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Transport,of,pollu>on,into,the,U
TLS,linked,to,deep,

convec>on,in,Sum
m
er,Asian,M

onsoon,

• 
Sum

m
er!Asian!M

onsoon!(SAM
)!can!provide!a!vehicle!for!transport!of!BL!gas;

phase!pollutants!(e.g.!CO
,!HCN

,!CH4)!into!the!U
TLS!(Park!et!al.,!2007;!Randel!et!

al.,!2010,!2011).!!
• 

An!Asian!Tropopause!Aerosol!Layer!(ATAL)!has!been!found!in!observaOons!
(Vernier!et!al.,!2011).!Can!the!SAM

!also!provide!aerosols!to!the!LS?!!
• 

W
hat!is!the!com

posiOon,!size,!origin,!and!potenOal!clim
ate!im

pact!of!ATAL!
• 

Very!few
!in#situ#observaOons.!

!

(Law
rence)and)Lelieveld.,)ACP,)2010.)

Park)et)al.)(2007))

M
LS/CO

,July:Aug,05,100hPa,
SAM

,,
an>cyclone,



: ,CALIPSO
,nadir,view

,:,80,:,180m
,resolu>on,in,the,U

TLS,
~,Par>cle,m

ixing,ra>o,
~,par>cle,shape,

€
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=
β
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β
m

∂
=
β
(⊥
)532

β
(//)532

Scacering,
Ra>o,

Depolariza>on,,

The,CALIPSO
,satellite,lidar,

CALIPSO
,m

easures,acenuated,backscacer,at,532,and,1064,nm
,,and,depolariza>on,at,532,nm

,,



The,Asian,Tropopause,Aerosol,Layer:,
Cloud:cleared,aerosol,scacering,ra>o,from

,CALIPSO
,

Vernier)et)al.,))JGR)2015)

,
!
 Cloud,clearing,of,CALIPSO

,backscacer,using,532,nm
,depolariza>on,cutoff,,

of,5%
,reveals,ATAL,

!
 Buildup,of,enhanced,aerosol,associated,w

ith,Sum
m
er,Asian,M

onsoon,
an>cyclone,,extending,from

,the,E.,M
ed,Sea,to,China,,

!
 Extends,from

,top,of,,convec>ve,ouglow
,(black,contour),in,m

uch,of,SE,Asia,

South,Atlan>c,
Anom

aly,
ATAL,associated,w

ith,,
SAM

,an>cyclone,,

ATAL,extends,from
,,

top,of,convec>ve,,
ouglow

,



Valida>on,of,CALIPSO
,observa>ons,,

w
ith,balloon:borne,backscacer,m

easurem
ents,,

: 
CO

BALD,backscacer,data,from
,Lhasa,in,August,2013,

(SW
O
P!cam

paign,!courtesy!J.!Bian!and!F.!W
ienhold),

: 
M
ul>ple,cloud:clearing,m

ethods,(using,RH,<,70%
,,Color,

Index,<,7,,Depolariza>on,<,5%
),

: 
Good,agreem

ent,betw
een,CO

BALD,and,CALIO
P,

: 
Confirm

s!ATAL!not!the!result!of!unfiltered!cirrus!cloud!

ATAL,

ATAL,

Stratospheric,aerosol,layer,

Vernier)et)al.,))JGR)2015)

AVG.,:,5:105E,
CO

BALD,
w
w
w
.iac.ethz.ch,



Trajectory,m
apping,of,CALIPSO

,
observa>ons,to,regions,of,deep,
convec>on,(BT,<,220K,from

,
Kalpana),,1:16,Aug,,2008,,

Bergm
an!et!al.,!2013!highlight,N

.,India,,N
epal,and,southern,Tibet,as,a,conduit,from

,BL,to,
SAM

,A/C;,Vogel!et!al.,!2015!show
,tem

poral,variability,in,contribu>ons,from
,Indian,,

Chinese,,and,S.E.,Asian,contribu>ons,of,inert,tracers,to,the,SAM
,A/C.,

ATAL!O
rigin:,Trajectory,m

apping,highlights,N
orthern,India,,

as,key,source,for,elevated,aerosol,in,the,ATAL.,,Vernier)et)al.,))JGR)2015)



