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Emission Measurements of the Concorde 
Supersonic Aircraft in the Lower Stratosphere 

D. W. Fahey, E. R. Keim, K. A. Boering, C. A. Brock, 
J. C. Wilson," H. H. Jonsson, S. Anthony, T. F. Hanisco, 

P. 0. Wennberg, R. C. Miake-Lye, R. J. Salawitch, N. Louisnard, 
E. L. Woodbridge, R. S. Gao, S. G. Donnelly, R. C. Wamsley, 

L. A. Del Negro, S. Solomon, B. C. Daube, S. C. Wofsy, 
C. R. Webster, R. D. May, K. K. Kelly, M. Loewenstein, 

J. R. Podolske, K. R. Chan 

Emission indices of reactive gases and particles were determined from measurements in 
the exhaust plume of a Concorde aircraft cruising at supersonic speeds in the strato- 
sphere. Values for NO, (sum of NO and NO,) agree well with ground-based estimates. 
Measurements of NO, and HO, indicate a limited role for nitric acid in the plume. The large 
number of submicrometer particles measured implies efficient conversion of fuel sulfur to 
sulfuric acid in the engine or at emission. A new fleet of supersonic aircraft with similar 
particle emissions would significantly increase stratospheric aerosol surface areas and 
may increase ozone loss above that expected for NO, emissions alone. 

Emissions fro111 alrcraft il-iclude m,my spe- 
cles that play <I role In a t m c ~ s ~ h e r ~ c  chelni- 
cal and railiative processes ( I  ). PI-i>gs,ims in 
the U~nitecl States anil other co~rntl-ies ai-e 
~lncler \Yay to evalu;lte the efkcts of expanil- 
ing the numhel- of 111gh-s~eeJ civll transpol-t 
( H S C T )  aircraft that 01x1-ate in the strati)- 
sphel-e ( 2 ,  3 ) .  I11 aiiditlon to the severe 
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'To i ~ i i o ~ i i  corresponclence slioud be adclressecl. 

technical ch,illcnges that  ~ l - i ~ ~ s t  he aci- 
dressed, sig~~lfical-it e n v ~ r o ~ ~ m e n t a l  issuea re- 
lated to the role (If esh,lust elnissiclns in 
c l l ~ n ~ l t e  c i ~ l ~ i  glohal change nlust also lye 
cliliil-csseil lyefore such a fleet call 1.e consi~i- 
eseii viahle (4 ) .  T h e  emission rci1lli1-ements 
imlyi)se~l 011 new engines \\.ill largely depcl-iil 
on the envirol-imental conseiluences attrih- 
uteii to the emlssiilna. 

T h e  tISCT a~rcraf t  ~vi l l  elnit ~-e,lctl\-e 
l-iltrogen, NO,,, In the t i ~ r m  of N O ,  at  altl- 
t~liles in the lo~ver srratc~s~>here hetn~een 16 
,rnJ 23 km n~hi le  oper,iting at  speeds of 
Macl-i 1.6 to 3.2. resnecti~~elv.  T h e  N O  
yartlcipates ciirectly and iniilrectly In cata- 
li,tic cycles that destroy O1 in the loiver 

, , 
stratosphere (5). Ho~vc\-cr,  the  \ensiti\-ity of 
0, loas to N O .  elnissii~ns is reiiuceii in 
iltlnosl?he~-le 1noile1s \vhen he te rogcneo~~s  
r e a c t i ~ ~ ~ s  on I?,ickgrounii ulf,ite acrosc~l p i r -  
ticles arc 111clu~le~1 (6-8), 17ecC~l~se rllc N O ,  
fr;lction of N O ,  is reciuceJ t l l r o ~ ~ g h  more 
cfkctlve con\-ersion to H N O i  (9). O n e  cur- 
rent eatim,1te is that  the  emiss~on fro111 21 
fleet of 500 tISCT aircl-aft oper,lting in the 
year 2015 at  Mach 2.4 (20 kin) \voulcl 
chantre colunln O 3  137; less t h m  1'?O het~veen 
40" and iOON if t he  emlsslon 11-ides (EI)  
fix N O ,  1s 15 g of N O ,  per k~logr,rnl of fuel 
i>r less ( 7 ) .  Losses incl-ease ~f either t he  EI 
for N O ,  01- the  flight altitude are In- 
c~-e~iseil .  Ho\vever, these calculC1tic>ns cur- 
~-elltly 110 no t  i1lc1~1de the  effects of the  

To date, no illrect EI ~ne~~surernel-its for 
re,lctl\-e nitrogen speclea or pa~. t~cles  have 
hecn reporteii for <I s~~perso~- i ic  ,ilrci-aft 01-7- 
eratil-ig in the str,ltoal.11ere. Instead, EI \.al- 
I I C ~  for N O ,  are cleriveil froln grounil-hascd 
engine me,i.;llrelnents (10 ,  11) .  Partlcle 
emissiol-i parameters are not well c l~~lracter-  
i:eil for supersonic aircraft ope~-<lting In tlic 
str,iti)sphere, hecauac groun~l-hased tests ilo 
not f ~ ~ l l y  simulate the  gri)\vth , ~ n d  coagula- 
tion prilcesse? in the plulne that c h a ~ l ~ e  
pxt ic le  number, size, ,lnci ci)mposition after 
the  enjill-ie e x h a ~ ~ s t  enters the  surrounding 
atmosphere. W e  present here meaurements  
111~1de hehillil the Concorile aircraft anti use 
them to aci~lress NO,  ,il-id pal-tlcle em~ssion 
rates, the  fo rma t~on  of 111tric anii sulfuric 
acld In the  exhaust ,~n i i  the poten- 
tlal conaecluences of particle emission for 
0. 1 o s ~  calculatic~ns. 

