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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. O. 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 from aircraft include many spe-
cies that play a role in atmospheric chemi-
cal and radiative processes (1). Programs in
the United States and other countries are
under way to evaluate the effects of expand-
ing the number of high-speed civil transport
(HSCT) aircraft that operate in the strato-
sphere (2, 3). In addition to the severe
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technical challenges that must be ad-
dressed, significant environmental issues re-
lated to the role of exhaust emissions in
climate and global change must also be
addressed before such a fleet can be consid-
ered viable (4). The emission requirements
imposed on new engines will largely depend
on the environmental consequences attrib-
uted to the emissions.

The HSCT aircraft will emit reactive
nitrogen, NO_, in the form of NO_ at alti-
tudes in the lower stratosphere between 16
and 23 km while operating at speeds of
Mach 1.6 to 3.2, respectively. The NO,
participates directly and indirectly in cata-
lytic cycles that destroy O; in the lower
stratosphere (5). However, the sensitivity of
Oy loss to NO_ emissions is reduced in
atmospheric models when heterogeneous
reactions on background sulfate acrosol par-
ticles are included (6-8), because the NO,
fraction of NO, is reduced through more
effective conversion to HNO, (9). One cur-
rent estimate is that the emission from a
fleet of 500 HSCT aircraft operating in the
year 2015 at Mach 2.4 (20 km) would
change column Oy by less than 1% between
40° and 50°N if the emission index (EI)
for NO_is 15 g of NO_ per kilogram of fuel
or less (7). Losses increase if either the EI
for NO, or the flight altitude are in-
creased. However, these calculations cur-
rently do not include the effects of the
SCIENCE
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emission of sulfate particles.

To date, no direct E] measurements for
reactive nitrogen species or particles have
been reported for a supersonic aircraft op-
erating in the stratosphere. Instead, EI val-
ues for NO_ are derived from ground-based
engine measurements (10, 11). Particle
emission parameters are not well character-
ized for supersonic aircraft operating in the
stratosphere, because ground-based tests do
not fully simulate the growth and coagula-
tion processes in the plume that change
particle number, size, and composition after
the engine exhaust enters the surrounding
atmosphere. We present here measurements
made behind the Concorde aircraft and use
them to address NO_ and particle emission
rates, the formation of nitric and sulfuric
acid in the exhaust plume, and the poten-
tial consequences of particle emission for
O; loss calculations.

The Concorde exhaust was sampled on 8
October 1994, off the coast of New Zealand
(Fig. 1). A 320-km section of the flight path
traversed by the Concorde in 10 min at
Mach 2 was sampled by the NASA ER-2
aircraft in three 30-min segments, during
which the ER-2 moved back and forth
across the path at different altitudes. The
plume was encountered at least 11 times
during this period (Fig. 2). The gas and
particle instruments on board the ER-2 are
well suited to analyze aircraft exhaust: all
have a sampling rate of 0.3 Hz or higher and
have demonstrated precision and accuracy
in measurements in the background atmo-
sphere (12) (Table 1). A CO, measurement
in the plume provided the dilution factor
because CO, can be directly related to fuel
use from the stoichiometry of combustion.
This dilution factor allows measurements of
other species to be expressed as Els. The
reactive nitrogen instrument provided sep-
arate measurements of NO (the primary
nitrogen emission), the secondary product
NO,, and NO_ NO, is the reservoir of

reactive nitrogen species
NO, = NO + NO, + HNO; + 2N,054
+ CIONO; + HO;NO,
+ CH;C(O)O,NO,(PAN) + ... (1)

(PAN, peroxyacetyl nitrate) measured
through catalytic gonyersion to NO and
detection of NO using chemiluminescence.
With a measure of N® and NO,, the con-
version of NO to higher oxides can be
monitored in the plume. Other gaseous
combustion products include H,0O, also di-
rectly related to the quantity of fuel burned,
and CO, which is related to the efficiency
of combustion. We used N,O as a reference
to the background atmosphere because it is
a long-lived species in the stratosphere and
significant N,O production is not expected
in the engine (11, 13). Measurements of



OH and HO, constrain the oxidation rates
of sulfur and nitrogen species in the plume
and, thus, the partitioning within the asso-
ciated reservoirs. The total (nonvolatile +
volatile) mixing ratio of aerosol particles
and the nonvolatile fraction in the plume
were determined with a two-channel con-
densation nuclei (CN) counter in which
the inlet to the nonvolatile channel was
heated to 192°C.

