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Abstract. Most of the short-lived biogenic and anthro- OH minimum on species transported into the stratosphere is
pogenic chemical species that are emitted into the atmoshown via modeling the transport and chemistry of,8k
sphere break down efficiently by reaction with OH and do and SQ.

not reach the stratosphere. Here we show the existence of a
pronounced minimum in the tropospheric column of ozone
over the West Pacific, the main source region for strato-

spheric air, and suggest a corresponding minimum of the trol Introduction

pospheric column of OH. This has the potential to amplify

the impact of surface emissions on the stratospheric compol he overall composition of the stratosphere is mainly deter-
sition compared to the impact when assuming globally uni-mined by species that ascend from the surface through the
form OH conditions. Specifically, the role of emissions of troposphere into the stratosphere. Reactions with OH radi-
biogenic halogenated species for the stratospheric halogef@ls in the troposphere break down many short-lived species
budget and the role of increasing emissions of 8C5outh- into soluble products, that are removed by rainout or deposi-
east Asia or from minor volcanic eruptions for the increasingtion on ice that forms near the temperature minimum at the
stratospheric aerosol loading need to be reassessed in lighfoPopauseWMO, 2011). Hence, the presence of OH in the

of these findings. This is also important since climate changdroposphere shields the stratosphere from many surface emis-
will further modify OH abundances and emissions of halo- sions and is particularly relevant for compounds that do not
genated species. Our study is based on ozone sonde meRpotolyse efficiently.

surements carried out during the TransBrom cruise with the Some important studies were based on fixed uniform mix-
RV Sonneroughly along 140—15CE in October 2009 and ing ratios of OH or fixed lifetimes of the species that are de-
corroborating ozone and OH measurements from satellitesStroyed by OH in the pastfang et al, 2010 WMO, 2011,
aircraft campaigns and FTIR instruments. Model calcula-Cf- chapter 1.3.3). But the degree of temporal and spatial
tions with the GEOS-Chem Chemistry and Transport Modelvariability of tropospheric OH is the subject of ongoing de-
(CTM) and the ATLAS CTM are used to simulate the tropo- bate Hanisco et al.2001, Lelieveld et al, 2004 Berglen
spheric OH distribution over the West Pacific and the trans-t al, 2004 Manning et al. 2005 Rohrer and Berresheim

port pathways to the stratosphere. The potential effect of the?008 Montzka et al, 2011). There are still systematic dis-
crepancies between models and observations for the spatial
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4828 M. Rex et al.: A tropical West Pacific OH minimum

distribution of OH (Naik et al, 2013. The variability of OH  and the tropopause. Near the tropical tropopause, air masses
is key not only for the supply of chemical species to the go through their temperature minimum, denoted the La-
stratosphere but also for the atmospheric lifetimes of manygrangian Cold Point (LCP), experience their final conden-
greenhouse gases and for deriving their source terms fromsation of water and the last removal of soluble species by de-
measurements of their atmospheric abundantésnifing position takes place (e.dzueglistaler et al2004. Any later

et al, 2005. breakdown of species can only change the stratospheric bal-
A major source of OH in clean tropospheric air is forma- ance between species but not the total budgets of e.g., halo-
tion through: gens or sulfur. It has been shown that most air masses reach
their LCP above the West PacifiEeglistaler et al.2004
Os+hv — O('D) + O, (R1)  Bonazzola and Hayngg8004 Kriiger et al, 2008 and we
1 will show here that the source region in the boundary layer
O("D) +H20 — OH+ OH. (R2) and the transit region in the troposphere are also situated in

. . . .._._the same region.
This couples the OH concentration and hence the oxidizing || Sect Zgwe present ozone sonde measurements car-

capacity of tropospheric air closely to the ozone concentra—ried out during the TransBrom cruise with the FS6nne

tion (Levy II, 1971 Jaeglé et a].2001. Th? OH concen- roughly along 140-15CE in October 2009. Corroborating

tration further depends on the concentration of NO, wh|chOzone measurements are from the TES and OMI/MLS satel-

controls the conversion of HOnto OH (Gao et al. 2014: lite instruments, from other ozone sondes launched in the

HO» + NO — OH+ NO». (R3) tropics and from FTIR and lidar instruments. In addition, OH
measurements from the STRAT and PEM-Tropics B aircraft

ReactionsRR1) and R2) provide an efficient loss mechanism campaigns are discussed. These data show a pronounced

for ozone Liu et al, 1983. The efficiency is a function ofac- 0zone minimum in the West Pacific and suggest a OH mini-

tinic fluxes ath. < 340 nm (in clear sky conditions mostly de- mum in the same region. In Se8twe show that the GEOS-

termined by overhead ozone and solar zenith angle) and corhem CTM simulates a corresponding OH minimum in the

centration of water vapor, with higher air temperatures cor-West Pacific and that GEOS-Chem compares well to exist-

responding to higher water concentrations and faster ozonang measurements. In Sedtwe show trajectory calculations

loss. that confirm that the main source region for stratospheric air

This favors ozone loss over the westernmost tropical Pais coincident with the OH minimum. In Se&.we show the

cific, where marine boundary layer air temperature is higheseffect of the low OH values on species that are transported

globally and overhead ozone lowest (e{Jgy et al, 1996. into the stratosphere at the example of B and SQ. The

Odd oxygen (@+0) lifetime (which determines the effective conclusions are given in Se@.

lifetime of ozone) drops to less than a week under these con-

ditions near the surface (e.fley et al, 1996. The odd oxy-

gen lifetime increases steeply with altitude due to decreasing Measurements of OH and ozone

temperature which leads to lower water vapor. ,

: . 2.1 Ozone profile measurements
High sea surface temperatures also favor strong convective

activity in the tropical West Pacific, which can lead to oW |normation on tropospheric ozone profiles from the West Pa-
ozone mixing ratios in the convective outflow regions in the it warm pool has been limited so far. Measurements from
upper troposphere in spite of the increased lifetime of 0ddy,e soytheast edge of the warm pool in 1993 carried out on
oxygen. _ , _ the Research Vessel (RWjckersand on Christmas Island

Due to the general low and mid-tropospheric advectlonduring the CEPEX campaigrkley et al, 1996 Lawrence
from the east by the Walker circulation across the vast Pay; al, 1999 and lidar measurements carried out during the
cific, air above the tropical westernmost Pacific has beerPEM-Tropics B campaign onboard the NASA DC-8 aircraft
in a clean, warm and humid environment for a long time grqyel| et al, 2001, Plate 5) show extremely low ozone in
and loss of odd oxygen and of ozone precursors likeNO (e marine boundary layer and in the upper troposphere, the
(=NO+NO, NOx is lost by conversion into HN®fol-  ain outfiow region of convection. Individual profiles from
lowed by washout) proceeded longer than elsewhere in thg,g siations Samoa, Fiji, Tahiti and Christmas Island further
tropics. B _ _ southeastgolomon et a.2005 Takashima et 312008 and

The West Pacific warm pool is also the major source ré-fom |ndonesian stations Pontianak and Kototabang slightly

gion for stratospheric air (e.gNewell and Gould-Stewart 1, the west Fujiwara et al, 2003 also show very low 0zone
1981 Fueglistaler et al.2004. Hence, the region of short values, typically occuring in some ten percent of the mea-

odd oxygen lifetimes and the source region of S”atOSpheri%urementsKIey et al. (1999 derived a reduced oxidizing

air are coincident. o . capacity of the tropopause region above the Central Pacific
Removal of species depends on the oxidation efficiency,gm his data.

along the air mass trajectories between the boundary layer
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Fig. 1. Western Pacific tropospheric 0zone mixing ratios from bal- anisco et al(2003). The red circle indicates air masses from the

loon sondes as a function of altitude. The legend shows date and latyest pacific with extremely low 0zone and OH. For these air masses
itude of each sounding. Gray shading indicates detection limit (Ieft) N s also extremely low (below Banolecules cri3. not shown).
and soundings with ozone abundances mostly below the detection

limit (right).

