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Abstract. Anthropogenic emissions from East Asia have increased meemt decade3.hese in-
creases have led to changes in atmospheric compositionm afigll as North America under the
prevailing westerly windsHere we show that, during Northern Hemisphere (NH) wintet|us
tion originating in East Asia also directly affects atmospb composition in the deep tropics. We
present observations of marked intra-seasonal varialrilthe anthropogenic tracer perchloroethene
(C2Cly) collected at two locations in Bornéal17.84E, 4.98N and 118.00E, 4.22’N) during the
NH winter of 2008/2009. We use the NAME trajectory model towshhat the observed enhance-
ments inC2Cl, mixing ratio are caused by rapid meridional transport, eftdrm of ‘cold surges’,
from the relatively polluted East Asian land mass. In thesmes air masses can movem ~35°N

to Borneoin 4 days. We then present data from the Monitoring Atmosph@omposition and Cli-
mate reanalysis which suggests that air masses high @i, may also contain levels of the pol-
lutants carbon monoxide and ozone that are approximatelplddhe typical ‘background’ levels
in Borneo.In addition to strengthening the meridional transport friva north, cold surges can
enhance convection in Southeast Asia, and further trajgctdculations indicate that the polluted
air masses can subsequently be lifted to the tropical uppposphereThis suggests a potentially
important connection between mid-latitude pollution s@srand the very low stratosphere.
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1 Introduction

The rapid growth of East Asian economies over recent dedaaesed to enhanced emissions of

various jollutants, including ozon®§) precursors (e.&. Granier e1| él., 2b11) and halocarbogs (e.

.@Q)The emitted pollutants are known to be transported eadtivarthe prevailing

mid-latitude winds, and plumes have been observed at the efd§ast Asia (e.d. Akimoto et al.,
|L9_91$; Tanimoto et ELILlQbB) and over the Pacific 3;. Hudman et $|LlQb4EaSt

Asian pollution has also been shown to affect atmospherigposition further afield, leading to in-
) and Hawaii during NH autum 18puthward transport of polluted air masses

creased); in both western North America during Northern Hemisphere)isipring

originating in East Asia, associated with the Northeast 8&mm which occurs during NH winter,

has also been reported (el.g. Liu At[&jd}QS PQghanazltm;H Wang et AIL;Q}B).

Here we describe an additional impact of East Asian poltuéind show that particularly strong

meridional transport events within the Northeast Monsawricold surges’, are able to transport
polluted air masses to remote parts of equatorial Southesiat These cold surges are typically
caused by a southeasterly movement of the Siberian Higlsymesystem, and are associated with
movement of cold air masses towards Southern China andregitening of the northeasterly mon-

soon winds in the South China Slaa (Zhang H al., ﬂg_ﬂgﬂmum_oj Chang et ELILLQIM). Cold

surges are also known to increase convective activity @digén equatorial Southeast Asia, with en-

hancements near the northwest coast of Borneo often hightigle.gl_Sli ; al.,

[lQ_QSl);LQha.ng_el_eLlL_ZQbS). However, their influence on atmesp composition in the region has

yet to be demonstrated.

It is also interesting to consider the possibility of padlat transport via convectiofror exam-
ple, while the detailed mechanisms for transport into tmatesphere are the subject of current

debate (e.d__Ea.Lk_elJa]L_Zd)dB;_B_eLgman_lalJ_aL_IZ013), stupfiff of polluted air masses has al-
ready been demonstrated during the Asian (NH) Summer anhmem_e_md_Leieﬁlll_dZ 10;

Randel et All ZQiO). Such a process may also be importaleircdntext of our study because
Southeast Asian air masses are preferentially lifted tde/tre stratosphere during NH winter (e.g.

[LEALLn_e_e_t_aH_ZQ_di_As_thﬁ.nn_e_Il MO%, and becauseedfrtk between cold surges and con-

vection outlined above.

Our analysis is based on observations of an anthropogeluicdrdon, perchloroethen€{Cl,),
collected in Borneo during the winter of 2008/2009 (SELt.V#¢ conduct simulations with a tra-
jectory model to confirm the influence of East Asian pollut@mnour measurements (Sedt. 3). We
then investigate the wider air quality implications of taésansport events by studying data from
the Monitoring Atmospheric Composition and Climate (MAQ@analysis (Seck] 4). In SeEl. 5 we
use further trajectory calculations to investigate whethe polluted air masses are lifted towards
the upper troposphere once they have reached the deepstrBmially we discuss the implications
of our results (Secfl6).
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2 Observations

C,Cly is an excellent marker of air masses recently subjectediigsinial emissions for several rea-
sons. First, the sources 6f,Cl, are predominantly anthropogenic, and largely aseasotnay T
span a range of commercial and industrial activities, whidiude dry-cleaning and metal de-
greasing[(MQQ_uJJ.o_Qh_e_t_LtL_lQbQ). Global emissions, arekgeound mixing ratios, have declined
over the past 20 years or McCulloch tlaL_i&*Q_&jmp_E_ele‘LQQh and data available at
http://agage.eas.gatech.edu/date.htm). Neverthélhess, is evidence for continued and ﬁicant

C,Cl, emissions from East Asia over this period (l:.g_B_a.LLe_tLdJAZQO:JSI_ZQ_QH._S_ha.O_e_tJ 11).

