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Stratospheric Mean Ages and Transport Rates 
from Observations of Carbon Dioxide 

and Nitrous Oxide 
K. A. Boering, S. C. Wofsy,* B. C. Daube, H. R. Schneider, 

M. Loewenstein, J. R. Podolske, T. J. Conway 

Measurements of stratospheric carbon dioxide (C02) and nitrous oxide (N20) concen
trations were analyzed to investigate stratospheric transport rates. Temporal variations 
in tropospheric C02 were observed to propagate into the stratosphere, showing that 
tropospheric air enters the lower tropical stratosphere continuously, ascends, and is 
transported rapidly (in less than 1 month) to both hemispheres. The mean age A of 
stratospheric air determined from C02 data is approximately 5 years in the mid-strato
sphere. The mean age is mathematically equivalent to a conserved tracer analogous to 
exhaust from stratospheric aircraft. Comparison of values for A from models and ob
servations indicates that current model simulations likely underestimate pollutant con
centrations from proposed stratospheric aircraft by 25 to 100 percent. 

1 he chemistry of the stratosphere may be 
strongly perturbed by pollutants as a result 
of the long residence times (1-10) for gases 
and aerosols in the stratosphere. Rates of 
transport of pollutants into, within, and out 
of the stratosphere are thus important pa
rameters that regulate stratospheric compo
sition. T h e basic characteristics of strato
spheric circulation are known from obser
vations of trace gases such as water vapor 
and ozone ( 0 3 ) (1) and of particulates from 
nuclear tests (10) and volcanic eruptions 
(11). Air enters the stratosphere at the 
tropical tropopause, rises at tropical lati-
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tudes, and descends at middle and high 
latitudes to return to the troposphere ( 1 , 
12). However, the rates for transport on 
global scales are poorly known, and quanti
tative information is critically needed to 
predict the response of stratospheric 0 3 to 
climatic or chemical change (13) or to ex
haust deposited in the stratosphere by pro
posed high-speed civil transports (HSCTs) 
(14). 

W e present here in situ observations of 
stratospheric C 0 2 and N 2 0 concent ra
tions that elucidate key aspects of strato
spheric transport . Seasonal and annual 
variations in tropospheric CO^ are shown 
to propagate into the stratosphere where 
C O 2 behaves as a conserved tracer (15); 
N ? 0 is nearly invariant in the troposphere 
and is removed by photolysis in the upper 
stratosphere. These tracers together pro
vide an ideal probe of transport on time 
scales of importance in the stratospheric 
circulation. 

Tropospheric C O z concent ra t ions os
cillate seasonally, reflecting hemispheric 
cycles of photosynthesis and respiration; 
seasonal amplitudes near the surface are 1 
part per mill ion (ppm) in the south and 3 
to 15 ppm (increasing poleward) in the 
nor th , with the two hemispheres 6 months 
out of phase (16). In addit ion, C 0 2 in
creases annually on average by 1.4 ppm 
year" 1 as a result of fossil fuel combust ion 
(17). T h e 5 years of near global scale 
observations of C 0 2 reported here reveal 
that air enters the stratosphere in all sea
sons and that seasonal cycles of C O z in 
the stratosphere have identical phase in 
the N o r t h e rn Hemisphere and Southern 
Hemisphere . Analysis of the measure
ments establishes a lower limit for the rate 
of quasi-horizontal transport from the 
tropics to mid-lati tudes of bo th hemi
spheres and defines mean upwelling veloc
ities in the tropics and the mean age of 
stratospheric air in mid-lat i tudes. T h e re
sults also provide critical diagnostics for 
models of stratospheric transport. 

W e obtained simultaneous measure
ments of C 0 2 , N z O , and other species at 
altitudes between 9 and 21.5 km from N o 
vember 1992 to February 1996, using 
NASA' s ER-2 aircraft. T h e longest interval 
between observations was 5 months, with 
near monthly time resolution between Feb
ruary and November 1994. Sampling in
cluded tropical, middle, and high latitudes 
from 70°S to 61°N (18). 