Our ozone sonde measurements from theSBiheare

Figure 1 shows our tropospheric ozone mixing ratios from the key region of troposphere-to-stratosphere transport
determined by sonde measurements conducted during théee discussion in Seet) and from the region where satel-
TransBrom cruise with the R\onneroughly along 140— lite measurements show a pronounced ozone minimum (see
15C° E in October 2009Kriiger and Quack2013. In all six Sect.2.3). The PEM-Tropics B measurements and the mea-
profiles in the central part of the warm pool betweeri [45 ~ surements from the RWickersare from the edge of the
and 10 S ozone was at or below the detection limit through- 0zone minimum and the edge of the region of troposphere-
out the troposphere (about 15 ppb, see Apperdior dis-  to-stratosphere transport.
cussion of the detection limit and robustness of the mea-
surements). The measurements are confirmed by simultan€-2  Aircraft measurements of OH
ous FTIR measurements of ozone on the &hne(Ridder
et al, 2019. Figure 5 inRidder et al(2012 shows excellent  In situ measurements of OH during the PEM-Tropics B cam-
agreement between ozone columns from ozone sondes anmhign carried out with the ATHOS instrument on the NASA
the FTIR instrument. DC-8 aircraft in a vast region between T30 and 90 W

Loss in the boundary layer combined with convectively show typical mixing ratios of OH between 0.1 and 0.2 ppt,
driven vertical mixing is the most likely explanation for the with little sign of a spatial gradienén et al, 2001). Unfor-
near zero values of ozone throughout the troposphere (seiginately, the flights just missed the region where our model
alsoBrowell et al, 2001, Kley et al, 1996 Solomon et al.  runs simulate the lowest OH values, but the results agree well
2009. with the model results in that region (see Sect®)nNote

Note that the CEPEX data has been analyzed based othat there is some seasonal variation in OH abundances (e.g.,
a correction due to the electrical background current in theBerglen et al.2004).
ozone sonde measurement cell that is now believed to lead to In situ measurements in the tropopause region close
an underestimate of the real ozone abundance and has a caie- Hawaii during STRAT (Stratospheric Tracers of Atmo-
siderable low bias compared to our measuremevitsngel spheric Transport), a NASA campaign with the ER-2 high
and Diaz 2010. The result of running our raw data through altitude research aircraft, includesONO and OH (Fig.2).
an analysis similar to the one used for the CEPEX dataA patch of air originating from the convective outflow area
defines the lower limit of the uncertainty range shown inin the West Pacific was probed, which was transported to
Fig. Al in AppendixA. This approach used with our data Hawaii by tropopause level advection (red circle in F2g.
results in negative ozone values throughout much of the tro€orresponding air mass trajectory shown in Fg.This air
posphere for most of our tropical soundings. was characterized by extremely low ozone and NO. Low NO

further reduces OH concentrations due to Reactk).(OH
concentrations in this air mass are up to a factor of four
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smaller than those observed in the compact OH vs. solaB Model calculations of OH and ozone
zenith angle relation reported Byanisco et al(200]) for
similar altitudes. To further understand the measurements, we used the tro-
The data was collected using a suite of in situ instru- pospheric GEOS-Chem Chemistry and Transport Model
ments onboard the NASA ER-2 high-altitude research air-(CTM) to examine the geographical extent of the tropo-
craft during the STRAT field mission, which occurred in the spheric 0zone minimum and of the inferred OH minimum.
1995-1996 period. OH and HGvere measured with a laser- Model runs were designed to cover the Bgnnecruise. De-
induced fluorescence instrumelténnberg et al1994. O3 tails of the model runs are given Ridder et al(2012. The
was measured by a dual-beam UV photomelepffitt and  spatial extent of the OH minimum is not directly observable
McLaughlin 1983. Measurements of NO were made with by measurements due to a lack of OH measurements.
a chemiluminescence detect@do et al. 1997). Tempera- Figure4b and c show the modeled distribution of the tro-
ture and pressure were obtained using the onboard meteor@ospheric ozone and OH columns in the tropics averaged
logical measurement syster8dott et al. 1990. The cam-  over the first half of October 2009. Pronounced minima in the
paign carried out measurements in the vicinity of Hawaii. tropospheric columns of ozone and OH are present over the
During a portion of a flight track at 20.37-22°19, 159 W westernmost tropical Pacific. Uncertainties of global model
a patch of air was sampled that originated from the ozonecalculations are inherently difficult to quantify. The model
minimum in the West Pacific. A 12 day back trajectory of results shown here are sensitive on clouds and water vapor
that airmass is shown in Fig. The trajectory was calculated concentration in the study region. A proper quantification of
by the ATLAS trajectory model driven by ERA-Interim data the uncertainties of the model results would require to prop-

(see Sect4 for details). agate the uncertainties of dozens of input parameters and
boundary conditions through the model (elgawa et al,
2.3 Satellite measurements of ozone 2009, an approach that is not possible for a global model

study. HoweverRidder et al(2012 showed that the GEOS-
The ship and aircraft measurements only provide local snap€hem calculation used here reproduces ozone and CO obser-
shots of atmospheric conditions. We have used measuresations very well. In particular, their Fig. 5 shows excellent
ments of the satellite borne Tropospheric Emission Specagreement between ozone sondes, FTIR measurements and
trometer (TES) to assess the geographical extent and persismodeled ozone both in the profile and the column. Also, the
tence of the tropospheric 0zone minimum. main features of the ozone distribution are robust among a
Figure 4a shows the monthly mean tropospheric ozonewide range of tropospheric CTM$t{evenson et gl20089.

column for October 2009 from TES. The data are in goodThese results increase our confidence in the the ability of
agreement with the sonde data (shown as open circles) anBEOS-Chem to reproduce the main chemical mechanisms

combined OMI/MLS satellite dataZ{emke et al. 2006 in the study region well. However, due to the uncertainties
Joiner et al.2009, confirming the pronounced tropospheric mentioned above, to robustly quantify the level of OH in the
0zone minimum above the warm pool. area of the tropical West Pacific will require comprehensive

The satellite data show that this feature is persistent andh-situ measurements of OH in that area.
present during all years of TES measurements. Figure  Figure6 shows modeled equatorial OH profiles averaged
shows monthly averaged data for January, April, July, andover the first half of October 2009. The area between the
October for the years 2005-2009. The data show that intergreen lines shows the region of the OH minimum in Hig.
annual variability is fairly low. The location of the minimum In the region of the OH minimum, the OH mixing ratio is
moves towards the central Pacific during El Nifio conditions, consistently below 0.1 ppt at all altitudes, and locally even
which are part of the ENSO variability (ElI Nifio/Southern below 0.05 ppt. In the Pacific outside of the OH minimum,
Oscillation). Both the second half of 2006 and 2009 (Octo-where OH measurements were taken onboard the NASA DC-
ber panels) were El Nifio periods. The ozone minimum is8 during PEM-Tropics BTan et al, 200, typical mixing
present year round but shows some annual cycle and is leasatios of 0.1-0.2 ppt are modeled. This compares very well
pronounced in January. with the OH measurements dan et al (2001 when consid-