Second(C,Cly has a straightforward atmospheric chemisthjch is dominated by reaction with the
m .6). Under typical tropospheric condids lifetime is~3 months
L_,;dll). This lifetime is both long egtotor large-scale transport and short
enough for measurable inhomogeneities to exist. Findllgppears that East Asiat, Cl, emis-

hydroxyl radical

sions are similarly distributed to the anthropogenic portof carbon monoxide({O, a key ozone-
precursor) emissions in the region ((Lgm LLIJZIMMAIL;O_&)L_SL@_QJ ;LL_Zbll).
Few continuous measurements of atmospheric compositiemlieen reported in Southeast Asia
to date.To fill this gap we have used University of Cambridg®irac instrumental.,
) to measure a suite of halocarbons at a number of sitdeiregion (sell;
Robinson et AILLO_;U). Here we focus OnCl, observations collected at two locations in Sabah,
Malaysian Borneo. The sites, the WMO Global AtmosphericdVatation at Bukit Atur (117.84,
4.98N) and a Global Satria facility near Tawau (118°804.22N), are~85 km apartThe data we

consider here were collected during one NH winter, betwéeN@vember 2008 and 28 February

2009, and have been averaged over 3 h periods[(Fig. 1a). @hemrdear variations in the data at
weekly scales, which occur concurrently at the two sitegffament of determination,?r= 0.85

in Fig.[b). This coherence is indicative of changes in cositimn occurring over relatively large
scales, and suggests very local emissionSf1, do not have an important influence on the data.
Our measurements are also characterised by a number oftalbrapges between ‘background’
mixing ratios ¢-1.0-1.5 ppt), and ‘polluted’ mixing ratios-2.0-3.0 ppt)We will show in Sect B
that changes in Northeast Monsoon circulation are the pyirmause of these transitiondle have
observed similar features in measurements collected iné&nduring the two subsequent winters
(2009/2010 and 2010/2011) and are therefore confident teseyes are typical of the region.

Fig. [ showsthatthere are some differences in the absolute mixing ratio rebseat the two
sites. Instrument performance is generally good for thimpound [(_G_o_sll_ow_e_t_illL_ZQll@)though
Robinson et AI.L{;O_{4) have raistite possibility of calibration uncertainty leading to paftthis
difference.In this study we focus on the variations observed concugrexttboth locations, and

hence the absolute mixing ratios are of lesser importance.
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3 Transport pathways

We use the Met Office’s Lagrangian atmospheric dispersiodahdNAME @I?), to
interpret ouiC,Cly measurements. Trajectories are calculated using threerdiional meteorologi-
cal fields produced by thdet Office’s Numerical Weather Prediction tool, the Unifieddél (UM).
These fields have a horizontal grid resolution of 0.56@mgitude by 0.375 latitude, 31 vertical
levels below~19 km, and are available at 3 h intervals. Vertical velositiee obtained from the UM

and available at grid nodes. The sub-grid-scale procedsesnoection (currently available only

in forward mode, se 4a, b) andemdri(available in both forward
and backward modes, s@&bﬁiﬂr_u al., 2|O_0_3:_M_0_LLi§_0_n_a.bﬂlé/eLZD_d5) are parameterised in
NAME.

Initially we use NAME to calculate batches ofert backward trajectories started at each mea-
surement site within an altitude range of 0—100 m. 3300@¢tajies were started throughout each
3 h period for which measurements were available at a péatitacation. They ran for 12 days, and
every 15 minutes the location of all trajectories within tbevest 18 km of the model atmosphere
was recorded on a grid with the same horizontal resolutiagh@meteorological fields.

The result of the above calculation is that a map of timegiraged and column-integrated trajec-
tory (or ‘particle’) density exists for each 3 h period. H&jshows composites of these maps when
they are grouped according to the 3 h mé&&Cl, mixing ratio at Tawau (maps for Bukit Atur
are very similar, and not shown). These maps indicate thatasses containing the lowest mixing
ratios (0.8 ppt) often passed to the south of the Philippines duriagsport from the unpolluted
subtropical PacificAs a larger fraction of trajectories travel from mid-laties, passing through
the Philippines, th€,Cl, mixing ratio at Tawau increases. Beyond the Philippinesielare two
diverging originsAir masses containing1.0-1.4 ppof C,Cly are largely transported from the Pa-
cific Ocean. In contrast, air masses containirig6 ppt ofC,Cl, appear to be increasingaffected
by an anti-cyclonic circulation, originating from the Arsiéand mass and containing higher levels
of anthropogenic pollution. This difference is qualitaliy consistent with the idea of cold surges
leading to elevate@,Cl, in Borneo.

In a further, more quantitative analysis we examine theicelahip between the 3 h me&h Cl,
mixing ratios and the fraction of trajectory mass (or eqlgmugy of trajectory residence time) north
of 35°N in the corresponding individual air history maps. Thiscfian increases linearly as the
C»Cly mixing ratioincreasegfor both sites ¥ > 0.7, graph not shown Other latitude thresholds
(between 25-49N) were tested and found to yield similar relationships.sTiginforces the argu-
ment made above: cold surges are able to move polluted airfaythern mid-latitudes rapidlypger
~4 days in the case study we consider in 9dcto4quatorial Southeast Asia.
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4 Wider air quality implications

Thus far we have focused @iy Cly, an industrial pollutant observed in relatively small qitéas. It

is clearly of interest to consider how the pollution trangpathwayidentified in Sec{d3 influences
air quality in Southeast Asia more generally. However, thaiouous air quality measurements col-
lected in Northern Borneo that we are aware of appear to leeteffl by local sources of pollution.
As such they are unlikely to reflect the regional mechanisggested by the coherent variations in

C2Cl, observed at our two measurement sites ($éct. 2) and by gectey calculations. In this

section we therefore use data availaioten the MACC Reanalysi 13, downloaded
from http://apps.ecmwf.int/datasets/data/macc_rearsd). This dataset is created using satellite ob-
servations, emission inventories and chemical transpodeincalculations. For the two pollutants
we consider in this sectioi;O andOg, lInness et AIJ_(;O_{S) report small negative biases b9%
and~20% respectively when the MACC data are compared to availadependent observationsin

the tropical tropospher®Ve concentrate here on a two week period containing a patlgistrong
surge event (10-23 January 2009, shaded in[Fig. 1a), dutinghwhere are abrupt changes in our
data and the highes&t; Cl4 mixing ratios occur.