ATAL!Com
posiOon:,,CARIBIC,im

pactor,observa>ons,from
,aircrak,

flights,in,August,2006:2008,(M
ar>nsson,et,al.,,2014),,

CESM
:1,m

odel,results,show
n,by,Pengfei,Yu,et,al.,,GRL,2015,,es>m

ate,ATAL,com
posed,,

of,~60%
,O
C,and,~40%

,sulfate,by,m
ass,

W
ACCM

,m
odel,results,from

,N
eely,et,al.,(JGR,,2014),determ

ined,that,Indian,and,Chinese,,
sulfur,em

issions,contribute,only,~30%
,to,sulfate,in,the,ATAL,



ATAL,Com
posi>on:,SO

2 ,from
,HALO

,ESM
VAL,and,from

,M
IPAS,,



BATAL,2015,:,Balloon:borne,m
easurem

ents,of,the,ATAL,

:,King,Abdullah,U
niversity,

of,Science,and,Technology,,
(KAU

ST),,Thuw
al,,Saudi,

Arabia,,Aug,15,,
:,6,launches,of,CO

BALD,
backscacer,and,
m
eteorological,sondes,,

:,,,15:24,Aug,15,:,Banaras,Hindu,
U
niversity,,Varanasi,,India,

:,7,launches,of,aerosol,and,
chem

ical,sensors,,

: ,17:25,July,15:,N
a>onal,

Atm
ospheric,Research,

Laboratory,,Gadanki,,India,,,
: 6,launches,of,aerosol,and,
chem

ical,sensors,

: 29,July:13,Aug,15,:,Tata,
Ins>tute,for,Fundam

ental,
Research,Balloon,facility,,
Hyderabad,,India,,11,Launches,
of,large,and,sm

all,aerosol,,and,
chem

ical,sensors,

5)w
eeks):)JulyCAugust)2015):)30)Launches/)4)locaJons/9)InsJtutes)involved)))



CALIO
P/BATAL:2015,

1, 2, 3,
4,

1,2,
3,4,

!
 Significant,enhancem

ent,of,aerosol,SR,
observed,during,the,sum

m
er,2015,

!
 BATAL,launching,loca>ons,covered,a,large,
area,from

,the,southern,to,the,northern,edge,
of,the,ATAL,and,the,convec>ve,ouglow

,
region,(Arabic,Peninsula),

!
 Low

er,and,m
iddle,stratosphere,s>ll,influence,

by,an,old,volcanic,plum
e,from

,Kelud,
erup>on,in,Feb,2014.,

5,:,105E,

15,:,18,km
,

ATAL,



1.Gadanki,
07/21,

4.Thuw
al,

(Saudi,Arabia),
08/10,

2.Hyderabad,
08/09,

3.,Varanasi,
08/21,

BATAL,2015/CO
BALD,flights,

CO
BALD,

w
w
w
.iac.ethz.ch,

!
 CO

BALD,(black),
backscacer,,w

ith,Tem
p,

Profiles,(blue),
!
 Thin,aerosol,layers,near,
the,tropopause,over,India,

!
 Contrast,w

ith,,broader,
layer,observed,from

,the,
Arabic,Peninsula,(Thuw

al),
!
 Ice,clouds,near,the,
tropopause,over,Varanasi,

cv,

cv,

CPT,
CPT,

CPT,



M
oisture,transport,evident,in,the,U

TLS,,HF,flight,,
of,8/13,from

,Hyderabad,

!
 M

axim
um

,of,aerosol,m
easured,by,CO

BALD,found,in,vicinity,of,cold,point,tropopause,
!
 Color,Index,(CI,,blue,line),betw

een,CO
BALD,blue/red,channels,dis>nguishes,,

aerosol,(low
,values),from

,ice,cloud,(>,1,,15:16.5,km
).,

!
 Enhanced,w

ater,vapor,(up,to,8,–,9,ppm
),17–18,km

,likely,due,to,convec>ve,transport,of,
m
oisture,upstream

,

CO
BALD,

Tem
p/O

zone/W
V,

08/13:HF2,

CPT,
CPT,

Ice,cloud,

Aerosol,layer,

W
V,up,to,,

~8:9,ppm
,



Air,m
asses,origin,,

!
 Back:trajectories,from

,air,
m
asses,sam

pled,by,the,
08/13,HF,balloon,flight,,
from

,Hyderabad,
!
 M

ay,have,been,
Influenced,by,deep,
convec>on,over,W

estern,
Burm

a,and,Eastern,India,
previous,48:72,h.,

,

India,

Burm
a,

Hyderabad,



!
 M

axim
um

,SR,coincides,w
ith,peak,in,O

PC,num
ber,concentra>on,for,r,>,75,nm

,at,the,
cold,point,tropopause,(data,for,unheated,inlet,show

n),
!
 ~97%

,of,par>cles,found,in,the,size,range,0.075,<,r,<,0.15,μm
,,

!
 Heated,(180

oC),,and,unheated,inlets,on,O
PC,instrum

ents,indicate,~90%
,,

sm
all,,vola>le,par>cles,

First,size,distribu>on,and,vola>lity,m
easurem

ents,
obtained,from

,the,ATAL,(O
PC,,U

W
Y),

CPT,

08/13,HF1;,r>75,nm
,



Further!pursuit!of!com
posiOon!and!origin:!!