Tropospheric ozone columns for Figa and5 were cal-  ering the uncertainty of the measurements and the different
culated from all available Level 2 profile data by integrat- time period.
ing the mixing ratios between the surface and 150 hPa (ap- Figure 4 ofBerglen et al(2004 and Figure 1 of elieveld
plying recommended quality checking, s@sterman2013. et al. (2009 also show low OH values in the boundary layer
Monthly means were calculated by binning the satellite mea-n the West Pacific for the TM3 and OsloCTM2 tropospheric
surements of a particular month. This was done to enablé€€CTMs, respectively. However, these boundary layer values
construction of global maps as daily satellite sampling is tooare not directly comparable to the OH columns shown in
coarse with respect to longitude. Differences between satelFig. 4c. All of these models show discrepancies in the ex-
lite and sonde measurements shown in Bggare within the  tent and location of the low OH values. The temporal and
range of the day-to-day variations shown by TES. spatial variability of tropospheric OH is still the subject of
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Fig. 3. 12 day back trajectory (red line) ending close to Hawaii of the air mass, which is indicated by the red circleirJ6igr indicates
the tropospheric ozone column from GEOS-Chem as in4g.

an ongoing debate (e.gNaik et al, 2013. While there is  ing rates (including clouds) provided by ERA-Interim. For
evidence from the good agreement of our model runs withten years (2002—2011) trajectory runs were started on 400K
measurements that the OH minimum actually exists, obseren 31 January between 38 and 30N on a 2 x 2° grid and
vations of OH in the tropical West Pacific are required to es-run backward in time for 120 days. Time and location of the
tablish a robust basis for assessments of the OH field in thipassages through the LCP and the 800 hPa level (roughly cor-
key geographical region. responding to the top of the planetary boundary layer) were
Sources of uncertainty of our model runs include not only recorded for every trajectory.
source gas emissions and water vapor abundance, but alsoFigures4d and7 show the density distribution function
details regarding the ozone photolysisafk et al, 2013. (trajectory air parcels per area) of all locations of the tra-
Photolysis rates will not only be influenced by assumptionsjectory air parcels between their passage through 800 hPa
on the stratospheric overhead ozone column, but also by thand their individual LCPs, i.e., all positions in longitude and
assumptions on clouds, which play a large role in the convectatitude at every 10 min time step between these passages,
tively active West Pacific. regardless of altitude. Figu#d shows an average over all
Another modeling study directly related to our results hasyears, Fig.7 shows the results for the individual years. Fig-
been performed bjzawrence et al(1999. Lawrence et al.  ures4e and8 show the density distribution function for the
(1999 were able to reproduce the main features of the ozongpassages through 800 hPa in the same manner. All values are
profiles measured during CEPEX in the ozone minimumnormalized such that a horizontally uniform distribution cor-
(Kley et al, 1996 with the MATCH-MPIC CTM and con-  responds to a value of 1 at every grid point.
clude that convective pumping is responsible for the low The “tropospheric transit region” shown in Figd corre-
ozone values in the upper troposphere. lates with the tropospheric ozone and OH minimum areas
discussed above (Figa—c). This correlation results in a dis-
proportionately large global impact of the OH minimum, in
4  Air mass origin spite of the relatively small size of the minimum. Combin-
ing the transport calculations from ATLAS with the chem-
We used the Lagrangian Chemistry and Transport Model AT-ical fields from GEOS-Chem shows that the average OH
LAS to determine the area in which air masses pass througkoncentration for all air masses that ascend into the strato-
the troposphere between their last contact with the boundsphere globally (during transport from the boundary layer
ary layer and the LCP (Figld and Fig.7) and to calculate to the LCP) is only 57 % of the average OH in the® 80
the area in the boundary layer where the air masses originat® 100 E and 10 S to 10 N area (outside of the OH min-
(Fig. 4e and Fig8). imum). The average OH concentration for the troposphere-
ATLAS is a global Chemistry and Transport Model based to-stratosphere transport was determined by interpolating the
on a Lagrangian (trajectory-based) transport and mixingGEOS-Chem OH fields on all trajectory positions at every
scheme \\ohltmann and Rex2009 Wohltmann et al. 10 min time step used for Figd and averaging over all po-
2010. Here we use the trajectory module of the model sitions.
in a stand-alone mode. Trajectory calculations are driven Some interannual variability can be seen in Figsand
by ECMWF (European Centre for Medium-Range Weather8, but there is no clear relation to the ENSO index. The
Forecasts) ERA-Interim reanalysis dai2eé et al. 20117). crucial features, like a maximum in the density distribution
The vertical coordinate of ATLAS is a hybrid pressure- in Fig. 7 between 120E to 180 E, are robust. In this pa-
potential temperature coordinate. Corresponding verticaper, we only performed GEOS-Chem model runs for 2009.
motions are calculated from the vertical winds and the heat-
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dates see Figl), and(b) GEOS Chem (mean 1-15 October 200@). OH columns from GEOS-Chem (mean 1-15 October 20@8).

e, h) show ATLAS 4-months backtrajectory runs for air entering the stratosphere (1 October—31 January). Average conditions for 2002—
2011, individual results for 2009 in Fig3.and8. (d) Density distribution function of the horizontal positions of the trajectories between

the boundary layer and the LCRg) Density distribution function of the horizontal positions of the last contact with the boundary layer.

The values ind) and(e) are normalized such that a horizontally uniform distribution corresponds to a value of 1 at every gridfpg)nt.
Examples of gas-phase lifetimes of relevant species in the mid-troposphere (500 hPa) at the equator for typical conditions over the Atlantic
(0° E, orange) and for conditions in the OH minimum (2¥) blue). (h) Distribution of residence times between last contact with the
boundary layer and the LCP for trajectories ascending into the stratosphere.
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such as dibromomethane (@Bt;) and sulfur dioxide (S¢).
Hence the fraction of these species that reach the LCP is sen-
sitive to the OH concentrations along their trajectory paths.
For further discussion we define an “OH minimum area”
(125° E to 140 E) and an “outside minimum area” (8W/

to 100 E) in the inner tropics (10S to 10 N). In the “OH
minimum area” the minimum ozone column is only 28 % and
the minimum OH column is only 22 % of the respective aver-
age column in the “outside minimum area”. This has a large
impact on lifetimes of chemical species in that region.

8

(2]

Pressure altitude [km]

5.1 Halogenated species

Short-lived halogenated species are believed to contribute to
0 100 Longitudeﬁggg ] 300 the stratospheric halogen budget and to amplify polar ozone
loss WMO, 2017). In particular, bromine species are mainly
Fig. 6. Cross section of equatorial OH mixing ratio profiles (24 h Produced by natural biological activity in the ocea@aiack
means) modeled with GEOS-Chem, averaged over the first half ofnNd Wallace2003 WMO, 2011). Sources include macroal-
October 2009. The area between the green lines denotes the r@gae (kelp, seaweed) and phytoplanktQuéck and Wallace
gion of the OH minimum in Fig4c. The area between the red 2003. Increasing seaweed farming in Southeast Asia, which
lines shows the longitudinal extent of the NASA DC-8 flights of has been proposed for carbon dioxide sequestration, could
the PEM-Tropics B campaign (which were not always directly at contribute to increasing emissions in the futukdagtinez-
the equator). Aviles et al, 2010. In addition, climate change will probably
lead to changes in tropospheric OH abundance and halogen
emissionsifossaini et al.2012).

