
changes during the period of interest. ern high latitudes in 1998). A common feature of Figs.
There are continental regions where Nédlumns are no- and 6 is that the BASE and EmFix plots again look simi-
tably lower than average in particular years, for example ovellar, implying that changing meteorology was the most im-
most of Europe in 1997, northeast America in 1997, far-Eastportant driver of tropospheric ozone IAV during this 5-year
Asia in 1999 and central South America in 1999. Follow- period. The comparison between these figures (BASE run;
ing the approach above, we find that in the former two casegeft column) also shows that, although there are some simi-
(Europe, northeast America) the lower NEblumns are ex- larities in the spatial patterns of N@nd ozone column dif-
plained by meteorology (transport) changes, while for the lat-ferences (e.g. over Indonesia in 1997), generally the patterns
ter two cases (Asia, South America) emission anomalies arare quite different. This is because ozone has a much longer
the main driver. lifetime than NQ and its variability is affected by different
Note that the changes in meteorology are almost entirelyorocesses, including anomalies in STE which can have large
responsible for year-to-year Nariability over the oceans, hemispheric impacts and can mask more local effects which
while over land the emission changes also appear to playre evident in N@ patterns.
some role (though in general smaller than that of meteoro- The ozone increases in the tropics in 1997 are driven
logical changes). The fact that the oceans are areas with lowoth by the intense biomass burning events over Indonesia
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the 3.5 PVU surface in the extratropics.
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(increase of precursors) and by the favourable meteorologbiomass burning regions. Anomalous emissions only cause a
ical situation related to El Nio: a) suppressed convection small fraction of this year's anomaly seen in the extratropics.
and downward motion which favour the downward transport The fact that the large extratropical positive deviations
of ozone-rich upper tropospheric air throughout the tropo-from the 5-year mean in 1998 are ubiquitous indicates that
sphere, and b) dryness which leads to decreased ozone lokmg-range transport within the mid-latitude troposphere is
by the @D + H,O reaction, over a large area centred aroundprobably not the cause of the extratropical ozone increases
Indonesia. Note that if we had included interannually varying (we would expect to see more spatial inhomogeneity if this
biogenic emissions, the increases in ozone over Indonesia iwas the case). Also, large increases are seen even for the
1997 could have been larger, due to higher isoprene concersouthern extratropics where pollution sources are much less
trations resulting from higher temperatures during EidNi  than at northern mid/high latitudes, again suggesting that
However, a recent model experimentTsiford et al.(2009 long-range transport within the troposphere is not the main
examining the effects of the Mount Pinatubo eruption and thereason for ozone increase&ng and Pylé2005 suggested
ealry-1990s EI-Nio event suggests that ozone columns werethat 1998 was a year of very high STE in the extratropics
only minorly affected by the effect of these perturbations onassociated with high SST anomalies in the Pacific (ElaYli
isoprene emissions. Furthermore, they found that interana few months earlier. This transport-related process is more
nual variability of isoprene emissions during the period of likely to have caused the large positive deviations of ozone
study was smaller than the uncertainty. We note though thain the extratropics.
the ealry-1990s EI-Niio was not as intense as the late-1990s  After examining the IAV of tropopause heights around the
event, so a more detailed experiment is needed for the effeajlobe for the 1996—2000 period we note that the main fea-
of isoprene to be investigated in the case that we examine. tures of Fig.6 are not driven by changes in the total mass of
The ozone pollution resulting from the wildfires was trans- air in the calculated tropospheric columns.
ported large distances from the sources. The only tropical We have so far put more emphasis on the influence of
area where ozone decreased in 1997 is the central/eastetransport on extratropical IAV when examining the effect of
Pacific where conditions are opposite to those found ovemeteorology. However, other meteorological variables may
the western Pacific. When fixing meteorology to 1996 val- have an influence, and the most important of these are hu-
ues (MetFix), this feature disappears and increases are founaidity and cloud optical depth. Water vapor can increase loss
in almost all tropical areas, excluding central Africa, pos- of ozone (via @D+H,0) but can also enhance the produc-
sibly due to lower than average biomass burning emissionsion of peroxy radicals which drive ozone production. How-
in 1997. However, the positive differences with MetFix are ever, there were no large hemispheric-scale increases in wa-
smaller in magnitude than with the other two runs; the onlyter vapour in 1998 in the model. We therefore examine the
region where they are larger than +5% is over and around Infole of clouds in determining 1AV of ozone in the next sec-
donesia. Thus, while the IAV in emissions alone would causetion, both for an extratropical and for a tropical region.
some 0zone increases, it is the meteorology which makes this
more than a regional feature. Meteorology related to BIoNi o ] o
is the main driver of the effects seen in the tropics, and espe? Quantitative analysis of the role of emissions, meteo-
cially over the Pacific, while over the extratropics the mete- 0109y and clouds
orological influence of El Nio is not expected to have had

any influence as early as in 1997. Clouds play an important role in altering photochemical pro-