Fig. 1. Flight path (dashed line) of the Concorde
from Fiji to Christchurch, New Zealand, on 8 Oc-
tober 1994, Temperature isolines and winds on
the 100-mbar surface (altitude of 16.2 km) are
from the NASA Goddard Space Flight Center as-
similation model (33). The flight track of the ER-2 is
superimposed on the Concorde track for the sam-
pling segments. The Concorde produced no con-
trail visible from the ER-2 aircraft. Slack winds in
the encounter region greatly simplified the sam-
pling strategy because advection and shear ef-
fects were minimized. Operating conditions of the
Concorde: Mach number, 1.97; computed air
speed, 495 knots; fuel flow, 1.5 kg s~ engine ™ ";
exhaust gas temperature, 680°C; engine rpm
(N1-N4), 104%; ambient temperature, 222 K; and
altitude, 16.1 km (100 mbar). Although afterburn-
ers are operated on all four engines during take-off
and transonic acceleration, they are not used in
supersonic cruise.

The principal encounter events are vis-
ible in the NO, data as short (<20 s)
departures from a smooth, slowly varying
background (Fig. 2). The events are also
present in the CO, data, although the rel-
ative variability of the background is larger.
The absence of N,O events is strong evi-
dence that those in the NO, and CO, time
series cannot be attributed to dynamical or
chemical phenomena in the background
atmosphere. In an expansion of the most
intense encounter (event 3) (Fig. 3), the
coincidence in time of the individual peaks
further attests to the identity of the pertur-
bation as aircraft exhaust. The age of the
exhaust sampled in an event, as approxi-
mated from the location history of each
aircraft, varies from 13 to 58 min. The
dilution factor of the exhaust gas is about 3
X 1075 for 1 part per million by volume
(ppmv) of CO, in the plume (I1).

An accurate comparison of the abun-
dances of emitted species requires that the
event peaks are first integrated above back-
ground values. We calculated background
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Fig. 2. Time series of measurements during the
1-hour interval that includes the 11 principal
plume events shown as numbered peaks. Units
are mixing ratio in parts per milion by volume
(ppmv) and parts per billion by volume (ppbv) for
ambient conditions of 220 K and 100 mbar. The
bottom axis indicates Universal Time on 8 Octo-
ber 1994.

Table 1. Instrumentation on board the ER-2. Precision and accuracy are estimated. Pressure and
temperature were sampled by aircraft probes each second with accuracies of 0.3 mbar and +0.3 K

(34). UV, ultraviolet; IR, infrared.

Spe- . Sampling  Residence  Precision Accuracy

cies Technique rate (Hz) time (s) (Ppbv) (%) Re.
NO NO/O5 chemiluminescence 1 <1 +0.02 +15 (35)
NO, UV photolysis and NO/O, 1 1.5 +0.05 +15 (36)

chemiluminescence

NO,  NO/O, chemiluminescence 1 <1 +0.05 +20 (35)
002 IR absorpt|on 4 1.5 +40 +0.1 ppmv  (74)
CO Tunable diode-laser absorption 0.3 1.5 +1 +10 37)
H,O  Lyman-a hygrometer 1 <1 +200 +10 (38)
CN Growth chamber-light scattering 1 <1 +20* +20 (39)
OH Laser-induced fluorescence 8 <0.001 +0.00005 #+30 27)
HO,  Chemical conversion to OH 8 <0.001 +0.0002 +40 27)
N,O  Tunable diode-laser absorption 1 2 +2.5% +2.5 (40)
Oy UV absorption 1 1 *5% . - 47)