Short-lived bromine species are thought to contribute
roughly 5 ppt (about 25 %) to the stratospheric bromine load-
ing, but with large uncertainties ranging from 1 ppt to 10 ppt
5 Lifetimes of chemical species in different studies (e.g\Warwick et al, 2006 Liang et al,

201Q Hossaini et a.2013 Aschmann and Sinnhuh&013.
Figure4h shows the distribution of the transit times between Bromine is responsible for a significant part of the heteroge-
800 hPa and the LCP for the trajectories from Higjin units ~ neous ozone depletion in polar spring/ MO, 2011). The
of the percentage of the trajectories per bin width. Its dis-most important of the short-lived species are CgiAnd
tribution overlaps the chemical lifetimes of relevant speciesCH,Bro. While CHBr3 is mainly destroyed by photolysis,

The interannual variability of the stratospheric input of short-
lived species will be examined in a future study.
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Fig. 7. Density distribution function of the horizontal positions of the trajectories between the boundary layer and the LCPs for all years from
2002-2011. The values are normalized such that a horizontally uniform distribution corresponds to a value of 1 at every grid point. Contours
as in Fig.4d.

CH2Br2 is mainly destroyed by reaction with OH (e.g., Hence, we will show conceptual results for the lifetime

WMO, 2011). and the loss relative to the initial mixing ratio at 800 hPa here,
The amount of CHBr; left at the LCP is a lower limit  which are robust quantities.
for the amount of bromine from GiBr» reaching the strato- Figure 4f shows the large difference in GBr; lifetime

sphere: While many of the product species of the degradaat 500 hPa inside and outside of the “OH minimum area”.
tion are soluble and are subject to washout, unsoluble prodFor the calculation of the lifetimes the reaction with OH and
uct species and soluble species not washed out can contributee photolysis were taken into account. Reaction rate con-
to the stratospheric bromine budget. There are still large unstants fromSander et al(2011) and daily-mean photolysis
certainties in the chemistry, washout and adsorption of theates calculated by TUV (Tropospheric Ultraviolet-Visible
product gases of brominated species (d.igng et al, 201Q Model, Madronich and Flockel1999 were used. The cal-
WMO, 2011 Aschmann and Sinnhuhe2013. culated lifetimes correspond to conditions at 500 hPa above
In addition, emissions are uncertain and emission sourcethe Equator on 1 October. OH concentrations (24 h means)
are highly variable in time and space (eQuack and Wal-  were assumed to bex710° molecules cm? (0.05 ppt) and
lace 2003 Warwick et al, 2006 Liang et al, 2010 WMO, 24 % 10° molecules cm?® (0.18 ppt), respectively. These val-
20121 Hossaini et al.2013. However, tropical and coastal ues represent the minimum and maximum values determined
regions are thought to play an important role (€guackand by the GEOS-Chem model at 500 hPa above the Equator
Wallace 2003 Warwick et al, 2006 Liang et al, 2010. Nu- (near 135 E and O E, respectively). Under these conditions,
merous modeling and measurement studies have tried to bethe lifetime of CHBr; is determined almost completely by
ter constrain emissions and input into the stratosphere (e.gthe reaction with OH, because the photolysis contributes less
Warwick et al, 2006 Liang et al, 201Q Hossaini et a|.2013 than 1 % to the ChLBr; loss.
Aschmann and Sinnhubet013.
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Fig. 8. Density distribution function of the horizontal positions of the last contact with the boundary layer for all years from 2002—2011. The
values are normalized such that a horizontally uniform distribution corresponds to a value of 1 at every grid point. Contours4ss in Fig.

Figure 9 shows that for “outside minimum area” condi- 5.2 Sulfur dioxide
tions only 30 % of the air masses preserve more than 80 %
of the dibromomethane present in the boundary layer, comFurthermore, model calculations suggest a larger impact of
pared to 68 % for “OH minimum area” conditions. Calcula- increasing anthropogenic emissions of,3®Southeast Asia
tions were performed with the same photochemical model agThomason and Pete2006 or of weak-to-moderate vol-
above. The box model was run along each trajectory reachinganic eruptionsfofmann et al.2009 Vernier et al, 2011)
the stratosphere from the set of trajectories used in 8ect. on the stratospheric sulfur and aerosol budget in case of low
The model was run between 800 hPa and the Lagrangian col®H values. Stratospheric aerosol is a key element for strato-
point and results were averaged over all trajectories. The perspheric chemistry and has been suggested as a possible con-
centage of the CiBr, reaching the stratosphere was deter- tributor to the recently observed decrease in global warming
mined by dividing the CHBr, mixing ratios at the LCP by rates Golomon et al.2011).
those at 800 hPa. Temperatures along the trajectories were Figure4g shows gas phase $@fetimes inside and out-
taken from the ERA-Interim reanalysis. OH was determinedside of the “OH minimum area” in the same manner as 4ig.
from the October GEOS-Chem field by averaging model re-for CH,Br,, now only considering the reaction of $@ith
sults longitudinally over 125E—140 E for the “OH hole”  OH.

conditions and 80W-100 E for the “outside hole” condi- Figure 10 shows the impact of the OH minimum on the
tions to give 2-dimensional latitude-pressure fields. Theseaerosol distribution derived from the AER aerosol model
values were interpolated on the trajectories. (Thomason and Pete200§ Weisenstein et g11997. For

“OH minimum” conditions, the aerosol surface area density
in the upper free troposphere drops by up to 25% (due to
less efficient conversion of SQnto sulfate), while that in

the lowermost stratosphere increases by more than 5% (due
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30¢ Pacific can substantially enhance surface $vels above
background conditions, such that their relative contribution
to the stratospheric sulfur budget is larger. Our findings
suggest that increasing $@missions from Southeast Asia
(Thomason and Petg2006 contribute to aerosol formation

in the upper tropical troposphere and lower stratosphere and
may contribute to the long term increase in aerosol loading
observed theredernier et al, 2011). However, global model
studies with an interactive stratospheric aerosol scheme and
with a model that includes the OH minimum in the tropical
West Pacific are required to quantify the effect.

Compared to background conditions, the effect of low
OH values on stratospheric aerosol will be much more pro-
nounced in the event of weak-to-moderate volcanic eruptions
depositing much larger amounts of Si@to the upper tropo-
sphere from where it can be transported into the stratosphere
(Hofmann et al.2009. The presence of the OH minimum fa-
Fig. 9. Distribution of the fraction of boundary layer GBr, sur- cilitates the transport of SOnto the stratosphere if volcanic
viving the transport through the troposphere for “outside minimum” injection occurs into the troposphere of that region. Hence,
conditions (filled blue) and “OH minimum” conditions (outlined gych smaller eruptions, which often do not directly inject sul-
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red). fur into the stratosphere, may be more relevant for climate.
40 —_"lj B li&\ Cr 7”?‘;{:2_‘ 6 Discussion and conclusions
5 ) 22 5. ((
07// o \ \V : Our findings show that emissions of various chemical species
s o ) \ ‘3\___\_ in the region of the tropical West Pacific are more likely to
30— /-f \ N reach the stratosphere than elsewhere. This is due to both
o 3 increased lifetimes of chemical species in that geographical
/ region and to preferred transport of air from that area into the
— stratosphere.