In 1998, large positive differences from the 5-year meancesse-s by modifying solar radiation throughout the tropoj
tc,phenc column. To our knowledge, there have been no previ-

(up to 20%) are seen in all the extratropical areas, almos : . .
: . . ~ous studies assessing the role of clouds in the 1AV of global
symmetrically centred around the tropics, where negative : =
; ) . tropospheric composition. Here we separate the shortwave
differences occur. The large boreal fires which occurred dur-_"7 "~
) I — . . radiative effect of clouds from other aspects of meteorolog-
ing that year and, to a smaller extent, the high fire activity in. o : "
. . : ical variability by conducting an additional model run. In
South America caused large increases in the amount of ozon

recursors in the troposphere, partly causing the increases it%iS run, CldFix, 6-hourly varying 3-D cloud optical depths
P : POSP  partly ng ¢S Wt 1996 are used throughout the 1996—2000 period; every-
extratropical ozone in this year. Also, the impact of tropical

) . 4 . i thing else varies as in BASE. Note that “clouds” are a sub-
pollution produced in 1997 is expected to have a signal in the P - .

: . set of “meteorology” in the current approach, meaning that
extratropics for several months, especially through the long-

range transport of long-lived precursors (e.g., CO,Bag- in the case that meteorology is fixed to 1996 values (Met-

- - Fix), clouds are kept fixed as well. Deviations of the tracer
can et al. 2003. However, with emissions at 1996 values abundances from the 5-year mean are compared to those seen
(EmFix), all the features of the BASE plot for 1998 are pre- y P

served, with just a small reduction in the differences. In con-When fixing the meteorology or the emissions to 1996 condi-

trast, with fixed meteorology (MetFix), smaller, almost glob- tions.
ally distributed differences from the 5-year mean are found
for this year, with maxima of 2-5% located around the main
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4.1 Analysis of global ozone AV drivers

Figure 7 shows the difference in each year's ozone burden __
from the 5-year mean. It also shows the percentage of vari-
ability which is explained by each one of the factors sep-
arately, calculated using a simplified attribution approach
based orSzopa et al(2007). The 5-year anomalies for each

run were averaged and then divided by the average anomaly
for the BASE run in order to determine by how much the

variability is reduced when each field is fixed at 1996 val-

ues. By subtracting this percentage from 100, the variability
explained by each individual factor can be quantified. The

03 Burden difference (%

equation used is the following: -10 L ‘ ‘ ‘ ‘
1996 1997 1998 1999 2000
1 N Year
WZ‘X(’)S‘X(’)S‘ s BASE MetFix
i=0
P=\|1- x 100 (1) s EmFix mmmmm CldFix

2|
M=

) ‘X(i)B —WB‘

i Fig. 7. Percentage global annual ozone burden differences from

the 5-year mean as calculated from the four sensitivity runs: BASE

where P is the percentage shown on the plosj)s repre-  (blue), EmFix (red), MetFix (green) and CldFix (purple). The num-
sents the anomalies from the 5-year mean for each year ibers at the upper right part of the plot represent the amount of
the sensitivity runs (EmFix, MetFix, CIdFix), and (i) is variability explained by each of the individual drivers: changing
the same variable but for the BASE ruN.is the number of emissions (red — calculated from the difference between EmFix and
years considered (5 in this study). BASE), changing meteorology (green — calculated from the differ-