To begin, we extract time series 60 andO3 (Fig.[d) in the grid cell nearest to Bukit Atur in
the MACC reanalysis. Out;Cl, measurements from Bukit Atur are also plotted for compariso
We obtained MACC data at 925 hPa (rather than 1000 hPa) be@audt Atur, at an elevation of
426 m, often appears to be more representative of the frpegpher ElO). In Fig. 3
the mixing ratios ofC,Cl,, CO and O3 all follow the same pattern, with a sustained increase to
maximum values on 15 January, followed by a decline back toertypical ‘background’ mixing
ratios in the subsequent days. This suggests that the agemasriving in Borneo with high levels
of C,Cly also contain a range of other pollutants and significantlyaot air quality in this part of
the tropics.

Next, in Fig.[4 we contrast daily mean maps@d andO3 from the MACC reanalysis (again at
925 hPa) for the two days shaded in [Fly. 3: 15 January 2009 wdwecentrations df'; Cl, were rel-
atively high, and 20 January 2009, when concentrations0fl, were relatively low. Corresponding
daily mean air history maps are also presented. In these thapaean horizontal locations of the
back trajectories after 2 and 4 days are marked to highlightstrength of the cold surge event.
All together, the sixnaps demonstrate that our measurement sites in NorthermeBait near the
edge of a steep pollution gradient associated with comigagilluted air masses from East Asia
and cleaner air masses from the tropical Pacific. On days \eltemasses are moved rapidly by
cold surges from East Asia towards Borneo, such as 15 Jaffiegryow of Fig.[4), air quality is
significantly reduced. According to the MACC reanalysis imixratios ofCO andOj3 can reach,
respectively~150 ppb and-40 ppb.Our highC,Cl, measurements are excellent markers of this
pollution. By contrast, modelled levels 6O andO3 and measured levels 6% Cl, are more repre-
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sentative of the local background (approximately half efplolluted levels) on days when the winds

blow from the Pacific, such as 20 January (bottom row of[Hig. 4)

5 Uplift of polluted air masses

As noted in the introduction, cold surges are known to affeetcharacteristics of convection in
Southeast Asia (e.&._C_ha.ng_ek MOO@)further NAME calculation was performed to assess
whether air masses that move rapidly from mid-latitudesh&ttopics may subsequently ascend.

Previous work suggests that NAME is a useful tool for analysiertical transport of relatively short-

lived compounds in regions of tropical convecti .,|_2Ql|2)ln this case, such transport
could lift East Asian pollution to the tropical upper tropospherewrod trajectories (3000H)
were released continuously in a kilometer deep surfacedvex East Asiacovering 100-14%E,
30-50N. These trajectories were not subject to any chemical logsésheir travel was recorded
for 12 days The aim was not to simulate any particular pollutant, butdtosider in a simple manner
the transport of air masses originating in the pollufedt Asiarmid-latitudes.

To assess whether the mid-latitude air masses are liftdgtitrapics, the shading in Fig. 5a shows
the density of particles (i.e. trajectories), between @@B-hPa (i.e. the mid-troposphere) and be-
tween 0—-10N during January 2009 for Southeast Asian longitudes. Alstigrl areCO contours
from the MACC reanalysis at 500 hPa in the same time—longigmhce. Within the figure there
are periods, notably around 12-13 January near the time ttbagscold surge (Figs.3 arid 4),
when peaks in simulated mid-latitude air masses coincitle @ihancedO mixing ratios.Similar
regions of agreement are found at the same time in a corrdampplot for ~200 hPa (Fig[l5b).
These features indicate thaast Asiarmid-latitude pollution is capable of influencing atmospber
composition through much of the depth of theutheast Asiatropical troposphere.

Our argument is supported further Big.[da and bwhich show, respectively, longitude—altitude
and latitude—altitude slices through the Southeast Adiaonsphere on 15 January 2009 (our selected
‘cold surge’ day in Fig[#4). Again, the density of the miditiatle tracer is indicated with shading.
The plots demonstrate that the air masses originating inlatidides can be lifted above 200 hPa
within the tropics. Evidence for this type of vertical traonst is weaker in similar plots for days
without cold surge activity (20 January, for examgteg.[dc and . An additional analysis of the
trajectory timescales shows that it can take fewer than ¢8 fta air masses to travel from the East
Asian boundary layer to the tropical upper troposphere @ib®ve 200 hPa). This is a sufficiently
short time for this process to be important for even relftigbort-lived pollutants.

6 Summary and discussion

We analyse observations 6£Cly, an excellent tracer for anthropogenic pollution, cokkelcat two
sites in Borneo during the NH winter of 2008/2009. Backwaajeictories calculated using NAME
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show that measurements of highCl, mixing ratios were associated with rapid ‘cold surge’ trans
port towards the equator from polluted mid-latitude EaseABata available from the MACC re-
analysis demonstrate that the polluted air masses mayindewels of CO andOj3 that are approx-
imately double the typical ‘background’ levels in Borneteé&p gradients in atmospheric compo-
sition have been identified before in this regilgn (HamiltgallahO_QlB), but the gradients identified
here appear to be mobile (FIg. 4) and capable of periodicatiycing air quality significantly in

Southeast Asia. Once in the deep tropics, we show that thet@dlair masses can be lifted out of
the boundary layer into the mid- and upper troposphere. fiituisess may be enhanced by the more
vigourous regional convection typically induced by thedcslirge circulation, as considered before

within the framework of Borneo Vortex even i lml;L).Our trajectory calculations
suggest that in total, transport from the East Asian boynidger to the tropical upper troposphere
(above 200 hPa) can occur in fewer than 10 daye tropical upper troposphere is a key gateway
to the lower stratosphere (e.g. Fueglistaler LLL|_|20[19$ route we have identified may therefore

transport polluted air from NH mid-latitudes into the trogl upper troposphere and thence to the

lower stratosphere during NH wintélo illustrate the potential importance of this route, airsses
enriched inC,Cly may also contain high levels of various other relativelyrstiged chlorine con-
taining gases (e.@ 14) that could have aimegatipact on stratospheric ozone. The
significance of this transport pathway therefore needs iomstigated further.