Measurements of ozone sondes, satellite instruments, li-
dar and FTIR instruments show a pronounced tropospheric
ozone minimum in the tropical West Pacific (see Fig,

5). In particular, ozone sonde measurements conducted by us
during the TransBrom cruise with the RSbnnealong 140—
150 E in the center of the West Pacific warm pool in October
2009 show ozone profiles below the detection limit through-
N ST out the troposphere (Fid.). This implies a corresponding
TN NG Y e OH minimum via ReactiolR1 andR2.
90S 60S 30S 0O 30N 60N 90N In the light of the very limited availability of OH mea-
Latitude surements in this region, we have performed simulations with
] ] ) N the GEOS-Chem Chemistry and Transport Model for Octo-
Fig. 1%';er;egt:gfsren%e 'Ir]l aefgf_?' surface ?rea(ﬁe nf't.'gs betweeRar 2009, These simulations show a pronounced minimum in
runs? € modet for minimum -and -outside min- -y, ¢ tropospheric column of OH. There is some uncertainty
mum” conditions, as a function of altitude and latitude. . . - Lo
in this modeling result (e.g., due to uncertainties in cloud
cover or water vapor), but the few existing OH measurements
agree well with our model results. One particular measure-
ment with very low OH from the STRAT campaign could be
These calculations were carried out for background SO "’.‘“”b“ted t0 a West Paqﬂc ar mass (FZ)] Direct obsgrya-
. , tions of OH are not available in the tropical West Pacific, but
fluxes, corresponding to less than 50 ppt of,3®the tropi- : ) .
. . will eventually be needed to firmly establish the abundance
cal boundary layer. The impact in the stratosphere well above ; |, - Co ! .
A . of this key species in that region. Low OH values increase
the tropopause is limited because of the large and mainly un;,_ " .~ . . o .
o : . the lifetime of species that are primarily removed by reaction
changed contribution of COS. But anthropogenic ®Mis- with OH in the trobosphere
sions from Southeast Asia and from dense ship traffic in the posp '

Altitude [km]
N
o

N
o

ot
[

to increased S@transport into the stratosphere and conver-
sion into sulfate at higher altitudes).
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We find that the tropical West Pacific is the major source Direct observations of OH in the tropical West Pacific are
region for stratospheric air. We performed trajectory calcula-required to more robustly assess the extent and depth of the
tions with the Lagrangian ATLAS Chemistry and Transport OH minimum. At present it is unclear whether there is a re-
Model for 2002—2011 showing that air reaching the strato-lationship between global warming and possible changes in
sphere passes through the troposphere in the same regidhe low OH and ozone region. Changes in tropical convection
where the inferred OH minimum is located (Figd. and7). due to rising sea surface temperatures, increased upwelling

We performed conceptual model simulations that show thethrough the tropical tropopause, as has been suggested by
effect of the OH minimum on short-lived species at the ex-some climate models{MO, 2011), and increased anthro-
ample of CHBr, and SQ. The lifetime of CHBr, increases  pogenic emissions of hydrocarbons can in principle all af-
from 55 to 188 days between OH maximum and minimum fect the processes discussed here. Potential climate feedbacks
conditions, and the gas-phase lifetime of,Sfrreases from arising from such changes need to be carefully assessed.

5 to 18 days. Changes in these species are relevant, since

CHgzBr2 is one of the short-lived brominated species that con-

tribute to the stratospheric halogen budget and is responsibl&cknowledgementsive thank two anonymous reviewers and in
for part of the stratospheric ozone depletion, ang &®ne partlcula_r M. Mgnnln_g fc_)r very u_seful comments on the original
of the source gases of the stratospheric aerosol layer. manuscript, which significantly improved the paper. We thank

The tropospheric OH minimum also impacts alobal life- Ru-Shan Gao (NOAA) for his contributions and sharing his data.
Posp P 9 This work was supported by the European Community within

times of those greenhouse gases Dfed?”?'”a”t'y lost by chemge A project (grant no. 226224) and the StratoClim project
ical breakdown in the troposphere. This is the case for mos{grant no. 603557). TransBrom was financed by the BMBF (grant
of the HCFCs. The local lifetime of these species (€.9.,no. 03G0731A). Susan Tegtmeier and Viktoria Mohr were funded
CH3CCl) is inversely proportional to OH concentrations by the WGL project TransBrom. We thank ECMWF for providing
and hence a factor of 3.5 longer in the OH minimum areaERA Interim data.

as compared to outside the minimum OH region. This can

increase the global lifetimes and hence the global warmingEdited by: W. T. Sturges

potential of these species.
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AppendixA T N T ST T S S B

Ozonesonde measurements — -

Ozone soundings were carried out following standard opera- - -
tion procedures with sondes manufactured by EnSci Corpo- : -
ration attached to Graw DFM-97 radiosondes. The ozoneson- : -
des were stored and prepared in an air-conditioned room at : -
approximately 26C room temperature and 60 % relative hu- 10000 — =
midity. During preparation at the ground no difference in the

cell current could be detected between measurements of am-
bient air and measurements with an ozone filter attached to . -
the sonde. Two different ozone destruction filters were at- . 5
tached to the ozonesonde for all six soundings betwe&N 15 5000 — =
and 8 S. These ground measurements were repeated both . r
outside and in the air-conditioned room. The ozone destruc- . u
tion filters were always stored in the low relative humidity 7 r

Altitude [km]

environment and one of them was never taken outside, mak- 7 b r
ing any adverse effect of high humidity on the efficiency of R L A s e sy e
the filters very unlikely. In the stratosphere all ozonesondes 0 50 100 150
measured normal tropical ozone profiles. The signal from ©zone [ppbv]

mog,t ozonesondes could be received by the ground StatloIE'ig. Al. Tropospheric ozone profiles at 3318 (black, 11 October)
during descent after the burst of the balloon and ozone readsng 4t 10.8N (red, 16 October). The shading illustrates the effect
ings returned to values below the detection limit of the sensols different assumptions on the evolution of the background current
when the sensor reached the troposphere again. during the sounding on the ozone mixing ratios calculated from the
During the standard preparation of an ozonesonde at theell current. The lowest values (left hand edge of the shading) result
ground electrochemical (ECC) ozone sensors exhibit a sigfrom subtracting a constant background current, the highest values
nificant background current. The time evolution of that back- (right hand edge) from assuming that the background current drops
ground current during the balloon ascent is not known ando zero immediately after the launch, i.e., from not subtracting any
recommendations how to correct for the background Currenpackground. The lines reflect the results from subtracting a pressure
range from assuming a constant background throughout thé€Pendent background current (see text).
sounding (recommended in the operation manual from EnSci
corporation) over assuming a falloff of the background cur-
rent as a function of pressure (recommended in the operatio
manual from Vaisala) to assuming that the background cur

rent drops to zero soon after laundfifnel and Diaz2010. detection limit for typical background currents. Figuké