*Measured in particles per milligram of air.
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CO, values during each event using the
correlation of CO, with N,O observed on
this flight and throughout the lower strato-
sphere (14). These estimated CO, values
were then subtracted from measured values
at each point before integration. Events 3,
7, and 8 (Table 2) were chosen for the El
calculations because they were least sensi-
tive to the details of the integration step.
Given the high accuracy and precision of
individual CO, measurements (better than
0.1%), the overall accuracy of the CO,
integration is estimated to be =10% (lo).
The calculation of a species EI can be made
once integrals for CO, and the species of

NO,
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Fig. 3. Expanded time series of plume event 3,
which has the largest peak values and integrals of
all the events. Lines connect individual measure-
ments (circles). The CN data are measured in thou-
sands of nonvolatile particles per miligram of air
that passed through the heated inlet. Ambient air
density is 0.16 mg cm 3, Ttma precise location of
the peaks and the peak shapes for each species
are not expected to be idgntjeal because each in-
strument monitors a species with a different com-
bination of sgmple volume, sample residence time,
signal integration period, and absolute time calibra-
tion. However, because each instrument is de-
signed to provide a continuous measurement in a
constant sample flow of ambient air, abundances
can be compared as peak integrals (77). Although
H,O values demonstrate the presence of the
plume, they cannot be used quantitatively here be-
cause of wall adsorption (77). The bottom axis in-
dicates Universal Time on 8 October 1994.
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interest are available and the carbon con-
tent of the fuel is known (15).

Using the NO_-N,O correlation (16) for
background NO_ values in a manner similar
to that used for CO,, we obtained the NO,
integrals with an uncertainty of =2%. The
EI values for the three selected events yield-
ed an average of 23.3 g NO, (kg fuel) ™!
with an uncertainty of "‘20% (1o) (Table

2). The accuracy of the NO, integration
was lower (~%30%) because NO, is mea-
sured as a difference signal within the NO,
detector system and no background estima-
tion is available. The NO /NO ratios in
the plumes were calculated in two ways
(Table 2). In the first method, integrals of
measured NO, NO,, and NO, were used to
form the NO /NO ratio directly. In the
second methm NO2 was estimated from
the photochemlcal steady-state relation in-
volving the reaction of NO with O; and
photolysis of NO, (17).

The EI for nonvolatile particles was cal-
culated from a direct integral of CN event
data, where the integral precision was better
than 1%. The count rates for total particles
were too large in the selected plume events
to be recorded accurately because of
counter saturation. As a result of the excel-
lent signal/background ratio, weaker plume
events that did not saturate either CN
channel were observed. In these events, 70
to 90% of the particles were volatile at
192°C. Using this ratio as representative for
the events in Table 2, we estimated the EI
range for volatile particles to be (1.7 to 6.5)
X 107 (kg fuel) ™!, In previous CN obser-
vations made in the stratosphere 18 hours
after the passage of an SR-71 supersonic
aircraft, the ratios of volatile to nonvolatile
particles were similar to those reported
here, and the EI for total CN was estimated
to be (2 to 9) X 10'¢ (kg fuel) ™! for parti-
cles larger than 0.02 pwm in diameter (18).