Pollutant emissions from East Asia have increased oventatecades, and they are unlikely
to decline significantly in the next 20 years or so (). At the same time, ris-
ing greenhouse gas levels could lead to changes in the wgibmate. There remains, however,

significant uncertainty in how the various large-scale psses that influence East and Southeast

Asian climate variability will change this centur|y (Chesisen et AIL&ILB). Any climatic changes
are likely to influence the importance of the pollution traoig pathway we have identified. To il-
lustrate, the El Niflo—Southern Oscillation is known to made the strength of cold surge activity
(e.g.LZhangﬁAlLlQb?). In orderbetter quantifithe future impact of East Asian pollution on the
tropical atmosphere there is a need to increase our unddistpof both iast multi-decadal vari-

ations (e.g[ Huang et Iai Zdll), and possible future cla(mg. Park et & I1), in cold surge

frequency.

Observational evidence from other parts of Southeast Alia@needed to assess more fully the
influence these transport events have on regional atmdspoenposition. One step in this direction
is afforded by a new program of long-term measurements ofta eficompounds (including the
halocarbons measured pyDirac) at the University of Malaya’s Bachok Marine Resée®tation on
the east coast of Peninsular Malaysia (http://www.ioesedionmy/research_facilities.html). Levels
of pollution associated with the prevailing northeastéidy through the South China Sea may be
more severe in, for example, Peninsular Malaysia, tharetiroBorneo. There are clearly possible
implications for human health, though the effect of polhitasuch a€); on tropical forests and
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230 crops is yet to be well understood (el.g. Ainsworth étMOEurther long-term measurements
will also facilitate more detailed investigation of the infhces of the climatic variations discussed

above.

AcknowledgementsThis work was supported by a NERC consortium grant to the @Bt by NCAS, by
the European Commission through the SCOUT-O3 project (B0%30CE-CF2004), though the ERC ACCI

235 project, Project No 267760, and by NERC western Pacific gramtber NE/F020341/1 and NERC CAST grant
number NE/J006246/1. M. J. Ashfold thanks NERC for a resesiadentship. A. D. Robinson acknowledges
NERC for their support through small grant project NE/DO8&Q. N. R. P. Harris is supported by a NERC
Advanced Research Fellowship. We thank the Sabah Found&enum Valley Field Centre and the Royal
Society (Glen Reynolds) for field site support. This is papenber X of the Royal Society’s South East Asian

240 Rainforest Research Programme. We are grateful for usetafpdavided by the MACC-II project, funded by
the European Union under the 7th Framework Programme. Weaealsiowledge use of the NAME atmospheric
dispersion model and associated NWP meteorological dégansede available to us by the Met Office. We
acknowledge the significant storage resources and anédgdlises made available to us on JASMIN by STFC
CEDA along with the corresponding support teams.



245

250

255

260

265

270

275

280

References

Ainsworth, E. A., Yendrek, C. R., Sitch, S., Collins, W. lhdegEmberson, L. D.: The Effects of Tropospheric
Ozone on Net Primary Productivity and Implications for Glite Change, Annual Review of Plant Biology,
63, 637-661, doi:10.1146/annurev-arplant-042110-1933012.

Akimoto, H., Mukai, H., Nishikawa, M., Murano, K., Hatakeya, S., Liu, C.-M., Buhr, M., Hsu, K. J.,
Jaffe, D. A., Zhang, L., Honrath, R., Merrill, J. T., and Nélw&. E.: Long-range transport of ozone
in the East Asian Pacific rim region, Journal of Geophysicatéarch: Atmospheres, 101, 1999-2010,
doi{10.1029/95JD00025, 1996.

Aschmann, J., Sinnhuber, B. M., Atlas, E. L., and SchaufeM.: Modeling the transport of very short-lived
substances into the tropical upper troposphere and lowagosphere, Atmospheric Chemistry and Physics,
9, 9237-9247, d0i:10.5194/acp-9-9237-2009, 2009.

Ashfold, M. J., Harris, N. R. P., Atlas, E. L., Manning, A. &and Pyle, J. A.: Transport of short-
lived species into the Tropical Tropopause Layer, Atmosph€hemistry And Physics, 12, 6309-6322,
doi{10.5194/acp-12-6309-2012, 2012.

Barletta, B., Meinardi, S., Simpson, . J., Rowland, F. %ag C.-Y., Wang, X., Zou, S., Chan, L. Y., and Blake,
D. R.: Ambient halocarbon mixing ratios in 45 Chinese cjti&Bnospheric Environment, 40, 77067719,
doi{10.1016/j.atmosenv.2006.08.039, 2006.