Seasonal and annual changes in tropo
spheric CO2 propagate across the tropical 
tropopause and slowly ascend, as shown by 
vertical profiles of C 0 2 in the tropics (Fig. 
1A). Maxima in C 0 2 were observed at a 
potential temperature 6 ^ 435 K [corre
sponding to a pressure-altitude of 19 km 
(19)] in October 1994 and in November 
1995. A minimum was observed at a similar 
altitude in February 1996. T h e observed 
extrema represent the annual maxima (or 
minimum) that entered the stratosphere 3 
to 4 months earlier at the tropical tropo
pause at 390 K ( — 16 km). T h e 2-ppm 
increase from October 1994 to November 
1995 reflects the trend in tropospheric C 0 2 

over that time interval. T h e amplitude of 
the seasonal variation at 435 K is about 
80% of the variation for air entering the 
stratosphere (see below), a notably small 
a t tenuat ion indicating that vertical advec-
tion dominates both vertical diffusion and 
mixing of older air from mid-latitudes into 
the tropics (20-22). 

Observations of C 0 2 at northern and 
southern mid-latitudes show that seasonal 
variations in C 0 2 are transported rapidly 
from the tropics poleward. However, the 
seasonality at mid-latitudes is not as well 
preserved with respect to altitude (or 6) (for 
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ilellt \\-hen COI la plotted agc1mst ,I w ,~son-  
ally inrarlant tracer such as N1O (for ex- 
ample, Fis. 1C). \vh~c11 rernn\,ea the vari- 
al?~litv associateLl with re\.ersil?le Llls~ilace- 

truylcal tropayause (FLY. 3A; see also Fig. 
1 C )  ( 2 6 ) .  These  c)lxervatlon.i indicate ( i )  

example, Fig. 1B) as 111 the  tropics. Pldne- 
t , . . -  all-sca 1 e n , ~ \ ~ c s  in the cxtratrop~cs i11,iucc 

170th large-scale re\ ers~l?le air d~iplaccmcnts 
, ~ n d  hori:cintal mis lns  ( 12) ,  re.;ulting in air 
k?arcels at  a gil-en altitude th,ir h a r e  a di- 
l.crsc range of transport histories rather 
than the rel,~ti\-el7- narrow Llistril?uriL>n 
tc>ul-iiI in the  tropics ( 3 .  22 ,  2-3). Seasonal 
~ , d r i , ~ t i ( ~ n a  In CO: at  mid-1atir~ldi.s ;Ire el-i- 

th,it inputs from tl-ic e s t r ; l t r c )p~c~ l  tropo- 
sphere to alt i tu~lca al701.c 8 = 3S0 to 400 K 
are insignificdnt (? / ) ,  ( i i )  tha t  air enters ments (24)  mil, to some extent,  with 

irreversible ll-iising (15). 
C ( ~ r n p , ~ c t  rcliitioi-is l?etn.een CO: and 

K , 0  ,IS 111 F I ~ .  1 C  \yere coi-isisrcnrly 017- 

serl-e;l in the  estratr(lpics o n  the  S7 flight\ 
from 1991 to 1996. d e t ~ n i n ~  the  se,~sonal 

the  tropical str;ltcisphere ccintinuc)usl~ 
t h r o ~ ~ g h o u t  the  year, :ii-iii ( ~ i i )  tha t  air is 
transportcil raPld1y ( < 1  mon th )  tram the  
ti-ol31cs to mid-1atituile.i of l3oth hemi-  
5p11eri.s < ~ t  Altitudes near the  t r o p o p u s e  
(X) .  .At ll~gl-ier altitudes (higher 0 ,  lolver 
K O  concentratiuns),  the  CO: cycle is 
more a t t e n ~ ~ a t e ~ l  a t  mid-latitucles t h a n  In 
the  tropic5 (Fig. 1 C )  and is completely 
clamped above 19 kill (-1.40 K). T h e  corn- 

and interannual evo1utlor-i o t  stratoiyl-ieric 
CO-. concentrations.  O n  ;el.eral occ,~<iclns 
data were ohtaineil in both  iout1it:rn and 
nor thern  mid-latit~~clils \vithin a 3-ii-eel; 
period; t he  rehulting scatterpli l t~ n-ithin 
each period are 11earlv idelltical (Fig. 2 ) .  
Air dt mici-latitudes 111 I1otl-i hcmisl~l-ieres 
tor .i{.l~icl~ 0 = 382 to  41717 K ancl N , O  = 

3L75 to 3lL7 parts per billion (ppb )  eshib-  
iteLl C0. seasonal i-l~al~ve.; identical in 

- 

I 

- 

Oct 1994 Nov 1995 Feb 1996 

plete a t t e n u a t i c ) ~ ~  may retlect lill-iited 
transport k ) f  dir from the  tropics t ~ )  mid- 
1;ltitudes a t  these a l t i t ~ ~ d e s  cir s ~ m p l y  the  
donlinance o t  disliersi\~e misii-ig. 