GEO
S;Chem

!sim
ulaOons!

,3:D,CTM
,for,gas:phase,and,aerosols,transport,and,photochem

istry,in,the,
troposphere,,driven,by,GEO

S:5,m
eteorology,(w

w
w
.geos:chem

.org),,,
V9.02,,2x2.5,deg.,72,levels.,,
,Em

issions:!
Fossil!fuel:,EDGAR,,w

ith,regional,op>ons,,e.g.,Streets,(S.E.,Asia);,
Carbonaceous!aerosol:,Bond,(2007),,
Biofuel:,Logan,and,Yevich,(2003),,w

ith,regional,op>ons,,,
Biogenic:,M

EGAN
,

Biom
ass!Burning:,GFED3,(daily),

Volcanic:,(SO
2 ,from

,AeroCom
,project),

Aerosols:!O
C,,BC,,SO

4,,dust,,,N
O
3,,lim

ited,SO
A,in,current,run.,

,U
pdate#to#w

et#scavenging#of#SO
2 #in#convec5ve#updra7s:##

fracJon)of)SO
2 )subject)to)scavenging)lim

ited)by)EffecJve)Henry’s)Law
)equilibrium

)
and)aqueous)oxidaJon)by)H2O

2)
,Series,of,6,m

onth,sim
ula>ons,(1,Apr.,2008,–,1,O

ct.,2008))
)



Sim
ulated,colum

ns,(100:230,hPa),of,SO
4,,O

C,,SO
2,,w

ith,
C/S,m

ass,ra>o,,July,2008,

ATAL,prim
arily,

sulfate,and,organic,
aerosol,

Hot,spots,of,convec>ve,,
Loking,SO

2, (India,,E.,China),

ATAL,

C/S,ra>os,>,1,in,ATAL,generally,consistent,
,w
ith,data,from

,CARIBIC,observa>ons,at,
low

er,al>tudes,

Sulfate,m
ass,

O
rganic,m

ass,

CESM
:1,m

odel,results,show
n,by,Pengfei,Yu,et,

al.,,GRL,2015,,es>m
ate,ATAL,com

posed,,
of,~60%

,O
C,and,~40%

,sulfate,by,m
ass,



CALIO
P,vs.,sim

ulated,Scat.Ra>o,,July,,2008,
30:105

oE,M
eans,

SR,,July,,2008,

M
IPAS,vs,G:C,SO

2 ,July,2008,

M
odel,show

s,distribu>on,of,peak,aerosol,
Scacering,ra>o,consistent,w

ith,CALIPSO
,

Apparent,w
eaker,ver>cal,penetra>on,,

of,SO
2 ,in,this,zonal,m

ean,view
,m

asks,,
existence,of,localized,SO

2 ,tow
ers,



ATAL,

In,cloud,prod.;,
S(IV)+H

2 O
2 (aq),

S(IV)+O
3 (aq),

Gas,phase,prod.:,
SO

2 +O
H+M

,

ppt,
ppt,

µg,m
:3,m

th
:1, Convec>ve,,
Loking,SO

2,

M
odel,indicates,ATAL,sulfate,sustained,by,convec>ve,loking,of,
SO

2 ,com
bined,gas:phase,conversion,(July,,2008,,30

oN
),



G:C!colum
ns!(100:230,m

b),!July!2008!m
ean!

ContribuOon!of!India!em
issions,

!
Full,suite,of,em

issions,,,,,,,,N
o!Indian!FF,!BioF!em

issions!!!!!!!!!!Percent,difference,
SO

2,
,,,,,,SO

4,
,,,,,,O
C,

ug,C,or,S,m
:2,

ug,C,or,S,m
:2,

%
,

80:90%
,

60:70%
,

70:80%
,

ContribuOon!from
!Indian!em

issions!alone!to!the!ATAL,(July,,2008),show
,up,to,70%

,(SO
4),,

and,80%
,(O

C),contribu>ons.,N
eely,et,al,(JGR,,2014),determ

ined,that,Indian,and,Chinese,sulfur,,
em

issions,contribute,only,~30%
,to,ATAL.,

ATAL,

ATAL,



G:C!colum
ns!(100:230,m

b),!July!2008!m
ean!