Barletta, B., Meinardi, S., Simpson, I. J., Atlas, E. L., Besdorf, A. J., Baker, A. K., Blake, N. J., Yang, M.,
Midyett, J. R., Novak, B. J., McKeachie, R. J., Fuelberg, H.$achse, G. W., Avery, M. A., Campos, T.,
Weinheimer, A. J., Rowland, F. S., and Blake, D. R.: Charazton of volatile organic compounds (VOCSs)
in Asian and north American pollution plumes during INTEXiBentification of specific Chinese air mass
tracers, Atmospheric Chemistry and Physics, 9, 5371-588@,0.5194/acp-9-5371-2009, 2009.

Bergman, J. W., Fierli, F., Jensen, E. J., Honomichl, S.,Raml L. L.: Boundary layer sources for the Asian
anticyclone: Regional contributions to a vertical condddurnal of Geophysical Research: Atmospheres,
pp. 1-16, doi:10.1002/jgrd.50142, 2013.

Braesicke, P., Ooi, S. H., and Samah, A. A.: Properties ohgtoff-shore Borneo vortices: a composite analysis
of flow pattern and composition as captured by ERA-Interirméspheric Science Letters, 13, 128-132,
doi{10.1002/asl.372, 2012.

Chan, J. C. L. and Li, C.: The East Asia Winter Monsoon, in:tEesian Monsoon, edited by Chang, C.-
P., vol. 2 of World Scientific Series on Meteorology of East Aslaap. 2, pp. 54-106, World Scientific,
Singapore, doi:10.1142/9789812701411 0002, 2004.

Chang, C.-P., Harr, P. A., McBride, J., and Hsu, H.-H.: Mar& Continent Monsoon: Annual Cycle and Boreal
Winter Variability, in: East Asian Monsoon, edited by Cha@g-P., vol. 2 ofWorld Scientific Series on Mete-
orology of East Asiachap. 3, pp. 107-150, World Scientific, Singapore| doi:142/9789812701411 0003,
2004.

Chang, C.-P., Harr, P. A, and Chen, H.-J.: Synoptic Distndes over the Equatorial South China
Sea and Western Maritime Continent during Boreal Winterntty Weather Review, 133, 489-503,
doi{10.1175/MWR-2868.1, 2005.

Christensen, J. H., Krishna Kumar, K., Aldrian, E., An, $.@avalcanti, I. F. A., de Castro, M., Dong, W.,
Goswami, P., Hall, A., Kanyanga, J. K., Kitoh, A., Kossin,Llau, N.-C., Renwick, J., Stephenson, D. B.,


http://dx.doi.org/10.1146/annurev-arplant-042110-103829
http://dx.doi.org/10.1029/95JD00025
http://dx.doi.org/10.5194/acp-9-9237-2009
http://dx.doi.org/10.5194/acp-12-6309-2012
http://dx.doi.org/10.1016/j.atmosenv.2006.08.039
http://dx.doi.org/10.5194/acp-9-5371-2009
http://dx.doi.org/10.1002/jgrd.50142
http://dx.doi.org/10.1002/asl.372
http://dx.doi.org/10.1142/9789812701411_0002
http://dx.doi.org/10.1142/9789812701411_0003
http://dx.doi.org/10.1175/MWR-2868.1

285

290

295

300

305

310

315

320

Xie, S.-P., and Zhou, T.: Climate Phenomena and their Retevéor Future Regional Climate Change, in:
Climate Change 2013: The Physical Science Basis. Conibaf Working Group | to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Chaolgap. 14, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2013.

Compo, G. P, Kiladis, G. N., and Webster, P. J.: The horaoand vertical structure of east Asian
winter monsoon pressure surges, Quarterly Journal of thelRdeteorological Society, 125, 29-54,
doi{10.1002/q].49712555304, 1999.

Cooper, O. R,, Parrish, D. D., Stohl, A., Trainer, M., Nedele., Thouret, V., Cammas, J. P, Oltmans, S. J.,
Johnson, B. J., Tarasick, D., Leblanc, T., McDermid, I. &ffe] D., Gao, R., Stith, J., Ryerson, T., Aikin,
K., Campos, T., Weinheimer, A., and Avery, M. A.: IncreasBgingtime ozone mixing ratios in the free
troposphere over western North America, Nature, 463, 348-80i:10.1038/nature08708, 2010.

de Gouw, J. A,, Cooper, O. R., Warneke, C., Hudson, P. K., érdbkl, F. C., Holloway, J. S., H ubler, G.,
Nicks Jr., D. K., Nowak, J. B., Parrish, D. D., Ryerson, T. Btlas, E. L., Donnelly, S. G., Schauffler,
S. M., Stroud, V., Johnson, K., Carmichael, G. R., and StrdetG.: Chemical composition of air masses
transported from Asia to the U.S. West Coast during ITCT 2R@ssil fuel combustion versus biomass-
burning signatures, Journal Of Geophysical Research,[12%9520-, doi:10.1029/2003JD004202, 2004.

Fueglistaler, S., Dessler, A. E., Dunkerton, T. J., Folkin$u, Q., and Mote, P. W.: Tropical Tropopause Layer,
Reviews Of Geophysics, 47, RG1004, doi:10.1029/2008R&6102009.

Gostlow, B., Robinson, A. D., Harris, N. R. P., O'Brien, L. Mram, D. E., Mills, G. P., Newton, H. M., Yong,
S. E., and Pyle, J. A.: micro-Dirac: an autonomous instrunfmmhalocarbon measurements, Atmospheric
Measurement Techniques, 3, 507-521, doi:10.5194/an®?32610, 2010.

Granier, C., Bessagnet, B., Bond, T., D’Angiola, A., Denmian der Gon, H., Frost, G., Heil, A., Kaiser,
J., Kinne, S., Klimont, Z., Kloster, S., Lamarque, J.-F.plsse, C., Masui, T., Meleux, F., Mieville,
A., Ohara, T., Raut, J.-C., Riahi, K., Schultz, M., Smith, Bhompson, A., van Aardenne, J., van der
Werf, G., and van Vuuren, D.: Evolution of anthropogenic didmass burning emissions of air pol-
lutants at global and regional scales during the 1980-20dilogy Climatic Change, 109, 163-190,
doi{10.1007/s10584-011-0154-1, 2011.