Figure AL shows one example of an ozone profile from the gy, o that for most of the troposphere the ozone mixing ra-

inner tropics derived from the cell current based on all threetiOS based on this method are very close to the upper limit

assumptions. The real evolution of the background current i%hat follows from completely ignoring the background cur-
unknown at present, because it has never been measured d‘l’é’nt (the right edge of the shading)

ing flight. Until such measurements are available for a wide The analysis of ozonesonde data from CEPEX was based
range of meteorological cond_mons the unknown e_volut|on ofOn the subtraction of a constant background current, an ap-
the background current contributes to the uncertainty of ECCrgé

d s at | trati oach which is now believed to result in a significant un-
ozonesonde meéasurements at very low 0zone concentralio, o stimation of ozone at low concentratioMihel and
and actually defines the detection limit of such sensors. Onc%i

th | t falls below the back g t (that h az, 2010. For our measurements this approach would re-
€ cetl current falls below the background curren .( At a1t in negative ozone readings throughout large parts of the
been measured before launch) the measurement is compa

ble with trati F " fh Hﬁiddle to upper troposphere (the left edge of the shading
€ WIth zE1o 0zoNe concentrations. =or POrtions of e Pros, gig A1) jllustrating how significantly lower the tropi-

Ilrlletv:]her% the cell curre;t IS tk?]elow the dbackgbroutnd Curr(T.mcal measurements during TransBrom were, compared to the
at has been measured on the ground, a robust upper Mt cpey 1o rements further east.

of ozone is defined by the ozone values that are calculate
directly from the cell current without subtracting any back-
ground current. Based on these considerations and typical
background currents, the detection limit of ECC ozonesonde
sensors is around 15 ppbv in the upper free troposphere and

at the tropopause. The figures in the paper show the results
Based on Vaisala’s recommendation for a pressure dependent
background current and the shading in Figllustrates the

Atmos. Chem. Phys., 14, 4824841, 2014 www.atmos-chem-phys.net/14/4827/2014/



M. Rex et al.: A tropical West Pacific OH minimum 4839

References Distribution of OH in the Lower Stratosphere, J. Phys. Chem. A,
105, 1543-1553, 2001.

Aschmann, J. and Sinnhuber, B.-M.: Contribution of very short- Hofmann, D., Barnes, J., O’Neill, M., Trudeau, M., and Neely, R.:
lived substances to stratospheric bromine loading: uncertain- Increase in background stratospheric aerosol observed with li-
ties and constraints, Atmos. Chem. Phys., 13, 1203-1219, dar at Mauna Loa Observatory and Boulder, Colorado, Geophys.
doi:10.5194/acp-13-1203-20,12013. Res. Lett., 36, L15808, ddi0.1029/2009GL039002009.

Berglen, T. F,, Berntsen, T. K., Isaksen, |. S. A., and Sundet, J. K..Hossaini, R., Chipperfield, M. P., Dhomse, S., Ordofiez, C.,
A global model of the coupled sulfur/oxidant chemistry in the  Saiz-Lopez, A., Abraham, N. L., Archibald, A., Braesicke,
troposphere: The sulfur cycle, J. Geophys. Res., 109, D19310, P., Telford, P., Warwick, N., Yang, X., and Pyle, J.: Mod-
doi:10.1029/2003JD003942004. elling future changes to the stratospheric source gas injection

Bonazzola, M. and Haynes, P. H.: A trajectory-based study of of biogenic bromocarbons, Geophys. Res. Lett., 39, L20813,
the tropical tropopause region, J. Geophys. Res., 109, D20112, doi:10.1029/2012GL0534Q2012.
d0i:10.1029/2003JD004358004. Hossaini, R., Mantle, H., Chipperfield, M. P., Montzka, S. A,

Browell, E. V., Fenn, M. A,, Butler, C. F., Grant, W. B., Ismail, Hamer, P., Ziska, F., Quack, B., Kriiger, K., Tegtmeier, S., Atlas,
S., Ferrare, R. A, Kooi, S. A,, Brackett, V. G., Clayton, M. B., E., Sala, S., Engel, A., Bonisch, H., Keber, T., Oram, D., Mills,
Avery, M. A., Barrick, J. D. W., Fuelberg, H. E., Maloney, J. C., G., Ordoériez, C., Saiz-Lopez, A., Warwick, N., Liang, Q., Feng,
Newell, R. E., Zhu, Y., Mahoney, M. J., Anderson, B. E., Blake, ., Moore, F., Miller, B. R., Marécal, V., Richards, N. A. D.,
D. R., Brune, W. H,, Heikes, B. G., Sachse, G. W,, Singh, H. B.,  Dorf, M., and Pfeilsticker, K.: Evaluating global emission in-
and Talbot, R. W.: Large-scale air mass characteristics observed ventories of biogenic bromocarbons, Atmos. Chem. Phys., 13,
over the remote tropical Pacific Ocean during March—April 1999:  11819-11838, dal0.5194/acp-13-11819-2013013.

Results from PEM-Tropics B field experiment, J. Geophys. Res.,Jaeglé, L., Jacob, D. J., Brune, W. H., and Wennberg, P. O.: Chem-
106, 32481-32501, 2001. istry of HOx radicals in the upper troposphere, Atmos. Environ.,

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, 35, 469-489, 2001.

P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,Joiner, J., Schoeberl, M. R., Vasilkov, A. P., Oreopoulos, L., Plat-
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-  nick, S., Livesey, N. J., and Levelt, P. F.: Accurate satellite-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, derived estimates of the tropospheric ozone impact on the
A. J., Haimberger, L., Healy, S. B, Hersbach, H., H6Im, E. V.,  global radiation budget, Atmos. Chem. Phys., 9, 4447-4465,
Isaksen, L., Kallberg, P., Kéhler, M., Matricardi, M., McNally, doi:10.5194/acp-9-4447-2002009.

A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,Kawa, S. R., Stolarski, R. S., Newman, P. A., Douglass, A. R.,
C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The Rex, M., Hofmann, D. J., Santee, M. L., and Frieler, K.: Sen-
ERA-Interim reanalysis: configuration and performance of the sitivity of polar stratospheric ozone loss to uncertainties in
data assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553— chemical reaction kinetics, Atmos. Chem. Phys., 9, 8651-8660,
597, 2011. doi:10.5194/acp-9-8651-2002009.

Fueglistaler, S., Wernli, H., and Peter, T.: Tropical troposphere-Kley, D., Crutzen, P. J., Smit, H. G. J., Vémel, H., Oltmans, S. J.,
to-stratosphere transport inferred from trajectory calculations, J. Grassl, H., and Ramanathan, V.: Observations of near-zero ozone
Geophys. Res., 109, D03108, dd):1029/2003JD004062004. concentrations over the convective Pacific: Effects on air chem-

Fujiwara, M., Tomikawa, Y., Kita, K., Kondo, Y., Komala, N., istry, Science, 274, 230-233, 1996.