In theoretical and ground-based experi-
mental studies of the Concorde Olympus
593 engine in the 1970s, the EI of NO,
received the most attention because of its
recognized contribution to O; loss rates
(10, 19, 20). Experimental studies included
emission tests in a pressure cell designed to
simulate the temperature, pressure, and wa-
ter vapor conditions of the stratosphere.
The results of the present study agree well
with previous test cell measurements (Table
2). The latter results are within the uncer-
tainty bounds of =20% placed on the EI
values determined here. Good agreement is

also noted with semiempirical estimates of

the NO, EI, made from the functional de-
pundcncc of NO_ production on compressor
inlet tunpuatuw, pressure, and residence
time and a single ground-based measure-
ment for normalization (10). The overall
agreement of the results from the Concorde
plume with those of previous studies in-
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Table 2. Concorde El values. For comparison, previous experimental and theoretical results are also

given.
Emission indices (per kilogram of fuel)
Plume Non-
Source (ﬁg) NO,/NO,, NO, CO¥ volatiles \/%I%tllées
(9 NO,) (g CO) (10'® particles)
particles)
Event 3 16 0.88 (1.06) 22.8 <3.5 4.3 -
Event 7 54 0.84 (1.08) 271 <8.5 8.7 -
Event 8 58 0.90 (1.11) 19.9 <3.5 8.5 -
Average - 0.87 (1.08) 23.3% <3.5 7.2 1.7t06.5
CIAP (exp.) - - 18.9-19.9 1.4-4.3 - -
(“2)
CIAP (theory) - - 19.56-21.7 3.5 - -
(42)
COVOS (exp.) - - 23.2-26.5 2.4-4.6 - -
(43)

*Values in parentheses use steady-state NO,, calculated from Eq. 3.

+No plume signal was evident in the time series

of CO observations: If the signal-to-noise ratio in the CO data is used to limit the maximum allowable peak, the El of CO

must be less than ground-based measurements of 3.5 g CO (kg fuel)
both previous studies and attests to the high efficiency of the Olympus 593 combustor.

uncertainty of +20%.

creases confidence that the emission of re-
active nitrogen from a new supersonic
HSCT engine operating in the stratosphere
can be predicted adequately by ground-
based techniques that could be used long
before the first flight of the aircraft.

The direct NO/NO, measurements
yield an average of 0.9 (Table 2), confirm-
ing that the fraction of non-NO_ species in
the plume was small, as assumed in test cell
and other ground-based measurements. In
contrast, NO /NO, values exceeded unity
(Table 2) when the steady-state estimate of
NO, [Eq. 3 (17)] was used, because steady-
state NO, values in the plume were twice
the measured values. Outside the plume,
the difference was less than 10%. This dis-
crepancy indicates that other reactions con-
tribute to the steady-state balance inside
the plume. The high NO /NO, ratios indi-
cate that HNO;, a principal NO, species
and aerosol component in the stratosphere,
was not abundant in the plume in the first
minutes to hours.

The observed OH peaks (Fig. 3) are
largest for the early events (10 min), de-
creasing to negligible values for the oldest
events (1 hour). In addition, the high reac-
tivity of OH ensures that emitted OH was
present for only a few seconds after emission
from the engine (1, 21). Thus, an indirect
source of OH that decreases with time is
required to explain the observations. The
most likely candidate is the photolysis of
HONO, produced in the reaction of OH +
NO within seconds of their emission from
the engine (22, 23). The results of a pho-
tochemical model indicate that OH emis-
sion equal to 3 to 5% of the emitted NO is
consistent with observed OH (23). The
upper limit for emitted OH is likely to be
within a factor of 2 of this value. Assuming
SCIENCE  »
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(11, 19). The upper limit value is consistent with
iThe average NO, Elhad an