Figure 7 shows a strong peak in the global ozone burden€nce between MetFix e_lnd BASE) and changiqg cloudiness (purple
(+7% in BASE for 1998) associated with the 1997-1998 EI~ calculated from the difference between CldFix and BASE).
Nifio event, a feature that agrees qualitatively with the find-
ings of Zeng and Pyl€2005 (note that a direct quantitative
comparison with the results @eng and Pyl¢2005 would

not be safe, since the tropopause definition that they use 'We focus here on Europe and Indonesia, representative of the

dLﬁerenthto v;/hst IIS usedl 'S tge current ;naggzg'%%o gable |northern extratropics and the tropics respectively, in order to
shows the global annual budget terms for ~ as Cazyamine how similar the responses of ozone, CO and OH are

culated in the BASE run. Itis clear that the increased global, | e regions to year-to-year changes in emissions, mete-
tropospheric ozone abundances found in the 1997-1999 peo'rology and clouds ’

riod are strongly related to increases in STE. Net chemical

production is lower than average during these years and thg 5 Tropospheric ozone 1AV

deposition rate is larger, so changes in these terms are un-

IIker to have driven the ozone burden increases we find hereFigure 8 shows that there is a maximum in ozone burden

Note that, although STE is strongly influenced by meteorol-over Europe in 1998 (in agreement wiloumoutsaris et al.
ogy, it can also be affected by emissions. This is because it2008), followed by a relative decline in 1999 and, espe-
can vary depending on the upper tropospheric 0zone aburgially, 2000. Meteorology is responsible for 86% of this vari-
dances, which are influenced by tropospheric chemistry, andapility while emissions changes are less important (5% com-
thus, by emissions. pared to 8% generally in the northern extratropics). Cloud
Changes in meteorology have a stronger impact on globaghanges drive 4% of the European ozone IAV. Over Indone-
ozone than changes in emissions. The variability in the Met-sja, emissions drive a significant part of ozone 1AV (32%).
Fix run is very small, and shows only a small increase in  Taple 4 shows the regional ozone budget terms for the
1998 reflecting the intense wildfires. Meteorology drives al- BASE run over Europe and Indonesia. Europe is a net ex-
most 80% percent of the IAV of ozone on a global scale.  porter of ozone for all the years of study§ to —18 Tg/yr),
Clouds exert a smaller but non-negligible influence on theand we find a decrease in the net export of 0zone from Europe
IAV of the ozone burdens. Globally they are responsible forj, 19981999 (around 30% less than average) which may re-
6% of the variability, which is around 8% of the total influ-  flect increased import or decreased export. Net chemistry

I
o

4.2 Regional scale analysis: Europe and Indonesia

ence of changes in meteorology. (production minus loss) was lower than average during the
An examination of the importance of clouds and the restsame years and deposition was higher due to higher ozone
of the factors in regional scales is presented next. concentrations, so the ozone peak is attributed to decreased
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Table 3. Global annual ozone budget terms for all the years of study (BASE run) and the 5-year mean. The transport term represents the
STE for this global case.

1996 1997 1998 1999 2000 Mean

Net Chemistry (Tg/year) 658 581 380 466 662 549

Transport (Tg/year) 674 789 1012 859 627 792
Deposition (Tg/year) —1348 —-1374 -1410 -1364 -—-1325 -—-1364
Burden (Tg) 360 378 395 368 345 369
Europe (9W,34E; 34N,66N) Indonesia (93E,136E; 16S,16N)
10 ‘ ‘ ‘ ‘ 20 T T T T T
— 8 — 32%
g R 15 7
g 4 g 10,
c c
R =
c
2 2
8 6 Cr~3-10
8 b -15[- -
-10 ! ; ; ! ! | | | | I
1996 1997 1998 1999 2000 20 996 1997 1998 1999 2000
Year Year
Immmm BASE MetFix
s EmFix s CldFix

Fig. 8. Same as Figr but for the European and Indonesian boxes. Note the difference in the scale used for Indep@$@20%) due to
the higher variability over this area.

Table 4. Regional annual ozone budget terms for the BASE run overbUt_aISO by_ SI_'ghtIy Iovyer than average net.export from the
Europe and Indonesia and the 5-year mean. The transport term ré€9ion. This is most likely caused by subsidence of strato-

lates both to STE and to transport processes within the tropospher@Pheric ozone-rich air causing increased import of ozone.
to and from the regions. Horizontal transport to Indonesia within the troposphere was

lower than average in 1997 due to strong low-level diver-
1996 1997 1998 1999 2000 Mean gence. In 2000, the minimum ozone burden relates to the
transport term being around 20% lower than average, indi-

EUROPE
Net Chemistry (Tg/lyear) 76 74 66 67 75 72 cating higher than average net export.