T h e  Concorde exhaust \vas scl~l-ipleil cln S 
Octoher 1994, off the  coast of N e ~ v  Zealand 
(Fiq. 1 ) .  A 320-k1l-i section i ~ f  the flight path 
tl-averseii hy the Concorile in 10 lnin at  
Mach 2 \vas salnpleci hy the N A S A  ER-2 
ail-craft in three 30-min segments, iiuring 
\vhlch the ER-2 move~ l  hack anii fc1rt1-i 
acrosa the ~ a t h  a t  different altituiles. T h e  
plume \vas encounte~-eii ,it least 11 tlllles 
iil~ring this period (Fig. 2) .  T h e  gels al-iLl 
narticle instruments on hoarii the ER-2 are 
~\rell s~~i tec i  to analyze ,111-c1-aft exllaust: all 
ha\-e a sampling rate of 0.3 Hz or higlier anii 
l ~ ~ l v e  demi)nstrate~l pri.clsion and accur~lcy 
i1-i m e ~ s u r e ~ n e n t s  in the h,lcligrounii atmt>- 
sphere ( IZ) (T ,~h le  1) .  A C0: nleas~irement 
in the  ~ l u m e  ~~sovlcieil the dilution factc~s 
hecause CO, can 17e ilirectly related to file1 
use f r i~m the s to ichiometr~ of co~nb~lat ion.  
T h ~ s  iiilutioll factor allo\vb measurements of 
other species to  he expressed as EIs. T h e  
reactive nitrogen ins t r~~ lnen t  pro\-ideti sep- 
,Irate meclsurements ot N O  ( the  primary 
nitrogen emission), the second,lry p r c > J ~ ~ c t  
NO,,  and NO,; NO,  is the  reservoir of 
re,ictive nitrogen species 

NO, = N O  + N O -  + H N O ,  + 2 N 0 ,  

( P A N ,  pel.oxy,icetyl nitrate) measured 
t l l r i ) , ~ ~ h  catalytic gol~version to N O  anci 
cletection of N O  usil-iq cllemiluminescence. 
K'itll a measure of KO and N O . ,  the con- 
versii)~l of N O  to lligller O X L ~ ~ ~ S  can he 
monitc>~-eci in the alllll-ie. Other  pasei)us 
com1~1stio1-i p ro i i~~c t s  ~nc lude  H,O, ,ilao ili- 
rectly relateil to the quantit\ of fuel I7urne~i, 
anii C O ,  ~vh ich  IS relateel to the efficiency 
of c o m h ~ ~ s t i o ~ ~ .  W e  used N ,O '1s a r e k r e ~ ~ c e  
to the 17~ckprounii atmosr?hcre lxccluse it 1s u 

,I lonq-liveii species in the strClto.;phere and 
significant N1O p r o ~ l ~ ~ c t i o n  is not expecte~i  
In the englne ( I  I .  13).  i\leasurements of 
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OH and HO, const r ;~i~i  the oxidation rates 
of sulfur aliii nitrogen specles in the plume 
and, t h ~ ~ s ,  the par t i t~oning \vitliin the  asso- 
ciated reservoirs. Tlie total (1lonvc11,ltile + 
volatile) mixilig ratlo of aerilsol J ~ ~ I ~ ~ I C ~ C : ,  

ancl the  nolivolat~le fiactlon in the plume 
\Yere ctetermined with a t ~ v o - c h a ~ i ~ i e l  con- 
i l ens~ t i i~ l i  l i ~ ~ c l e i  ( C N )  counter in n.hicli 
tlie ililet to the  ionv volatile channel WAS 

heateci to 192°C. 

T h e  pr i l lc i r~l  encollnter events ,ire vis- 
ihle in tlie NO. Liat,~ as sl l i~rt  ( < 2 0  s)  

C 0 2  \-alues d u r ~ n ~  each el-ent using the  
corre1atiol-i of COL \vith NLO ohserved on 
this flight a n ~ i  thri~ngliont the lo~ver strato- 
pliel-e (14) .  Tliese esti~linted CO, 17~ll~1es 
nlere then s ~ ~ h t ~ - ; ~ c t e ~ i  fl-om me,~sl~reil  vah~es  

departures from a smoc>th, slowly varying 
Ixickgrou~iii (Fig. 2 ) .  Tlie events are alao 
present in tlie COI iiat,l, although the rt.1- 
ati\-e \ - a r ~ a h ~ l ~ t y  of tlie backgroun~i is 1al.ger. 
T h e  ahsence of N,O events 1s strong el-i- 
dence that those in the NO., and (XI2 tinle 
seriea cannot he ,~ t t r~hu ted  to ilvnamical or 

at  each point I~efore i~itegration. Events 3,  
7, and 8 iTal>le 21 Lvere chosen fo r  the EI 
c a l c ~ ~ l a t ~ o n s  I3eca~lse the.\; \?ere least sensi- 
ti\-e to the iietails i ~ f  the intetrratio~i step. 