that the reaction of OH with NO, controls
HNO, production in the plume, this OH
estimate is consistent with the large NO,/
NO, values cited above. Despite the addi-
tional source of OH in the plume, the de-
crease in HO, concentrations is consistent
with changes in the HO_ partitioning in the
plume caused by increased NO (24).
Particles containing soot and H,SO, are
cxpected in aircraft engine exhaust (25).
Laboratory studies using the CN counter
suggest that the volatile particles are com-
posed of H,S0O, and H,O. Soot, which is
not volatile at temperatures less than
700°C, may have been an important com-
ponent of the nenvolatile fraction. The
large measured EI for particles is surprising
because fuel sulfur is thought to be emitted
as SO, rather than as H,SO, (25). The
measured OH densities cannot explain ox-
idation of more than 1% of the SO, in the
plume (I, 23), whereas the minimum par-
ticle diameter detectable by the CN
counter [0.009 wm (206)] and the observed
concentrations require that at least 12 to
45% of the fuel sulfur (0.023 weight %) was
oxidized to H,SO,. Thus, it is likely that
SO, was oxidized in the engine or through
some other unexpected heterogeneous or
gas-phase process aftgr gfuhlswn
Heterogeneous chemistry occurring at a
rate proportional to theysurface area of sul-
fate aerosol is important in determining the
atmospheric concentration of NO_ (9),
which directly and indirectly controls the
catalytic removal rate of O; (27). With
current fuels, a fleet of 500 HSCTs would
increase the mass of sulfur in the lower
stratosphere, but the change in aerosol sur-
face area would depend on the fate of the
sulfur emissions. If the emitted sulfur forms
small particles soon after combustion, sur-



Fig. 4. Results from a coagulation
model for the change in concentra-
tion, surface area, and mean parti-
cle diameter as a function of time.
Initial conditions are chosen to 8
match values observed for total
aerosol particles observed near 1
hour. Subsequent values reflect the
effects of coagulation when no mix-
ing occurs. The remaining curve
represents results of the box model
for the steady-state particle con-
centration. At each point, the input
to the box model is set by the cor-
responding results of the coagula-
tion model scaled to a fleet of air-
craft and mixed to a hemisphere-
sized volume (29).

(2]

Plume concentration (103 cm™)
Diameter (102 um)
Surface area (um? cm-3)

face area enhancements will be larger than
if sulfur condenses on the existing back-
ground aerosol after dispersion and conver-
sion to H,SO,. The differences depend
largely on coagulation (collisions between
liquid particles), which reduces both surface
area and particle number over time. To
estimate this difference, we included coag-
ulation and condensation processes in a
plume model (28) initialized with the CN
observations at a plume age of 1 hour. All of
the fuel sulfur was assumed to be oxidized to
H,SO,, forming 70 weight % H,SO, and
H,O particles with a mean diameter of
~0.016 pm. Over time, both surface area
and number concentration decrease signif-
icantly in the undispersed plume (Fig. 4),
whereas the mean particle diameter increas-
es. The size and number distributions from
the calculations were used as input to a box
model to estimate the effects of a fleet of
500 HSCT aircraft with Concorde-like par-
ticle emissions (29). Dispersion of the
plume to hemispheric scales slows coagula-
tion, thereby extending particle lifetimes.
In the absence of an accurate plume disper-
sion model (2), the full range of plume ages
(1 to 1024 hours) was used to initialize the
box-model calculations. The resulting par-
ticle concentrations at steady state vary
from 380 to 35 cm™? for these respective
ages. The corresponding range of steady-
state aerosol surface is 2.0 to 1.8 wm? cm ™"
The calculated steady-state values are large
relative to background values of ~8 cm™*
and ~0.8 wm? cm™’, respectively. If the
same mass of sulfur is assumed to disperse
before conversion to H,SO, and to con-
dense on the existing background particles,
total surface area increases to only 1.2 pum?
cm™? (+50%) in the model.