Transport (Tg/year) -13 -15 -9 -8 -18 -13

Deposition (Tg/year) -63 —-63 —-65 —-65 -—-63 —64 :

Burden (Tg) 84 84 93 88 90 86 4.2.2 Tropospheric CO and OH |AV

:\’l\le?colﬁfrﬁiﬁry (Tglyear) 56 77 68 63 73 67 Figure 9 shows the CO and OH results of the four runs
Transport (Tg/year) _29 _32 _45 _32 _42 —36 (_BASE, EmFix, MetFix and CIdF_ix) for Europe_z and Indor_1e-

Deposition (Tg/year) —-37 47 -37 -35 -35 -38 sia. For CO, clouds make a minor contribution, especially
Burden (Tg) 111 133 113 108 116 113  gyer Indonesia where only 1% of the IAV is explained by

changes in cloudiness. Changes in meteorology are far less
important than they are for ozone. Year-to-year variations
in emissions explain 92% of the IAV of CO over Indonesia
net export. This decrease in net export may be a result ohnd even over Europe, where biomass burning is not nearly
changes in the patterns of ozone production and loss or theo intense, this figure is as high as 82%. These results con-
dominance of transport regimes which do not favor export.trast with those ofSzopa et al(2007), who found that in
Similarly, the ozone burden decrease over Europe in 200@he tropics meteorology is the main reason driving CO 1AV,
can be attributed to changes in net transport of ozone fronwnhile in the extratropics changes in emissions and meteo-
the European region. rology are equally important. Differences in transport or
Over Indonesia, also a net exporter of ozone, the 199&hemical schemes, such as in the secondary production of
ozone burden maximum is caused by increased net chemistr@O from hydrocarbon oxidation, may partly explain these
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Fig. 9. Same as Fig8 but for CO and boundary layer OH. For OH, July-August-September (JAS) means are examined over Europe while
annual means are examined for Indonesia.

different results. A more important source of the differences An OH minimum in 1998 {4%) over Europe can be
may be that the current study focuses on regional pollutanpartly explained by changes in cloudiness: it is less pro-
burdens, whiléSzopa et al(2007 examined individual sur- nounced when fixing clouds and cloud optical depths are in-
face stations, which are likely to be more greatly affected bydeed lower than average in 1998 (not shown). The decrease
small changes in meteorology. of OH in 1998 could have been one of the causes of de-
The 1AV of mass-weighted OH concentrations is exam- creased net ozone chemistry over Europe in the same year
ined in the bottom panels of Fi§. The analysis focuses on shown in Table4. By examining production and loss sep-
the boundary layer, where the impact of clouds is expectedarately, we find increased ozone destruction in 1998 driven
to be greatest. As shown Bipulgarakis et al(20090 and by higher ozone abundances, but also decreased ozone pro-
other previous studies, above and below-cloud modificationduction, possibly due to lower OH and thus reduced peroxy
of radiation is more important than in-cloud effects for OH. radical concentrations. The effect of this is also boosted by
For Europe, we present the results for summer (June-Julythe lower NG abundances in 1998 over much of Europe in
August), as this is the season with the greatest solar radiatiorthe model (see Figl).
when the impact of clouds on OH concentrations is highest. Over Indonesia, cloud optical depths are mostly lower than
The figures show that when meteorology does not vary, al-average in 1997 (not shown), when the maximum OH con-
most none of the OH AV is reproduced. This is consistentcentrations are seen. This is related to the Eld\anomaly
with Dentener et al(2003, who found that 1AV in OH is  with less deep convection over a normally highly convective
driven more strongly by meteorology than by surface emis-region. Although the area was dry during 1997, not favour-
sions changes. It is clear that clouds are a very importaning OH production, there was clearly a stronger influence by
component of this OH variability in the lower troposphere. the higher photolysis rates due to fewer clouds. Higher ozone
71% of the year-to-year variations in OH over Indonesia arevalues (see Figf) also contribute to the OH increase.
caused by changes in cloudiness. Over Europe the figure is
smaller (25%) but still important. Thus, radiative cloud ef- .
fects should not be ignored when studying the 1AV of the > Conclusions

tropospheric oxidizing capacity, especially since OH changes h q fh | )
affect methane, a gas of major climate importance. We have presented an assessment of how meteorology, emis-

sions and clouds drive the interannual variability of important
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tropospheric tracers based on CTM calculations for the peEdited by: O. Cooper
riod 1996-2000. For N®and ozone, meteorology is the

most important factor driving this variability for this period.
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