Several im~x)r tant  rranstlort i~ual-itities 
pllase a11c1 arnplltude to changes at  the  

Fig. 2. Scatterplor of CO, 
concenrrations. o1111ied and 
averaged in 1 O-ppo ntewas 
of N,O and nith iespect to 
l a t ~ t ~ ~ d e ,  versus N,O for 
March through U p r  1994 
(black) and October tlirougli 
November 1 994 igralll. 

U 

0+ 20" to 45"N 

o+ - 45" to 65'5 
~t 45" to 65"s 

D October 
m x  1994 

rn 
m v  

pg[% 

April Aw+ 
1994 

myx 

0 AD VX 
+ 

I I I 1- A - 

352 353 354 355 356 357 358 
Carbon dioxide (ppm) 
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tclde The s)tnbols de~iote lv l~et l~e l  tlie [-lean 
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NcO - 310 ppb age = 0 "rile boundan con- Date 
d ~ t ~ o n  n (A)] N,O = 2-5 to 280 ppb age = 

2 0 bears (71 240 to 245 ppb age = 3 0 )eats (al 1-0 to 175 ppb age = 4 5 beats Ages ha\ e l r r  
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Fig. 1. (A1 Verica profes of GO, at tropcal a t  - 
tudes, plotted versus potenta temperatlire (79) 
for flights on 24 28, and 29 October 1994 (7"s to 
7'N: s'x profesl, 5 November 1995 i2'S to 4'N. 
t:bo profes), and 13 Februav\< 1998 (2's to 3'N. 
two profes), The dotted n e  denotes the tropo- 
pause at 390 K (- 16 to 17 km) (BI Profes of GO1 
at mid-attc~des (35' to 65'Ni 11 November 1995 
iC) Scatterpot of smutarieous measure~ne~~ts of 
C02 verscls N10 lvdith N,O clsed as a pseudo- 
verica coordnate for November 1995; o. tropcal 
data frorn iA) , md-Iat~tude data from iB). (Inset) 
Saine data on an expanded scale :bth GO, aver- 
aged n 1 -ppb nter\jas of N,O. 



the CO, .easonal signal a n J  tl.0111 the tllne 
lag o t  t r , ~ t o s p h e r ~ i  C O ?  col~cel-itrat~on.; 
w ~ t h  re.pect to tlle trk)poalihere once the 
sea\Oll<ll \1g11~11~ 11ave Ll>lllllleLl (or aver<lgc'l) 
out. Eftect~.i.e ul7\vell1ng ~ e l k ~ c ~ t ~ e s  In tile 
t r k ~ p ~ ~  can he i ler~ved from the  a l t l t~ l~les  cif 

the estrelila 111 the CO, prof~lez (Fig. 1X) 
c~ni l  the tllnc inter\-a1 lletil-een the o17serva- 
t~ol-i ankl tl-ie Ja te  on n h ~ c h  the i:0: eu- 
t r e ~ n a  entered the striltosylhere (29) ,  ~f the 
locatlom of the  eutrcma are not s ~ g n ~ t ~ c ~ l ~ ~ t -  
Iy altere~l 17)- I I I I X I I I ~  \v1t11 ~ n ~ ~ l - l a t ~ t ~ ~ ~ l e  air. 
Tlie data 111 Flg. 3.4 5110\\- that  tlie ho~~n i l a r \ ,  
conii~tion for \tr,rto\ylieric (XI-, is nccurate- 
ly represc11tecl 17y the  meall of gro~~nJ- l~ , ise i l  
oli.;er\~:~tio~is from icnuthern a ~ i d  northern 
~ul-itr~pic;ll \tatlolls [Samoa (14"s)  and 
h?auna Lea (19"S) ,  respecti.i~elyj, ret,lrdrLl 
hy 2 month\ .  K~ioivleiige of tlii.; hounLl~irv 
c o ~ i d ~ t i o ~ i  allo~vr ertimates of the tran\it 
tilne for .;eason,~l extrem,l n~i th ln  1 2 
\.i.eeki. T h e  r e s~~ l t ing  ascrnt mte, (Table I )  
are remnrl;:~I~ly s ~ m i l , ~ r  to s raso~ia l l \~  re- 
solveil \,eloc~ties colnputecl froin r ,~ i l~ , l t~ \ .e  
heating rate< hasrrl o n  the Lise of hatellite 
and cllmntologiial data (3C) h ~ ~ t  are incle- 