Saraspriya, S., Manik, T., Suripto, A., Kawakami, S., Ogawa, T., Kriiger, K. and Quack, B.: Introduction to special issue: the Trans-
Kelana, E., Suhardi, B., Harijono, S. W. B., Kudsy, M., Sribi-  Brom Sonne expedition in the tropical West Pacific, Atmos.
mawati, T., and Yamanaka, M.: Ozonesonde observations in the Chem. Phys., 13, 9439-9446, dd):5194/acp-13-9439-2013
Indonesian maritime continent: a case study on ozone rich layer 2013.

in the equatorial upper troposphere, Atmos. Environ., 37, 353—Kriiger, K., Tegtmeier, S., and Rex, M.: Long-term climatology
362, 2003. of air mass transport through the Tropical Tropopause Layer

Gao, R. S., Fahey, D. W.,, Salawitch, R. J., Lloyd, S. A., Ander-  (TTL) during NH winter, Atmos. Chem. Phys., 8, 813-823,
son, D. E., DeMajistre, R., McElroy, C. T., Woodbridge, E. L., doi:10.5194/acp-8-813-2002008.

Wamsley, R. C., Donnelly, S. G., Del Negro, L. A., Proffitt, Lawrence, M. G., Crutzen, P. J., and Rasch, P. J.: Analysis of the
M. H., Stimpfle, R. M., Kohn, D. W., Kawa, S. R., Lait, L. R., CEPEX ozone data using a 3D chemistry-meteorology model,
Loewenstein, M., Podolske, J. R., Keim, E. R., Dye, J. E., Wil- Q. J. Roy. Meteorol. Soc., 125, 2987-3009, 1999.

son, J. C., and Chan, K. R.: Partitioning of the reactive nitrogenLelieveld, J., Dentener, F. J., Peters, W., and Krol, M. C.: On the
reservoir in the lower stratosphere of the southern hemisphere: role of hydroxyl radicals in the self-cleansing capacity of the tro-
Observations and modeling, J. Geophys. Res., 102, 3935-3949, posphere, Atmos. Chem. Phys., 4, 2337-234410d5194/acp-
doi:10.1029/96JD01967997. 4-2337-20042004.

Gao, R. S., Rosenlof, K. H., Fahey, D. W., Wennberg, P. O., Hintsa,Levy Il, H.: Normal Atmosphere: Large Radical and Formaldehyde
E. J., and Hanisco, T. F.: OH in the tropical upper troposphere Concentrations Predicted, Science, 173, 141-143, 1971.
and its relationships to solar radiation and reactive nitrogen, JLiang, Q., Stolarski, R. S., Kawa, S. R., Nielsen, J. E., Douglass,
Atmos. Chem., doi:10.1007/s10874-014-9280-2, 2014. A.R., Rodriguez, J. M., Blake, D. R., Atlas, E. L., and Ott, L. E.:

Hanisco, T. F., Lanzendorf, E. J., Wennberg, P. O., Perkins, K. K., Finding the missing stratosphericyBra global modeling study
Stimpfle, R. M., Voss, P. B., Anderson, J. G., Cohen, R. C., Fa- of CHBr3 and CHBry, Atmos. Chem. Phys., 10, 2269-2286,
hey, D. W, Gao, R. S., Hintsa, E. J., Salawitch, R. J., Margitan, doi:10.5194/acp-10-2269-2012010.

J. J., McElroy, C. T., and Midwinter, C.: Sources, Sinks, and the

www.atmos-chem-phys.net/14/4827/2014/ Atmos. Chem. Phys., 14, 48844, 2014


http://dx.doi.org/10.5194/acp-13-1203-2013
http://dx.doi.org/10.1029/2003JD003948
http://dx.doi.org/10.1029/2003JD004356
http://dx.doi.org/10.1029/2003JD004069
http://dx.doi.org/10.1029/96JD01967
http://dx.doi.org/10.1029/2009GL039008
http://dx.doi.org/10.1029/2012GL053401
http://dx.doi.org/10.5194/acp-13-11819-2013
http://dx.doi.org/10.5194/acp-9-4447-2009
http://dx.doi.org/10.5194/acp-9-8651-2009
http://dx.doi.org/10.5194/acp-13-9439-2013
http://dx.doi.org/10.5194/acp-8-813-2008
http://dx.doi.org/10.5194/acp-4-2337-2004
http://dx.doi.org/10.5194/acp-4-2337-2004
http://dx.doi.org/10.5194/acp-10-2269-2010

4840 M. Rex et al.: A tropical West Pacific OH minimum

Liu, S. C., McFarland, M., Kley, D., Zafiriou, O., and Huebert, B.: cal deep convection and chemical-dynamical coupling, Geophys.
Tropospheric NQ and G; Budgets in the Equatorial Pacific, J. Res. Lett., 32, L23813, ddi0.1029/2005GL024322005.
Geophys. Res., 88, 1360-1368, 1983. Solomon, S., Daniel, J. S., Neely lll, R. R., Vernier, J.-P., Dut-

Madronich, S. and Flocke, S.: The role of solar radiation in atmo- ton, E. G., and Thomason, L. W.: The Persistently Variable
spheric chemistry, in: Handbook of Environmental Chemistry, “Background” Stratospheric Aerosol Layer and Global Climate
edited by: Boule, P., 1-26, Springer-Verlag, Heidelberg, 1999. Change, Science, 333, 866—-870, 2011.

Manning, M. R., Lowe, D. C., Moss, R. C., Bodeker, G. E., and Stevenson, D. S., Dentener, F. J., Schultz, M. G., Ellingsen, K.,
Allan, W.: Short-term variations in the oxidizing power of the van Noije, T. P. C., Wild, O., Zeng, G., Amann, M., Ather-
atmosphere, Nature, 436, 1001-1004, 2005. ton, C. S., Bell, N., Bergmann, D. J., Bey, |, Butler, T., Co-

Martinez-Aviles, M., Kreher, K., Johnston, P., Thomas, A., Hay, fala, J., Collins, W. J., Derwent, R. G., Doherty, R. M., Drevet,
T., Schofield, R., and Kenntner, M.: Sources of Halogen Ox- J., Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A.,
ides Along the Coastline of New Zealand: A Field Measurement  Horowitz, L. W., Isaksen, I. S. A., Krol, M. C., Lamarque, J.-F.,
Study, Geophys. Res. Abstracts, 12, 673, 2010. Lawrence, M. G., Montanaro, V., Miller, J.-F., Pitari, G., Prather,

Montzka, S. A., Krol, M., Dlugokencky, E., Hall, B., Jéckel, P., M. J., Pyle, J. A., Rast, S., Rodriguez, J. M., Sanderson, M. G.,
and Lelieveld, J.: Small Interannual Variability of Global Atmo- Savage, N. H., Shindell, D. T., Strahan, S. E., Sudo, K., and
spheric Hydroxyl, Science, 331, 67-69, 2011. Szopa, S.: Multimodel ensemble simulations of present-day and

Naik, V., Voulgarakis, A., Fiore, A. M., Horowitz, L. W., Lamar- near-future tropospheric ozone, J. Geophys. Res., 111, D08301,
que, J.-F.,, Lin, M., Prather, M. J., Young, P. J., Bergmann, D., doi:10.1029/2005JD006332006.

Cameron-Smith, P. J., Cionni, I., Collins, W. J., Dalsgren, S. B., Takashima, H., Shiotani, M., Fujiwara, M., Nishi, N., and Hasebe,
Doherty, R., Eyring, V., Faluvegi, G., Folberth, G. A., Josse, B., F.: Ozonesonde observations at Christmas IslafN,(257W)

Lee, Y. H., MacKenzie, I. A., Nagashima, T., van Noije, T. P. C., in the equatorial central Pacific, J. Geophys. Res., 113, D10112,
Plummer, D. A., Righi, M., Rumbold, S. T., Skeie, R., Shindell, d0i:10.1029/2007JD009372008.