Hamilton, J. F., Allen, G., Watson, N. M., Lee, J. D., SaxtdnE., Lewis, A. C., Vaughan, G., Bower, K. N.,
Flynn, M. J., Crosier, J., Carver, G. D., Harris, N. R. P.KearR. J., Remedios, J. J., and Richards, N. A. D.:
Observations of an atmospheric chemical equator and itidatipns for the tropical warm pool region,
Journal Of Geophysical Research-Atmospheres, 113, D2018130.1029/2008JD009940, 2008.

Huang, W.-R., Wang, S.-Y., and Chan, J. C. L.: Discreparmitween global reanalyses and observations in the
interdecadal variations of Southeast Asian cold surgermational Journal Of Climatology, 31, 2272-2280,
doi{10.1002/joc.2234, 2011.

Hudman, R. C., Jacob, D. J., Cooper, O. R., Evans, M. J., H&aldl., Park, R. J., Fehsenfeld, F., Flocke,
F., Holloway, J., H ubler, G., Kita, K., Koike, M., Kondo, Weuman, A., Nowak, J., Oltmans, S., Parrish,
D., Roberts, J. M., and Ryerson, T.: Ozone production inspanaific Asian pollution plumes and impli-
cations for ozone air quality in California, Journal of Ghggical Research: Atmospheres, 109, D23S10,
doi{10.1029/2004JD004974, 2004.

10


http://dx.doi.org/10.1002/qj.49712555304
http://dx.doi.org/10.1038/nature08708
http://dx.doi.org/10.1029/2003JD004202
http://dx.doi.org/10.1029/2008RG000267
http://dx.doi.org/10.5194/amt-3-507-2010
http://dx.doi.org/10.1007/s10584-011-0154-1
http://dx.doi.org/10.1029/2008JD009940
http://dx.doi.org/10.1002/joc.2234
http://dx.doi.org/10.1029/2004JD004974

325

330

335

340

345

350

355

360

Inness, A., Baier, F., Benedetti, A., Bouarar, |., Chaatjl§., Clark, H., Clerbaux, C., Coheur, P., Engelen, R. J.,
Errera, Q., Flemming, J., George, M., Granier, C., Hadgdra, J., Huijnen, V., Hurtmans, D., Jones, L.,
Kaiser, J. W., Kapsomenakis, J., Lefever, K., Leitdo, Jzifger, M., Richter, A., Schultz, M. G., Simmons,
A. J., Suttie, M., Stein, O., Thépaut, J.-N., Thouret, V.ektiussis, M., Zerefos, C., and the MACC team:
The MACC reanalysis: an 8 yr data set of atmospheric conmipasiAtmospheric Chemistry and Physics,
13, 4073-4109, doi:10.5194/acp-13-4073-2013, 2013.

Jones, A., Thomson, D., Hort, M., and Devenish, B.: The U.ket dffice’s Next-Generation Atmospheric
Dispersion Model, NAME ll1, in: Air Pollution Modeling and$ Application XVII, edited by Borrego, C.
and Norman, A.-L., pp. 580-589, Springer US, |doi:10.100870-387-68854-1 €2, 2007.

Lawrence, M. G. and Lelieveld, J.: Atmospheric pollutantflow from southern Asia: a review, Atmospheric
Chemistry and Physics, 10, 11 017-11 096, doi:10.519418p1017-2010, 2010.

Levine, J. G., Braesicke, P., Harris, N. R. P., Savage, N.ahd, Pyle, J. A.: Pathways and timescales for
troposphere-to-stratosphere transport via the tropiopbpause layer and their relevance for very short lived
substances, Journal Of Geophysical Research-Atmosphkt@s D04 308, dci:10.1029/2005JD006940,
2007.

Lin, M., Horowitz, L. W., Oltmans, S. J., Fiore, A. M., and E&B.: Tropospheric ozone trends at Mauna
Loa Observatory tied to decadal climate variability, Nat@eoscience, 7, 136—-143, doi:10.1038/ngeo2066,
2014.

Liu, H., Jacob, D. J., Bey, |., Yantosca, R. M., Duncan, B.agd Sachse, G. W.: Transport pathways for Asian
pollution outflow over the Pacific: Interannual and seaseaalations, Journal Of Geophysical Research,
108, 8786—, dci:10.1029/2002JD003102, 2003.

McCulloch, A., Aucott, M. L., Graedel, T. E., Kleiman, G., tiley, P. M., and Li, Y. F.: Industrial emissions
of trichloroethene, tetrachloroethene, and dichlorormueth Reactive Chlorine Emissions Inventory, Journal
Of Geophysical Research-Atmospheres, 104, 8417-842:2,0d6029/1999JD900011, 1999.

Meneguz, E. and Thomson, D. J.: Towards a new scheme for péiiaation of deep convection in NAME lII,
International Journal of Environment and Pollution, 5484P36, do/:10.1504/IJEP.2014.065113, 2014a.

Meneguz, E. and Thomson, D. J.: Parametrization of deepection in NAME Ill, Tech. Rep. MD1/3, Met
Office, Fitzroy Road, Exeter, Devon EX1 3PB, United Kingd@bl4b.

Montzka, S. A. and Reimann, S.: Ozone-Depleting Substaf@Bss) and Related Chemicals, vol. Scientific
Assessment of Ozone Depletion: 2010, Global Ozone ReseadtMonitoring Project—Report No. 52,
chap. 1, World Meteorological Organization (WMO), Gene@] 1.