cIiemic,il p l i enon~en~ l  in the hackgrounil 
atmosphere. In an expansion of the niost 
intense encclunter (event 3 )  (Fig. 3 ) ,  the 
co~liciilelice in time of the i~iclivii l~~al peaks 
further attests ti1 the icientltv of the wr tu r -  

Given the liiqli accuracy and precision of 
i n d ~ v ~ i i ~ ~ a l  COI meas~~remen t s  (better than 
0.10/;,), the overall accuracy of the CO, 
integr'ltion 1s estinlateii t c~  he i l O ' %  ( l u ) .  
T h e  calculation of a species EI can l ~ c  niaile 
once integrals for COY m c i  the species of Ix t ion as aircraft exhaust. T h e  age of the 

exllaust sampled in a n  event,  as approxl- 
lllated fi-om the location history of each 
aircraft. 17aries from 13 to 58 Inin. T h e  
Ll~lution factor of the exhaust gas is ahout 3 
X 10pi  fc31- 1 pal-t pt.1- mill i i~n hy  \ . o l ~ ~ m e  
( p p m ~ , )  of C 0 2  in the  p l ~ ~ ~ ~ ~ e  ( 1  1 ) .  

An ;Iccurate cc>ln17al-ison of tlie ahun- 
dalices ot elnitted specie.; recluire.; that  the 
e \ .e l~t  peaks arc first integrated above back- 
gro~lnd values. W e  calc~llateJ hackgroun~l 

2---- , , , 
/' 

1 1 ~ - 1 0 m s - ' ~  - L ',!, - I 
1L-5 ~ $ 1  170" -- 1 80" ~ 
Fig. I. Fllght path (dashed Illie) of the Concorde 
from Fij to Christchurch. New Zealand, on 8 Oc- 
tober 1994. Temperature isolnes and winds on 
the 100-mbar surface (alt~tude of 16.2 km) are 
froln the NASA Goddard Space Fllght Center as- 
similation model (33). Thefllght track of the ER-2 is 
superlnposed on the Concorde track for the sani- 
pllng segments. The Concorde produced no con- 
trail visible from the ER-2 aircraft. Slack winds in 
the encounter regon greatly slmpllfied the sani- 
pling strategy because advection and shear ef- 
fects were minlniized. Operatng conditions of the 
Concorde: Mach number. 1.97; computed alr 
speed. 495 knots: fuel flow, 1.5 kg s '  engine - '; 
exhaust gas temperature, 680'C; englne rpni 
(NI -N4), 104%; amblelit temperature, 222 K; and 
altitude. 16 1 km (100 mbar). Although afterburn- 
ers are operated on all four engines durlng take-off 
and transonic acceleraton. they are not c~sed In 
su~ersonic cruse. 

2o'r 3 concorbe flight I 
is' 1 8 October 1994 7 10J 

Time ( lo3  s) 

Fig. 2. Tme seres of measurements durng the 
1-hour Interval that Includes the 11 prlnclpal 
plume events shown as numbered peaks Unlts 
are n i xng  ratlo In parts per m ~ o n  by volume 
(ppmv) and parts per b l lon  by volume (ppbv) for 
arnbent condtlons of 220 K and 100 mbar The 
bottom axs lndlcates Unversal Tlnie on 8 Octo 
ber 1994 

10.38 10.39 
Time (1 O3 s) 

Fig. 3. Expanded tme series of plume event 3,  
which has the largest peak values and Integrals of 
all the events. Lines connect indvidua measure- 
ments (circles). The CN data are measured In thou- 
sands of nonvolate pariicles per milligram of alr 
that passed through the h e a t ~ d  Inlet. Ambient air 
denslty 1s 0.16 nig cm j Th$ precise ocatlon of 
the peaks and the peak shapes for each speces 
are not expected to be idgntloal because each In- 
strument monltors a species with a different com- 
blnatlon of sqmple volume, sample residence tlme. 
slgna integration period, and absolute time calibra- 
tlon. However, because each ilistrument is de- 
signed to provide a continuous measurement in a 
constant sample floiv of ambient alr, abundances 
can be compared as peak integrals (1 1). Although 
H,O values demonstrate the presence of the 
plume. they cannot be used quant~tatvey here be- 
cause of wall adsorption (1 I). The bottom axls in- 
dlcates Universal Time on 8 October 1994. 

Table 1. nstrumentatlon on board the ER-2. Precision and accuracy are estimated. Pressure and 
temperature were sampled by aircraft probes each second wlth accuracies of t 0 . 3  mbar and 20.3 K 
(34). UV, ultraviolet: R .  infrared. 