0 1 2 3 4 5 6 0 1 2 3 4 5 6 7  
Age (years) 

Fig. 4. (A1 Mean ages of md-latitude a r  for 1992 
througn 1996 deri\!ed from a CO, observatons 
ihnned t i  2-ppb ntewas of N,OI, plotted aganst 
N,0 (as a pseudo-verica coordnate) (heavy sold 
lnej. Representatve standard de\~at~ot is of ages 
for a glven value of NiO are sho8.vn by horizontal 
bars and are 5 0 . 2  year for N,0 < 280 ppb. For 
N,O < 90 pph (heavy dasned lnej, data !/,!ere 
obtaned n May 1993 and October 1994 only and 
represent a r  that nad descended t i  tlie polar vor- 
tces. Tne tnn  Ihnes silo\!,! resultsfor a tracer model 
wth  transport based on a ~nonthly (solid) or annual 
dashed) mean resldua c~rculat~on. (Bj Model re- 
sults for tne tropcs (11 3'). Obsewatons of CO, 
t i  o w  N,0 and hgti-alttude tropcal a r  na\!e not 
yet been acqured. 

pel-iilent oi'r;ikl~;lt~ve tramter mokiels. Veioc- 
ltle. ilerlr.eil t r ~ > m  C;O1 estcl-iil to lower 
altlt~lde.; ~ n t o  the  reelill1 near the t r c ~ p ~ i a l  
tropopauie r\-here ,ilr e~-iter< the stratiiipl~ere 
anil he,ltlnp rates are small. 

T l ~ c  llleali age ( A )  of a ~ r  at  a p o ~ n t  111 the  
tratc7syhere is c o m ~ l ~ o n l y  d e f ~ n c ~ l  as the 
tlme lay I ~ e t ~ v e e n  the olliervcil stratospher~c 
conce~- i t ra t~on a d  tri>posy1-ierlc v;ilues t ix a 
c ~ ) ~ l < e r ~ e ~ l  tracer \ v ~ t l ~  a t ~ m e - v a r y ~ n e  con- 
i e n t r a t ~ o n  in the troposphere, tor rsamyle,  
(:01 ( 2 .  3) or sulfilr Ilexatluor~ile (SF,) (9 .  
1 )  H a  a L I  ( 2 )  s l i o~ve~ l  that,  it 
the troyi~splieric concentration (of the trace 
g.ib incre,ise< linearly wit11 tlme, thir tilile 
lac 1s iilelltical to an  average over tlie en-  
s r ~ n h l e  of transit tllnes from the trc>po<phere 
anrl tlirrefcc,rr repreeli t \  the trile al,el.age 
tinle icnr " m e a ~ i  itire") qince the ,iir r11tererl - ,  

the stratosphere. W e  calc~llateJ Inran 
stratosyller~c :Ige\ fi-on1 CO-, iiat,l, ~ i s i ~ l g  a 
l ~ n e a r  t ~ t  to the derei1.;onaI1:ed I-iounLl:~r\- 
c o n ~ l ~ t i < , n  in F I ~ .  3A after correcriny fcjr 
nletl la~ie ( C H 4 )  oxidation (15) .  FOI- altl- 
tuiier a t  ~vhicli  ~ e a ~ o ~ i a l  \ nrlntlclns 111 (XI2 
have LlampeLl out,  that 15, hieher t h a ~ i  3 to 
5 k111 ahove the  tropoyauce at  miLl-latlturles 
( N I O  < 2SC ppb),  remark,~l~l\-  prrclse aye,\ 
for a g l ren  value of N , O  \\.ere o l>t ,~~nei l  for 
all o lxervat~ons  fiom 1991 to 1996, ~ n c l i ~ d -  
111q 2.0 1 C.1 year. ior S , O  = 175 to 7SC 
n71-i anel 4.5 t C.1 yr,lrs for N,CI = 170 to 
175 pph (Fig. I B ) ,  and v<~lues euceeiling 5 
yearc for low N1O air in the polirr vortices 
(Flg. 4 A )  (32) .  Tliese agec are in gooil 
aqreeme~nt \\.it11 those ileriverl i~.om SF, (9 .  
33) .  Tlie ~~n i fo rmi ty  ot' the agec cleriveii 
from COZ Jata  ol-iraineil ii.eq~~entl\i over 21 