Morrison, N. L. and Webster, H. N.: An Assessment of Turba&Rrofiles in Rural and Urban Environments
Using Local Measurements and Numerical Weather Predi&&sults, Boundary-Layer Meteorology, 115,
223-239, doi:10.1007/s10546-004-4422-8, 2005.

Park, M., Randel, W. J., Emmons, L. K., and Livesey, N. J.n§pmrt pathways of carbon monoxide in the Asian
summer monsoon diagnosed from Model of Ozone and Relateg&@OZART), Journal of Geophysical
Research, 114, D08 303—, d0i:10.1029/2008JD010621, 2009.

Park, T.-W., Ho, C.-H., Jeong, S.-J., Choi, Y.-S., Park, Sakd Song, C.-K.: Different characteristics of cold
day and cold surge frequency over East Asia in a global wagsitnation, Journal Of Geophysical Research,
116, D12 118-, di:10.1029/2010JD015369, 2011.

11


http://dx.doi.org/10.5194/acp-13-4073-2013
http://dx.doi.org/10.1007/978-0-387-68854-1_62
http://dx.doi.org/10.5194/acp-10-11017-2010
http://dx.doi.org/10.1029/2005JD006940
http://dx.doi.org/10.1038/ngeo2066
http://dx.doi.org/10.1029/2002JD003102
http://dx.doi.org/10.1029/1999JD900011
http://dx.doi.org/10.1504/IJEP.2014.065113
http://dx.doi.org/10.1007/s10546-004-4422-8
http://dx.doi.org/10.1029/2008JD010621
http://dx.doi.org/10.1029/2010JD015369

365

370

375

380

385

390

395

400

Pike, R. C., Lee, J. D,, Young, P. J., Carver, G. D., Yang, Xarwick, N., Moller, S., Misztal, P., Lang-
ford, B., Stewart, D., Reeves, C. E., Hewitt, C. N., and PyleA.: NO, and G, above a tropical rain-
forest: an analysis with a global and box model, Atmosph€tiemistry and Physics, 10, 10 607-10 620,
doi{10.5194/acp-10-10607-2010, 2010.

Pochanart, P., Akimoto, H., Kajii, Y., and Sukasem, P.: @anmonoxide, regional-scale transport, and biomass
burning in tropical continental Southeast Asia: Obseovetiin rural Thailand, Journal of Geophysical Re-
search: Atmospheres, 108, D17, d0i:10.1029/2002JD0(/33BIB.

Pyle, J. A., Ashfold, M. J., Harris, N. R. P., Robinson, A. Warwick, N. J., Carver, G. D., Gostlow, B.,
O'Brien, L. M., Manning, A. J., Phang, S. M., Yong, S. E., LegpK. P., Ung, E. H., and Ong, S.: Bromoform
in the tropical boundary layer of the Maritime ContinentidgrOP3, Atmospheric Chemistry and Physics,
11, 529-542, dgi:10.5194/acp-11-529-2011, 2011.

Randel, W. J., Park, M., Emmons, L., Kinnison, D., Bernath, Walker, K. A., Boone, C., and
Pumphrey, H.: Asian Monsoon Transport of Pollution to theat®sphere, Science, 328, 611-613,
doii10.1126/science.1182274, 2010.

Robinson, A. D., Harris, N. R. P., Ashfold, M. J., Gostlow, Blarwick, N. J., O'Brien, L. M., Beardmore, E. J.,
Nadzir, M. S. M., Phang, S. M., Samah, A. A., Ong, S., Ung, HFEng, L. K., Yong, S. E., Mohamad, M.,
and Pyle, J. A.: Long-term halocarbon observations fromastd and an inland site in Sabah, Malaysian
Borneo, Atmospheric Chemistry and Physics, 14, 8369-888&10.5194/acp-14-8369-2014, 2014.

Shao, M., Huang, D., Gu, D., Lu, S., Chang, C., and Wang, dim&te of anthropogenic halocarbon emission
based on measured ratio relative to CO in the Pearl RiveaDefjfion, China, Atmospheric Chemistry and
Physics, 11, 5011-5025, doi:10.5194/acp-11-5011-20011.2

Simpson, I. J., Meinardi, S., Blake, N. J., Rowland, F. Sd &fake, D. R.: Long-term decrease in the
global atmospheric burden of tetrachloroetheneQl), Geophysical Research Letters, 31, L08 108—,
doi{10.1029/2003GL019351, 2004.

Singh, H. B., Thakur, A. N., Chen, Y. E., and Kanakidou, M triehloroethylene as an indicator of low Cl atom
concentrations in the troposphere, Geophysical Reseatthrk, 23, 1529-1532, doi:10.1029/96GL01368,
1996.

Slingo, J. M.: Extratropical forcing of tropical conveatin a northern winter simulation with the UGAMP
GCM, Quarterly Journal Of The Royal Meteorological Socidi®4, 27-51, dci:10.1002/qj.49712454503,
1998.

Tanimoto, H., Sawa, Y., Yonemura, S., Yumimoto, K., Matsydd., Uno, I., Hayasaka, T., Mukai, H., Tohjima,
Y., Tsuboi, K., and Zhang, L.: Diagnosing recent CO emissiamd ozone evolution in East Asia using coor-
dinated surface observations, adjoint inverse modeling, MOPITT satellite data, Atmospheric Chemistry
and Physics, 8, 3867-3880, (10i:10.5194/acp-8-3867-{20083.

Wan, D., Xu, J., Zhang, J., Tong, X., and Hu, J.: Historical @nojected emissions of major halocarbons in
China, Atmospheric Environment, 43, 5822-5829, doi:1061j0atmosenv.2009.07.052, 2009.