Spe- Technique 
cies 

Sampling Residence Precision Accuracy Ref, 
rate (Hz) tme  js) (ppbv) (9.0 ) 

NO NO!03 cheni~lum~nescence 
NO, UV photoysis and N0/0, 

clieni~lum~nescerice 
0 N0!0> chem~luni~nescence 
GO, 1R absorption 
CO Tunable dode-laser absorption 
H,O Lyman-a hygrometer 
CN Growth chamber-lght scatterng 
OH Lasernduced fluorescence 
HO, Chemcal converson to OH 
N,O Tunable dode-laser absorptlon 
O3 UV absorpton 

20.05 2 2 0  
2 40 20.1  ppmv 
+ 1 1- 10 

1-200 t 10 
+20' t 20 

+0.00005 ?30 
i 0 .0002  ?40 
i-2.5% 22.5  
2 5 %  - 

'Meas~~,ed in partces per m~lligram cf ar  
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intcarest are available and the carholn con- 
tent of the fuel 1s kno\\.n ( 15) .  

Csing the NO,-N,O correlation ( I  6) for 
backgrou~ld NO, v,rlues in a manner silnilar 
to that useii for CO?, a-e ohtaineil the  NO, 
integrals \\it11 a11 uncertainty of 12'!i1. T h e  
EI v a l ~ ~ e s  tor the three selectee1 r~e ln t s  yielil- 
ed a11 average of 23.3 g NO,  (kg f ~ ~ e l ) - '  
\\.it11 an  ~~ncer t a in ty  of 22d'V:o ( 1 ~ )  (Tahle 
2 ) .  T h e  accuracy of the  NOq integration 
a-as lower ( -  T ~ G % I )  h e c a ~ ~ s e  NO1 is 111e,1- 
surec1 as a ditference signal a ~ i t h i ~ ~  the  NO, 
detector system and 110 backgro~lnd estima- 
tion is availal-le. T h e  NO,/NO, ratics in 
the plumes \?ere calculated in  tn.o a-ays 
(Table 2).  In the first metl~oci, integrals of 
measured N O ,  N O ? ,  and NO, nere  uaeci to 
form the NO,/NO, ratio iiisectly, In the 
s e c o ~ ~ d  method, N O ?  \\.as estimateil from 
the photoclhemical steady-state relation in- 
volving the reaction of N O  a ~ i t h  0; and 
photolysis of N O 2  (1 7 ) .  

T h e  EI for no~~\ ,o la t i l e  particles was cal- 
c~11,ited from a ctirect integral of C N  e\,ent 
data, \vhere the integral precision nras l~c t t e r  
t l ~ a n  1%. T h e  c o ~ ~ n t  rates for total particles 
a7cre too large in tlie selected p h ~ m e  e\,ents 
to l ~ e  recorileii accurately hecause of 
counter sat~lration. '4s a result of tlie excel- 
lent s ignal /backgro~~~~iI  ratio, \\.raker plume 
events that JiLl not saturate either C N  
chanllel were oPser\~eL1. In these e\.ents, 70 
to 90°/o of the  particles \\ere volatile at 
192°C. Using this ratio as representative for 
the e\.ents in Tahlc 2 ,  \ye estimateL] the EI 
range for \.olatile particles to 1-e (1.7 ti) 6.5) 
X Id1' (kg filel)-'. In previous C N  obser- 
vations made in the  stratosphere 18 hc)~ll-s 
after the passage of a11 SR-71 s~~person ic  
aircratt, the ratios of volatile to ~non\,ol,rtile 
part~cles nere  silnilar to tl~osc. rrporteil 
here, anil the EI for total C N  \vas estilllatrd 
to he ( 2  to 9 )  x 10'" (k9 fuel)-' for parti- 
cles larger than d.G3 p m  ill J i a ~ l ~ e t e r  (18).  

In  tl~eol-etical and ground-based csperi- 
mental st~lilies c t  tlhe ConcorL1e Olympus 
593 cngillc in the  197ds, the EI of NO,  
I-eceiveil tlie most attention h e c a ~ ~ s e  of its 
recognizeil c o n t r i h ~ ~ t i o ~ ~  to O, loss rates 
( I  i?, 19, 211). Experimental stuilies i ~ ~ c l ~ ~ ~ l e d  
emission tests in a press~lre cell drsignecl to 
simulate the temperature, pressure, anil \\.a- 
ter vapor conditiolls L)f  the str,ltosphere. 
T h e  r e s ~ ~ l t s  of the  present study agree \\ell 
\vith previous test cell rneas~~rement \  (Table 
3 )  T h e  latter r e s ~ ~ l t s  are a ~ i t l ~ i ~ ~  the  uncer- 
tainty I?o~~nils ot x ? d %  placed on the EI 
\-al~les determined herr.  Gooil agreement is 
also noted \\it11 semiempir~c~il  estimates of 
the N O ,  EI, made trom the  f~~nc t io l l a l  Lle- 
pen i l e~~ce  of N O ,  proiluctio~n on compre.;sor 
inlet temperature, pressure, and resiilence 
t i ~ n e  ~ I I C ~  a single ~ I - ~ > L I I I C ~ - ~ ~ ~ ~ ~ L I  n ~ e i l s ~ ~ r e -  
merit for normali~ation (10) .  T h e  overall 
agreement of the  r e s ~ ~ l t s  f r o ~ l ~  the  Concorc1e 
plunle \\it11 those of previous studies 111- 

Table 2. Concorde El values. For comparison, previous experimental and theoretical results are also 
gven. 