5-year per~oil  anrl the agreeme~it  nltl1 age; 
troll1 SF,> ol>ser\-at~ons inilic,~te t11:1t ne:rliel- 
lile errors are introiiuceii 117 the CO, sea- 
sonal cycle or hv  1nterann~1:11 vnrlatlon. 111 

(XII groil-th r a t e .  
Tlie lilrnn age ;?i 1s a qilantitv closel\ 

rclateil to tlie lnenli res~cle~ice t i ~ n e  for pol- 
lutantr vvith stratorplierlc rource\ (exhaust 
f1-om HSCTs. for e x a i n ~ l e )  that can he ac- 

matlcall\- equivalent to a co~lrerl-eil psei~clo- 
tracer xiit11 unit stratospheric i n y ~ ~ t  rate and 
:ero tropospheric concentration. T h e  mars 
c o n t ~ n i ~ i t y  e q ~ ~ a t i o n  for the c o n c e ~ i t r a t ~ o ~ l  
C of a conserveil tracer is 

Table 1. Upweling veoctes  In the lo\!,!er tropcal stratosptiere 

n-here ct,( 1s tile flux. If C . ~ t  the  tropopause 
(: = 0) 11-icrease. l ~ l ~ e a r l ~  \\.~t11 time t [C(x, 
x, 0; t )  = C ?  + h t ]  i ~ n d  41, = L7 norm,ll to 
the upper hou~~i l a ry ,  \ve can i i e f ~ ~ l e  ,A = 
-(C - C ,  - bt)/b, giv11-ig 

T h e  r~yl l t  d e  of Eq. ? represent.; .L n111k)rm 
'\onrceU (aging rate), anil the  concentra- 
tlol-i (ace) at  the  loxver h o ~ ~ n d a r y  1s .4(z, y ,  
C: t )  = 0. 

A i ~ m ~ l e  moilel tliat ,ol\-e< Eq. 2 ,  \vlth 
the \econil tern1 coluputeil trom the montllly 
resiclual c ~ r c ~ ~ l a t i o n  ( 3 4 )  averageil ~nrci a 
t l .o l~~c:~l  i l ~ l i l  t\\-o micl-lat~tuile o n e s ,  repro- 
Jute,\ the d ~ \ t r i h u t ~ o n  ot A In the extr:ltrok>- 
~ c s  deriveil from CO, (Fig. 4. A and R )  (35). 
T h e  ag ree ine~~ t  is surpri<lng I7ecause the re- 
siil~lal circulation 111 the moilel is com~le te lv  
,~d\,ective; it Illay he e s p l a ~ n e ~ l  17.)- ~notlng 
that morlel ,?yes are 1L70;1 \rn,~ller at  m~rl -  
lat~tuileq anil airnost 4C'% smaller in the trop- 
ics ~t the resirlu:~l circulat~on 1s averayeel 
a ~ ~ l l ~ ~ ~ i l l v  ~ns teaJ  ot monthlv. LVe therefore 
~ n t r r  that f luct~~at ions  in the sign :inil 111,lg- 
n~turle ot the residunl c i ~ - c u l a t ~ i r ~  on  monthl\- 
tinle sc,iles proviile s~gnificant ~ l i ~ x ~ 1 1 g  111 the 
moilel on glohal scales, s~lfflc1e11r to lilatcli 
the llleali apes derived fsom the ol>servatlo~ir. 