Wang, C., Shao, M., Huang, D., Lu, S., Zeng, L., Hu, M., and rghaQ.: Estimating halocarbon
emissions using measured ratio relative to tracers in Chitmospheric Environment, 89, 816-826,

doi{10.1016/).atmosenv.2014.03.025, 2014.

12


http://dx.doi.org/10.5194/acp-10-10607-2010
http://dx.doi.org/10.1029/2002JD003360
http://dx.doi.org/10.5194/acp-11-529-2011
http://dx.doi.org/10.1126/science.1182274
http://dx.doi.org/10.5194/acp-14-8369-2014
http://dx.doi.org/10.5194/acp-11-5011-2011
http://dx.doi.org/10.1029/2003GL019351
http://dx.doi.org/10.1029/96GL01368
http://dx.doi.org/10.1002/qj.49712454503
http://dx.doi.org/10.5194/acp-8-3867-2008
http://dx.doi.org/10.1016/j.atmosenv.2009.07.052
http://dx.doi.org/10.1016/j.atmosenv.2014.03.025

Wang, T., Ding, A. J., Blake, D. R., Zahorowski, W., Poon, C.&hd Li, Y. S.: Chemical characterization of the
boundary layer outflow of air pollution to Hong Kong duringtifeary—April 2001, Journal Of Geophysical
405 Research, 108, 8787—, do0i:10.1029/2002JD003272, 2003.
Webster, H. N., Thomson, D. J., and Morrisson, N. L.: Newtilehce profiles for NAME, Tech. Rep. 288, Met
Office, London Road, Bracknell, Berkshire, RG12 2SZ, Unkaéagdom, 2003.
Zhang, Y., Sperber, K. R., and Boyle, J. S.: Climatology amérannual Variation of the East Asian Winter
Monsoon: Results from the 1979-95 NCEP/NCAR Reanalysis)jtMg Weather Review, 125, 2605-2619,
410 doi{10.1175/1520-0493(1997)125<2605:CAIVOT>2.0.CQA;297.
Zhao, Y., Zhang, J., and Nielsen, C. P.: The effects of engaglys and emission controls and standards on future
trends in China’s emissions of primary air pollutants, Aspleeric Chemistry and Physics, 14, 8849-8868,
doi{10.5194/acp-14-8849-2014, 2014.

13


http://dx.doi.org/10.1029/2002JD003272
http://dx.doi.org/10.1175/1520-0493(1997)125%3C2605:CAIVOT%3E2.0.CO;2
http://dx.doi.org/10.5194/acp-14-8849-2014

4 Bukit Atur (@) |
Tawau R .:as.
5 i FEE .
. . ¢ X % .! ..'.'
g2t .ot g By o '.f;f".b'?‘“. 1
UN '. K ‘!.! o 00&" " & Wh
| jgelt W R A
01/1‘2/08 01/61/09 01/62/09 01/03/09
Date (UTC)

Figure 1. (a) shows a time series of 3 h me@pCl, measurements collected at Bukit Atur (blue) and Tawau
(red) during the winter of 2008/2009. The period analysemidne detail in Sectionl4 is shaded grey. (b) shows
the correlation between the measurements at the two Sitescoefficient of determinationy, the gradient

of the regression line (slope) and the number of 3 h period&/iiich data exist at both measurement locations

(n) are notedln constructing this figure two outlying 3 h mean measuresiéoim Tawau 6 ppt) have been
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discounted. Both high mixing ratios are likely to be due teanocalC,Cly source.
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Figure 2. Composite air history maps, for ea€h Cl, mixing ratio interval of 0.2 ppt at Tawau. The number
of 3 h periods, n, contributing to each composite is notedaleach panel. A mixing ratio greater than 2.4 ppt
was observed in eleven 3 h windows; these periods are notatEzbfor in the figure.
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Figure 3. Time series of 3 h mea@>Cls measurements from Bukit Atur (blue) and 6 houtl® (black line)
andOs; (green line) at 118, 5°N, 925 hPa in the MACC reanalysis. The days analysed in mded deFig.[4
are shaded grey.
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Figure4. Daily mean air history maps calculated using NAME (left}) at 925 hPa from the MACC reanalysis
(center) andD3 at 925 hPa from the MACC reanalysis (right) for 15 January92@0p) and 20 January 2009
(bottom).The colour scale for the air history maps is the same as ifZ-ignd the mean horizontal location
of the trajectories after 2 and 4 days is marked. In@&andO3 panels the location of Bukit Atur is marked

with a blue square.
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Figure5. Time-integrated particle (i.e. trajectory) density, asiiaction of longitude and time through January
2009, resulting from a mid-latitude particle source in NAME) shows particle density between 600-400 hPa
averaged between 0-1Q. (b) shows particle density between 240-170 hPa, als@gedrbetween 0—10l.

The contours showO from the MACC reanalysis at, respectively, 500 hPa and 2GQ fd? the same spatial
and temporal dimensions.
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Figure 6. Time-integrated particle (i.e. trajectory) density réisig from a mid-latitude particle source in
NAME, on 15 and 20 January 2009 (marked with dashed lines gn[@i The colour scale is the same as
in Fig.[d. (a) shows a longitude—altitude cross-sectiorilf®danuary 2009, averaged over 02M0(b) shows

a latitude—altitude cross-section, also for 15 Januan®2@fd averaged over 110-T2 (c) and (d) show
the same for 20 January 2009. The altitude scale is km abeavkgel (asl). Pressure contours (in hPa) from
NAME’s driving meteorological data are marked with greyelin(contours without labels bound the pressure
ranges used in Fiff] 5).
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