Elnission indices (per kilogram of fuel) 

Plulne 
Source age NO,/NO,' Non 

(m~n) NO C O ~  voa t~es  V " l a t l e s  

(4 NO,) cg GO) (1 O i C  
( l o q 7  

partcles) palilces) 

Event 3 16 0.88 11.06) 22.8 <3.5 4.3 - 

Event 7 54 0 84 (1.08) 27.1 1 3 . 5  8.7 - 

Event 8 58 090(1.11)  19.9 <3.5 8.5 - 

Average - 0.87 (1.08) 23.3:;: <3.5 7.2 1.7 to 6.5 
ClAP (exp ) - - 18.9-1 9.9 1.4-4.3 - - 

(42) 
CIAP (theobi) - - 19.5-21.7 3.5 - - 

142) 
COVOS (exp.) - - 23.2-26.5 2.4-4.6 - - 

(43) 

'Val~les In parentheses Llse steacly-state NO, calc~~latecl frcln Eq 3 I No pl~l lne s g n a  iwas ebldent n the t l~ne seres 
of CO observations: If the s~ynalto-nolse rato ~n the CO data s used to Illnlt the maxlnium allo\vable peak, the El cf CO 
must be less tlian gro~llid-based rneas~renents of 3 5 g CO (kg f u e l ) '  (1 1. 19) Tlie upper In t value s consstent ihwth 
botli prevous stucles and attests to tihe h gh effc ency of the Oympus 593 cclnbustor .!.The average NO,, El had an 
uncerianty of =20Ch 

cre'rses cclntidence t l ~ a t  tlhc emission of re- 
active n i t r o ~ e l ~  from a l~e \v  s~~nerson ic  
H S C T  ellgine operating in the  stratosphere 
can be prei1icteLl aiieii~~ately hy g ro~~nt i -  
hased t e c l ~ ~ ~ i i l ~ ~ e s  that coulcl he ~lsed long 
before the first flight of the  aircraft. 

T h e  direct NO,/NO, measurenlents 
yield a n  a\,erage of d.9 (Tahle 2),  confirm- 
ing that the fsaction (71 IIOII-NCI, species in 
the pl~lnle \\.as 3mall, as a.;s~~meJ in test cell 
anil other ground-'ased measuremel~t>. 111 

ci~ntl-ast, NO,/NO, \ ,ah~es  exceeded unity 
(Table 2 )  n.11en the steady-state estinlate of 
NO,  [Eq. 3 ( 1  7)] \\as used, beca~lse steady- 
state N O .  v a l ~ ~ e s  in the nh~rne were twice 
the meas~lreti v a l ~ ~ e s .  O ~ ~ t s i i l e  the plume, 
the  differel~ce \\as less than 10'Xr. This dis- 
crepancy iniiicates tlhat (Ither reactions con- 
tl-ihutc to the steady-state balance insiile 
the p l ~ ~ m e .  Tlle h i g l ~  NO,/NO, ratios indi- 
cate that HNO, ,  a principal NO,  species 
anil aerosol component in the stratosphere, 
\\.as not a h u ~ n d ~ n t  ill the pl~lme in the first 
m i ~ ~ ~ ~ t e s  to 11i1~1rs. 

T h e  ob\er\,ed O H  peaks (Fig. 3) are 
largest for the e<irly events (1d min) ,  ile- 
creasing to neglilrihle v a l ~ ~ e s  for the  oldrqt 
evel~ts  ( 1  hour).  111 aililition, the high reac- 
tivity o t  OH ensures that e~nitteil  OH \\.,IS 

present tor only a fe\v seconils atter ernicsiol~ 
f r o ~ n  the engine ( 1 ,  21) .  Thus, an inJirrct 
source of O H  that decreases ~ v i t h  tinle is 
recruired to esnlain the <~hser \ .~i t ic)~~s.  T l ~ e  
most 11l;ely c,rndidate is the  photi~ly.;is of 
H O N O ,  n r o d ~ ~ c r t i  in the  rc;rction of OH 
N O  n-ithin seconds of t l~e i r  emission fro111 
the e n i n e  (22,  23).  T h e  r e s ~ ~ l t s  o t  a pho- 
tochrmic:rl model inc1ic;rte th,it O H  emi.;- 
sion ccl~lal to 3 to i ? ~ ,  o t  the c~lli t ted N O  is 
c o ~ ~ s i s t e ~ ~ t  \ \ ~ t h  ollser\.eil OH (2.5). T h e  
upper limit for r l l l~t tcd OH is likely to be 
lvithin a tactor o t  2 o t  this I-al~le. L4sa~~ming  

that the reaction c~t OH nit11 N O ,  controls 
H N O ,  production in the pl~lme,  this OH 
estimate is consistent nrit l~ the large NO,/ 
NO. vah~es  cited ahove. I>es~>ite the addi- 
tional source of O H  in the L > l ~ ~ m e ,  the Llr- 
crease in HO, concentratio~ns is consistent 
\vith cl~anges in the HO, partitio~ning in the  
p h ~ m e  ca~lseil 11y increased N O  (24) .  