D.T., Stevenson, D. S., Strode, S., Sudo, K., Szopa, S., and Zend;an, D., Faloona, ., Simpas, J. B., Brune, W., Olson, J., Crawford,
G.: Preindustrial to present-day changes in tropospheric hydroxyl J., Avery, M., Sachse, G., Vay, S., Sandholm, S., Guan, H.-W.,
radical and methane lifetime from the Atmospheric Chemistry  Vaughn, T., Mastromarino, J., Heikes, B., Snow, J., Podolske, J.,
and Climate Model Intercomparison Project (ACCMIP), Atmos.  and Singh, H.: OH and H&in the tropical Pacific: Results from
Chem. Phys., 13, 5277-5298, ddi:5194/acp-13-5277-2013 PEM-Tropics B, J. Geophys. Res., 106, 32667-32681, 2001.

2013. Thomason, L. and Peter, T.: Assessment of Stratospheric Aerosol
Newell, R. E. and Gould-Stewart, S.: A Stratospheric Fountain?, J. Properties, SPARC Report No. 4, WMO/TD-No. 1298tp:
Atmos. Sci., 38, 2789-2796, 1981. /lwww.sparc-climate.org2006.

Osterman, G.: Earth Observing System (EOS) Tropospheric EmisVernier, J. P., Thomason, L. W., Pommereau, J.-P., Bourassa, A.,
sion Spectrometer (TES) Level 2 (L2) Data User’s Guide, JPL  Pelon, J., Garnier, A., Hauchecorne, A., Blanot, L., Trepte,
Publication D-38042http://tes.jpl.nasa.gov/document8013. C., Degenstein, D., and Vargas, F.: Major influence of trop-

Proffitt, M. H. and McLaughlin, R. J.: Fast-response dual-beam UV- ical volcanic eruptions on the stratospheric aerosol layer
absorption ozone photometer suitable for use on stratospheric during the last decade, Geophys. Res. Lett.,, 38, L12807,
balloons, Rev. Sci. Instrum., 54, 1719-1728, 1983. doi:10.1029/2011GL047562011.

Quack, B. and Wallace, D. W. R.: Air-sea flux of bromoform: Con- Vémel, H. and Diaz, K.: Ozone sonde cell current measurements
trols, rates, and implications, Global Biogeochem. Cy., 17, 1023, and implications for observations of near-zero ozone concentra-
doi:10.1029/2002GB00189@003. tions in the tropical upper troposphere, Atmos. Meas. Tech., 3,

Ridder, T., Gerbig, C., Notholt, J., Rex, M., Schrems, O., Warneke, 495, doi10.5194/amt-3-495-201@010.

T., and Zhang, L.: Ship-borne FTIR measurements of CO and O Warwick, N. J., Pyle, J. A, Carver, G. D., Yang, X., Savage,
in the Western Pacific from 43\ to 35° S: an evaluation of the N. H., O'Connor, F. M., and Cox, R. A.: Global modeling
sources, Atmos. Chem. Phys., 12, 815-8281d0§194/acp-12- of biogenic bromocarbons, J. Geophys. Res., 111, D24305,
815-20122012. doi:10.1029/2006JD007262006.

Rohrer, F. and Berresheim, H.: Strong correlation between leveld\eisenstein, D. K., Yue, G. K., Ko, M. K. W., Sze, N.-D., Ro-
of tropospheric hydroxyl radicals and solar ultraviolet radiation,  driguez, J. M., and Scott, C. J.: A two-dimensional model of sul-
Nature, 442, 184-187, 2006. fur species and aerosols, J. Geophys. Res., 102, 13019-13035,

Sander, S. P., Abbatt, J., Barker, J. R., Burkholder, J. B., Friedl, 1997.

R. R., Golden, D. M., Huie, R. E., Kolb, C. E., Kurylo, M. J., Wennberg, P. O., Cohen, R. C., Hazen, N. L., Lapson, L. B., Allen,
Moortgat, G. K., Orkin, V. L., and Wine, P. H.: Chemical kinetics N. T., Hanisco, T. F., Oliver, J. F., Lanham, N. W., Demusz, J. N.,
and photochemical data for use in atmospheric studies, Evalua- and Anderson, J. G.: Aircraft-borne, laser-induced fluorescence
tion Number 17, JPL Publication 10-06, Jet Propulsion Labora- instrument for the in situ detection of hydroxyl and hydroperoxyl
tory, California Institute of Technology, Pasadena, 2011. radicals, Rev. Sci. Instrum., 65, 1858-1876, 1994.

Scott, S. G., Bui, T. P., Chan, K. R., and Bowen, S. W.: The me-WMO: World Meteorological Organization (WMO) / United Na-
teorological measurement system on the NASA ER-2 aircraft, J. tions Environment Programme (UNEP), Scientific assessment of
Atmos Ocean. Technol., 7, 525-540, 1990. ozone depletion: 2010, Global Ozone Research and Monitoring

Solomon, S., Thompson, D. W. J., Portmann, R. W., Oltmans, S. J., Project— Report No. 52, 2011.
and Thompson, A. M.: On the distribution and variability of Wohltmann, I. and Rex, M.: The Lagrangian chemistry and trans-
ozone in the tropical upper troposphere: Implications for tropi-  port model ATLAS: validation of advective transport and mixing,

Atmos. Chem. Phys., 14, 4824841, 2014 www.atmos-chem-phys.net/14/4827/2014/


http://dx.doi.org/10.5194/acp-13-5277-2013
http://tes.jpl.nasa.gov/documents/
http://dx.doi.org/10.1029/2002GB001890
http://dx.doi.org/10.5194/acp-12-815-2012
http://dx.doi.org/10.5194/acp-12-815-2012
http://dx.doi.org/10.1029/2005GL024323
http://dx.doi.org/10.1029/2005JD006338
http://dx.doi.org/10.1029/2007JD009374
http://www.sparc-climate.org
http://www.sparc-climate.org
http://dx.doi.org/10.1029/2011GL047563
http://dx.doi.org/10.5194/amt-3-495-2010
http://dx.doi.org/10.1029/2006JD007264

M. Rex et al.: A tropical West Pacific OH minimum 4841

Geosci. Model Dev., 2, 153-173, db.5194/gmd-2-153-2009  Ziemke, J. R., Chandra, S., Duncan, B. N., Froidevaux, L., Bhar-
2009. tia, P. K., Levelt, P. F., and Waters, J. W.: Tropospheric ozone
Wohltmann, I., Lehmann, R., and Rex, M.: The Lagrangian chem- determined from Aura OMI and MLS: Evaluation of measure-
istry and transport model ATLAS: simulation and validation of =~ ments and comparison with the Global Modeling Initiative’s
stratospheric chemistry and ozone loss in the winter 1999/2000, Chemical Transport Model, J. Geophys. Res., 111, D19303,

Geosci. Model Dev., 3, 585-601, dbi.5194/gmd-3-585-2010 d0i:10.1029/2006JD007082006.
2010.

www.atmos-chem-phys.net/14/4827/2014/ Atmos. Chem. Phys., 14, 48844, 2014


http://dx.doi.org/10.5194/gmd-2-153-2009
http://dx.doi.org/10.5194/gmd-3-585-2010
http://dx.doi.org/10.1029/2006JD007089