ContribuOon!of!Chinese!em
issions,!

Full,suite,of,em
issions,,,,,,,,N

o!Chinese!FF,!BioF!em
issions!!!!!!!!!!Percent,difference,

SO
2,

,,,,,,SO
4,

,,,,,,O
C,

ug,C,or,S,m
:2,

ug,C,or,S,m
:2,

%
,

up,to,25%
,

up,to,30%
,

Contribu>ons,from
,Chinese,em

issions,alone,to,the,ATAL,(July,,2008),show
,up,to,25%

,(SO
4),,

and,30%
,(O

C),contribu>ons.,N
eely,et,al,(JGR,,2014),determ

ined,that,Indian,and,Chinese,sulfur,,
em

issions,contribute,only,~30%
,to,ATAL.,

,

ATAL,

ATAL,



Conclusions,
,• Indian,Sub:con>nent,key,place,to,understand,ATAL’s,origin:,
• Key,results,of,the,BATAL,cam

paign,includes,:,
"
 First,size,distribu>on,of,the,ATAL,:,M

ade,of,very,sm
all/vola>le,

par>cles,of,less,than,0.2,m
icron.,

"
 Strongly,correlated,w

ith,Cold,Point,Tem
perature,,

"
 Influenced,by,convec>ve,m

oisture.,
"
 Likely,resul>ng,from

,N
ew

,Par>cle,Form
a>on,(sulfate,or,SO

A,?),
,

• O
ur,m

odeling,studies,indicate:,
"
 ATAL,com

posi>on,a,com
bina>on,of,sulfate,and,organic,carbon,

"
 Sulfur,contribu>ons,to,ATAL,shik,from

,India,to,E.,China,from
,

early,–>,late,sum
m
er.,

"
 Regional,em

issions,m
ake,dom

inant,contribu>on,to,ATAL,
"
 Results,sensi>ve,to,param

eterized,treatm
ent,of,precursors,in,

convec>ve,updraks,



W
hat’s,next?,

,• BATAL,2016,
,

"
 Coincident,w

ith,StratoClim
,cam

paign,
"
 In,situ,m

easurem
ents,of,ATAL,com

posi>on,(im
pactor),

"
 Characteriza>on,of,and,tem

poral,changes,in,aerosol,size,
,

• M
odeling,studies:,

"
 StratoClim

,observa>ons,w
ill,provide,invaluable,m

odel,
constraints,,

"
 GEO

S:Chem
,U
CX,–,sulfur,sim

ula>on,of,the,troposphere,and,
stratosphere,



Thanks,



Cloud:cleared,Scacering,,
Ra>o,from

,CALIO
P,,,

4,August,,2008,,

From
,Vernier,et,al.,,(JGR,,2015),

Cloud,cleared,
Vol.,Dep.,>,5%

,

Cloud,clearing,,
(Vernier,et,al.,,2009),,

Ice,Clouds,

Aerosols,

CALIO
P,depolariza>on,,,,,used,to,separate,

Ice,from
(low

,depolarizing),aerosols.,,
!

Clearing!criterion:!Vol.!Dep.!>!5%
!

!
Low

,depolariza>on,–,spherical,
par>cles., Data:15:17,km

,,
Southeast,Asia,

Background,
Enhancem

ent,

BS,532,nm
,

∂

∂ The,Asian,Tropopause,Aerosol,Layer,,



Total,(LS+CV),
W
et,scav., SO

4,

Total,(CV+LS),
W
et,scav., SO

2,

Ver>cal,m
ass,,

flux,SO
2,

Ver>cal,m
ass,,

Flux,SO
4,

Convec>ve,,
Loking,SO

2,

Convec>ve,loking,of,SO
2 ,extends,into,the,upper,troposphere,

w
hile,loking,of,sulfate,is,undercut,by,scavenging,by,precip.,

µg,m
:3,m

th
:1,

m
g,m

:2,m
th

:1,



Sim
ulated,La>tude,X:sec>ons,30:105

oE,m
ean,,,

CO
,,SO

2,,Sulfate,and,O
rganic,aerosol,,July,,2008,



Standard,Version,of,code,w
ith,instantaneous,>tra>on,of,,

SO
2,in,w

et,convec>ve,updraks,show
s,no,ATAL,

ATAL?,
gone,

In,cloud,(aqueous),
produc>on,

Gas,phase,,
produc>on,

Convec>ve,,
Loking,SO

2,