Particles containing soot and H,S04 are 
cspccteci in aircratt enqine e s h a ~ ~ s t  (25) .  
Laboratory st~lLties   sine the C N  counter 
suggest th;rt the volatile particles are corn- 
poseil of H1"S04 and H1O. Soot,  nh ich  is 
not \.olatile at temperatures less than 
7dG°C, may have heen a11 imnortallt com- 
ponent of ' t h e  nol~\. i~lati le f;.action. T h e  
large meas~~l-cti EI h)r part~cles is surprising 
because fuel s~llfur 1s thought to he emitted 
a\ SO, rathel- than a.; H2S04 (25) .  T h e  
nle;rs~~red OH clel~sities cannot explain ox- 
idation of nlore than 1% of t l ~ c  S O L  in the  
p1~1me ( 1 ,  23) ,  nhereas the mil~imum par- 
ticle dialneter detectable liy the C N  
counter [G.009 p111 (26)]  alnii tlie ohserved 
col~cel~tra t ions  r e q ~ ~ i r e  that at lr,lst 13 to 
45% i ) t ' t l~e  f~le l  s ~ ~ l f i ~ r  (d.G31 \veigl~t 'XI) nras 
osic1i:eil to HISO.+. T ~ L I S ,  it is likely that 
S O 7  \\.as oxidi:eil in the engi~ne or t l ~ r o ~ ~ g h  
some othel- u~~expecte t i  l ~ c t e r o g e ~ ~ e o u s  or 
gas-pl1.1se prow"; . ~ f t ~ r  g$issio~~. 

He te rc~ ,y l ro~~s  chell4i:stry occurring at a 
rate proportion,il to t j ~ e ~ r ~ ~ r f i ~ c e  area of sul- 
Lire aerosol is i m p o r t a ~ ~ t  in i l e t e r ln i~~ i l~g  the 
ntmc>spl~el:ic ci>ncentr,itlon o t  NCI, (9 ) ,  
\\-hi& tlirectly ;i~ncI indirectly contrc~ls the 
~ ~ l t a l y t i c  remo\.al rate of 0; (27) .  Wi th  
current f ~ ~ e l s ,  a tleet o t  SGG HSCTa \vo~~lcI 
Increase the mass o t  s~11t;lr iln the lo\\er 
stratosphere, hut the  c11,inije in aeroiol sur- 
h c e  are;r \vo~~l i l  ilenvnil 011 the  fate o t  the 
s~11i;lr c~~~is s io l l s .  I t  the elnittee1 sulii~r forms 
sn1;111 particles soon after combustiol~, qur- 



Fig. 4. Results from a coaguaton 10, , . . . . . . . ,  , , , . , , , , , ,1400 
tnode for the change n concentra- 
t~on, surface area, and mean paril- 
c e  dameter as a functon of tme  
ln~t~al condit~ons are chosen to 
matcli values observed for total 
aerosol pari~cles observed near 1 
hour. Subsequent values reflect the 
effects of coagulat~on when no mix- 
Ing occurs. The retnalnlng cuwe 
represetits results of tile box model 
for the steady-state pariicle con- 
centration. At each poitit, the nput 
to the box mode IS set by the cor- 
respondng results of the coagua- 
t~on  model scaled to a fleet of a r -  
craft and mxed to a hemsphere- 
szed voutne (29). 

.-.A- *:.-. -. Steady-state 
..,'.,, concentration 

Lice area e n h a ~ ~ c e m e n t s  \\-ill be lareer than 
if sul f~~l-  condenses on the  esisting hack- 
ground aerosol atter ilisyersion anLl con\,er- 
sioln to H ,S04 .  T h e  difterences ileL~enil 
largely o n  coag~~la t ion  (collisiol~s hetneen 
liquid particles), which re i l~~ces  both surtace 
area and particle numher over time. T o  
estimate this difference, we inc l~~ i l ed  coag- 
ulation and condensatiol~ processes ill a 
ul~llne ~nodc l  ( 2 8 )  initialized \\it11 the C N  , , 

observations at a p l ~ ~ m e  age of 1 h o ~ ~ r .  L411 of 
the f ~ ~ e l  s~l l f i~r  n.as ass~llneil to be oxiclized to 
HISO+, torm~ng 70 \ \ e ~ g l ~ t  '$1 H 2 S 0 ,  anil 
H,O part~cles wit11 a mean illameter of 
-0.016 pm.  Over tlme, both s ~ ~ r f a c e  area 
anil n ~ ~ m b e r  concentratlon decrease sipll~f- 
icantly In the undispersed ph~ lne  (Fig. 4 ) ,  
\\hereas the mean par t~cle  iliameter ~ncreas- 
es. T h e  slre and n~lmber  d~s t r ibu t~ons  from 
the c,ilc~~lations \yere useii as Input to a box 
model to estllnate the effects of a tleet of 
j0d H S C T  aircraft 1 ~ 1 t h  Concorile-l~ke par- 
t ~ c l e  emiss~ons (29 ) .  131st>ersion of the 
pl~lrne to l~emispher~c  scales slo\vs coagula- 
tion, thereby ex tend~ng  par t~cle  litetimes. 
In  the ahsence of an  accurate p1~11ne ilisper- 
sion moLiel ( 2 ) ,  the 1~111 range of plume ages 
(1  to 1024 haul-s) \\as ~lseil to 1nlt1a11:e the 
box-lnoilel calculations. T h e  result~ny par- 
t ~ c l e  concentrations at steady state vary 
troln 380 to 35 cm-'  for theje respective 
ages. T h e  corresyond~ng raI1ge o t  ste,iily- 
state aerosol surface 1s 3.0 to  1.3 F1112 ~ 1 1 1 ~ ' .  
T h e  calc~11,iteil steailv-state \.aluea are laree 
relatlve to backgrouncl vah~ea of -8 cm-' 
mil -d.S )*lnl c111r3, rcspect~vely. If the 
same ~llass of sulfi~r 1s ass~~meil  to iilsperse 
before coll\.erslon to HZS04 anil to con- 
dense on the existing l~ackgro~ind particle-, 
total surf,ice area increases to only 1.2 (nlll' 