T h e  pseudil-tracer -4, conrrrainerl l ~ y  01,- 
servations, represents a cr~tic,ll parameter tci 
test mcmlelr ured to preil~ct the ilistrihutlons 
ot p o l l ~ ~ t ; ~ n t s  fro111 HSCTC.  For HSCTs fly- 
inc a t  hflacli 1.4 1 ~ 1 t h  ,111 emisslo~i inilex i ~ f  
15 q of N O ,  per kilogram ot file1 hurlled 
( l q ) ,  the  moilei decrlheil  < ~ l ~ o v e  preilicts 
peak e n h ~ ~ n c e m e n t s  in stratosplieric nltro- 
qu1 uxiiles (ASO. , )  of >i pp1> for 15O to 
9C0S ani{ >3 ypl7 fi)r 15"N to 1 5 5 ,  or 1 5  
to 1 C0"b greater tli,111 preiiicteil b\- lllociels 
useil in recent nsressments ( 1  4) .  T h ~ s  illfter- 
ence 1s consilrent cv~tli tlie ~~~iileretimatioli~tio~~ 
of lliean i~yes ileriveil trom SF,, d i s t r l h ~ ~ t ~ o n s  
simnlateil I7y ~~ssessnlent morlels (36). 
Hence, these ~iloilels l~kely  ~~nderes t lmate  
1SO. res~lltilng from HCSTs  h\- 1 5  to 
1CC"b. 

Tliese measurementr ot CO, and S,O 
provide r~uantltative ~ n h r m , ~ t i o n  on 
stratosplieric transport rates :11ii1 ~1111il~ie 
con,traints o n  r t r<~torpher ic  mor~els,  In- 
cluLling ( i )  a lo\\-er l l~ i l i t  of 1 ~ii i) l l t l i  011 

rates tor the  i l ~ s p e r ~ a l  o t  tracers fro111 t r ~ ) ~ > -  
leal to mi i l - l a t~ tu i l e~  of horli hemirpheres; 
( i i )  se i~so~la l l \ -  resolverl tropic:11 ~ ~ ~ \ v e l l ~ ~ i g  
velocitlec in the  r,lnge C.7 t c  C.3 111111 s-I;  

Potental temperature Tme pel.iod for ascent Trans~t tme  Ascent rate Ascent rate 
Date of tropical profile 

range (K! from tropopause (days) (K d a y ' l  (1 0 ' m s-' I (38) 

24. 26, 29 Oct. 1994 390 -> 430 = 5 1 July -> 26 Oct. 118 = 14 0.34 = 0 06 0.19 i 18Ob 
5 No\I. 1995 390 -> 438 = 4 1 July -> 5 NOV 128 i 14 0.38 i 0 07 0 21 = 18Ob 
13 Feh. 1996 390 - 440 i 10 15 Nov. - 13 Feb. 90 i 14 0 56 i 0 14 0 31 = 25% 



; inJ  ( i ~ i )  a c c u r a t e  m e a n  aye? to r  t l i e  lolver 
am1 n l ~ J i l l e  srr ; l tospl l rre ,  i ~ l c l ~ ~ d i ~ l  2 yerlrs 
a t  , i l t ~ t i ~ J c . c  of 1 5  1111 r l ~ i i l  >5 year<  tor 
a l t l t i ~ ~ l e i  a l lovc 2 5  !in. Vali les  to r  .i rep-  
r c w l i t  J p o ~ v e r f ~ i l  ~ I i : ~ ~ ~ i i > s t i c  to r  <tr;ito- 
~ j l l i r r i c  ~ l l o i l c ' l ~ ,  r ca~ l i lk  coml? i~re i l  I-\. t h e  
use of :I < i m p l e  r.;euiIo-rr;lcc.r. Re12rc)~lucine 
rlic ol.serveil r e m p u r a l  ani l  ?parial  evt i1~1- 
t i o n  o t  tlhe r e l a t i o n  I-et\veen C0. a ~ i c l  N ,O 
rc .prc\ents  a t ~ l r r l i e r  cllaIlen:ing te.;t. \Yirh 
t h ~ r  i n f o u n l a t i o ~ ~  i t  s l lou l J  1-e ~?c>csil?le tc) 
impr.o\re n l o d e l i  ancl y r o v ~ i i c  e ~ ~ l l a ~ i c e i l  
c i \ n f ~ , l e n c ~ ,  i n  y l . e i l i c t io~ l i  i ~ t '  e n \  Ironrnt.11- 
tal effect. o n  t r a t i ~ s p l ~ e r . ~ c  0;. 
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