cm- ' ( + 50%) in the  model. 
In H S C T  fleet scenaric-, calculations, In- 

creasing particle surt,ice area concentrx- 

I , , , , , , , , I  , , , , 

10 100 1000 
Time in plume (hours) 

tions from 125 to IjC'!;) as foul~d above 1s 
likely to chanye t l ~ e  stratospheric O3 per- 
t ~ ~ r h a t i o n .  Local 0 ,  loss rates decelnd on 
NO.,, anil increaiing s ~ ~ r k ~ c e  area red~lces 
the NO, fraction of the NO, reservoir (27) .  
As a res~ilt, the  concentratiijn of NO,  may 
actually Jeerease in the lower stratospl~ere 
it the scenario illeludes particle e~n i s s~ons  
with l o ~ v  NO, EI values. As an  example, in 
a st~lLly of the c o ~ ~ ~ l i ~ ~ g  hetween HSCT 
NO, perturbatiolls anil vo lcan~c  aerosol 
loail111y (3L?), the combination of ~ncreaseil 
aerosol s ~ ~ r f a c e  area (x4) and the e m ~ s s ~ o l ~ s  
of a Mach 2.4 HSCT fleet c11ant.ecl 0, 
c o l u r n ~ ~  loss In hroad mid-latitude reylons 
from that obtained nrhel~ aerosc~ls are held 
at hackyro~~ni l  values. Greater losses were 
~ O L I I I ~ ~  as the NO, elniss~ons \\,ere lo\\-ered 
fro111 15 to 5 y N O ,  (kg t ~ ~ e l ) - ' .  Thus, 
especteil c l~anges  in stratosplheric O3 crle- 
nend crltlcallv o n  the balance of the NO 
EI and aerosi~l surtace area L>erturhations: 
T h e  change in aerosol surface area res~llting 
from a n  H S C T  fleet \y111 be s~mllal- to ell- 
hancements oLser\.ed followinp s~nal l  vol- 
canic eruptions. Enhancelnents in aerosol 
numher c o n c e ~ l t r a t i o ~ ~ s  ilecay rapidly fol- 
lo\ving v o l c a l ~ ~ c  in jec t~o l~s  (31) h ~ ~ t  persist 
III steaily state 111 the H S C T  tleet calcula- 
t1011s. T h e  elevateil numl>er concentratlon 
of 3 to Id  tllnes c~lr rent  1>;1ckprc1~111il values 
\\.ill likely i ~ ~ f h ~ e n c e  ~ n ~ c r o ~ ~ l ~ y s ~ c ~ i l  processes 
111 polar s t r a t i~sp l~e r~c  clo~lils, p , ~ r t ~ c ~ ~ l a r l y  
t l~ose  rel,lteii to d e n i t r ~ f ~ c a t ~ o n ,  ,i key pa- , . 
rameter III the c ix~trol  of s p r i ~ ~ g t ~ m e  polar 
0, loss (32).  

Our  measLlrements In the  p h ~ m e  of  the  
Concorde provli1e a comprehe11s1r.e char- 
acterization of the  eli~issions of a super,olI- 
ic aircraft in flight. W i t h  a d i x r s e  set i d  

in-truments ,inJ only 5ecnnJs ot measure- 
ment  t ime, L3.e have addressed the  EIs of 
gaseb and particles anil the  yrod~ict ion of 

nitric a l ~ i l  s~i l t 'ur~c acids after the  exhaust 
enters the  atmost>here. If the  EI of slnall 
particles is cl~aracteristic of the  proposed 
HSCT fleet, signiticant increases in ~>ar t i -  
cle s~lrt'ace area and  umber are likely to 
occur, causil~g c h a ~ ~ y e s  in 0, loss processes 
a t  p l a r  anti mid- la t i t~~i les .  R e i l ~ ~ c ~ n g  this 
p e r t ~ ~ r b a t i o n  may require control of tuel 
sulfi~r,  hut at present 11-e al-e uncertaiii 
about the  processes co~ntrolliny aerosol 
f o r m a t i o ~ ~ ,  so further stuilv will be r e i l~~ i red  
hefore the  etticacy of any control option 
can he determinecl reliably. 
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P'P' Precursors Under Africa: Evidence for 
Mid-Mantle Reflectors 

Yves Le Stunff," Charles W. Wicks Jr. ,-t Barbara Romanowicz 

Observations of precursors to P'P' from a recent exceptionally large deep earthquake in 
the Fiji Islands (moment magnitude = 7.6) at an array of broadband stations in California 
revealed mid-mantle reflectors near depths of 785 kilometers and 1200 kilometers under 
the southern African rift. Such observations, previously reported primarily in subduction 
zones, suggest that these reflectors may have a global character. Our analysis, which also 
indicated a sharp, uplifted 670-kilometer discontinuity, demonstrates the power of sparse 
regional broadband arrays for the study of weak, frequency-dependent features in deep- 
Earth structure. 

Se\.eral st~idies around 1970 s~igqe5teil tlie 
existence of steep velocity gradients or [{is- 
continuities a t  various depths in tlie Earth's 
mantle (839 km. 990 Itm, anii 1209 kin) 
and in \.arious regions (1-3), but reference 
global Earth models de\,eloped since the  
1970s 11al.e not t i ~ ~ i n d  a co~ilpelli~lg need tor 
an\- of tliem. More recently, conrra5ts in 
seisniic velocit\- cor impedance have l3ee11 
iilenrifiecl near s ~ ~ ~ d ~ ~ c t i o n  zones at depths 
of 909 km (4-6)  and 1299 k111 ( 6 ) .  Tlie 
olxervation of precursors to PKPI'KP (1°F") 
has allo~ved inve5tigarion of lnantle diacon- 
rinuiries of regions like Antarctica and the 
miii-Indian Ocean ridge with 5ome success 
( 2 ,  7, d ) ,  but so far continents ha\.e heen 
poorly samplecl. T h e  array-proces.~ng tech- 
n i q ~ ~ e s  appear to he the  Ixst for the detec- 
tion of thew phases (9-1 I ) ;  they enahle LIS 

to suppress aml3ient noise and properly es- 
t m a t e  the  slon.ness of the seisin~c phases. 

On 9 X~larcli 1994, a deep eal.tliquake 
occurreii in the Fiji i5lanJs [larir~iiie, 
- 18.Q39; longit~ide, - 17S.411; Jepth ,  563 
km; origin time, 23:25:96.7; mc>ment mag- 
nitude (hi,,), 7.61, tlie largest in thi5 region 
since the Jeploymenr of nen. :eneration 
l~roaiihanii 5ratii~ns norlilniiie. This e\.enr 
lvns recorcled on 22 l>roadband stations in 

Seisr~ogra;:nc Staton and Depa-iment of Geology ancl 
Geopllyscs. Clnberst) of Caforna at Berkeev, Berke- 
ley CA 93723 USA 

'To ;'!horn corresponclence sno~,lcl be adc~ressecl 
1 Present acldress 111st1:ut f~rr  Geophysik D-37075 Got- 
:ngen, Germany 

California (Fig. 1A). Tlie location of tlie 
surface bo~ince points of P 'P '  follox5 a 
~ i i ) r t h e a s t - s o u t l ~ ~ ~ ~ e s r  trend south of Lake 
Tanganyllca in a region a ~ h e r e  the  African 
Rift is hending In a southeastern direction 
tinvard the  Lalce Xlala\vi region (Fig. IR) .  
W e  now iiemi~nstrare the  potential of the  
snarse hroaiihCind net~vork to clerect ancl 
cl~aracrer~ze, in a \vide fl-ecl~ietlc\~ \?and, 
~veak phase5 sucli as precursors to 1"I" and 
identify discontinuities in the mantle. LVe 
w e  obser\-arlons of the same event on the 
ilen-e California 5liort-perlocl arrays (Fig. 
1.4) [Northern California S e l s i ~ i ~ c  Network 
( N C S N )  and Southern California Seisll~ic 
Network (SCSN)]  to check tlie validlty of 
the  hi-i~aiibanii ol~servatliins in the common 
frequency band (0.2 to 5 Hz). 

P'P '  precur5ors have previou-ly l ~ e e n  oh- 
ser\.eii at epicentral ilistances of -79" for 
~ v h i c h  P 'P '  ~ ~ s u a l l y  ha; high aiilPlirude civ- 
ell the temporal proximity of arr11-als of 
different core Q ~ i r  station5 lie in a 
rallge from 76.4" to ;iboi~t 8d.2" where onl\i 
the DF branch (which t r a x l s  througli the 
Inner core) is expecr4d "c';~ he seen. A5 our 
Fa\- tracing experiments clemonstrate (Fig. 
2 ) ,  this is i n  ideal distance range to look for 
iilantle J15contin~1ities a t  ilepth5 of h i 9  to 
1 100 km. 

W e  $tack the I~roaiihand (RR) anil the 
short perioil (SP)  arrays using three differ- 
ent  l~nnill~ass filters: 3.5 to 12 \ ,  2.5 to 4 s, 
and 1.5 to 3 s (FI:. 3) .  In  the bandp~2ss 1.5 
to 11. 5 for the RR stack (Flg. 3A), there are 

SCIENCE \'OL. 272 6 OCTOBER 1995 