In HSCT fleet scenario calculations, in-
creasing particle surface area concentra-
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tions from 125 to 150% as found above is
likely to change the stratospheric O; per-
turbation. Local O; loss rates depend on
NO,, and increasing surface area reduces
the NO fraction of the NO, reservoir (27).
As a result, the concentration of NO, may
actually decrease in the lower stratosphere
if the scenario includes particle emissions
with low NO_ EI values. As an example, in
a study of the coupling between HSCT
NO_ perturbations and volcanic aerosol
loading (30), the combination of increased
aerosol surface area (X4) and the emissions
of a Mach 2.4 HSCT fleet changed O,
column loss in broad mid-latitude regions
from that obtained when aerosols are held
at background values. Greater losses were
found as the NO_ emissions were lowered
from 15 to 5 g NO, (kg fuel)™'. Thus,
expected changes in stratospheric O de-
pend critically on the balance of the NO_
El and aerosol surface area perturbations.
The change in aerosol surface area resulting
from an HSCT fleet will be similar to en-
hancements observed following small vol-
canic eruptions. Enhancements in aerosol
number concentrations decay rapidly fol-
lowing volcanic injections (31) but persist
in steady state in the HSCT fleet calcula-
tions. The elevated number concentration
of 3 to 10 times current background values
will likely influence microphysical processes
in polar stratospheric clouds, particularly
those related to denitrification, a key pa-
rameter in the control of springtime polar
O, loss (32).

Our measurements in the plume of the
Concorde provide a comprehensive char-
acterization of the emissions of a superson-
ic aircraft in flight. With a diverse set of
instruments and only seconds of measure-
ment time, we have addressed the Els of
gases and particles and the production of
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nitric and sulfuric acids after the exhaust
enters the atmosphere. If the EI of small
particles is characteristic of the proposed
HSCT fleet, significant increases in parti-
cle surface area and number are likely to
occur, causing changes in O, loss processes
at polar and mid-latitudes. Reducing this
perturbation may require control of fuel
sulfur, but at present we are uncertain
about the processes controlling aerosol
formation, so further study will be required
before the efficacy of any control option
can be determined reliably.
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P’'P’ Precursors Under Africa: Evidence for
Mid-Mantle Reflectors

Yves Le Stunff,” Charles W. Wicks Jr., 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.

Several studies around 1970 suggested the
existence of steep velocity gradients or dis-
continuities at various depths in the Earth’s
mantle (830 km, 900 km, and 1200 km)
and in various regions (1-3), but reference
global Earth models developed since the
1970s have not found a compelling need for
any of them. More recently, contrasts in
seismic velocity or impedance have been
identified near subduction zones at depths
of 900 km (4-6) and 1200 km (6). The
observation of precursors to PKPPKP (P'P’)
has allowed investigation of mantle discon-
tinuities of regions like Antarctica and the
mid-Indian Ocean ridge with some success
(2, 7, 8), but so far continents have been
poorly sampled. The array-processing tech-
niques appear to be the best for the detec-
tion of these phases (9—11); they enable us
to suppress ambient noise and properly es-
timate the slowness of the seismic phases.
On 9 March 1994, a deep earthquake
occurred in the Fiji islands [latitude,
—18.039; longitude, —178.413; depth, 563
km; origin time, 23:28:06.7; moment mag-
nitude (M), 7.6], the largest in this region
since the deployment of new generation
broadband stations worldwide. This event
was recorded on 22 broadband stations in
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California (Fig. 1A). The location of the
surface bounce points of P'P’' follows a
northeast-southwest trend south of Lake
Tanganyika in a region where the African
Rift is bending in a southeastern direction
toward the Lake Malawi region (Fig. 1B).
We now demonstrate the potential of the
sparse broadband network to detect and
characterize, in a wide frequency band,
weak phases such as precursors to P'P" and
identify discontinuities in the mantle. We
use observations of the same event on the
dense California short-period arrays (Fig.

‘TA) [Northern California Seismic Network

(NCSN) and Southern California Seismic
Network (SCSN)] to check the validity of
the broadband observations in the common
frequency band (0.2 to 5 Hz).

P'P’ precursors have previously been ob-
served at epicentral distances of ~70° for
which PP’ usually has high amplitude giv-
en the temporal proximity of arrivals of
different core branches. Qur stations lie in a
range from 76.4° to about 80.2° where only
the DF branch (which travels through the
inner core) is expectéd to be seen. As our
ray tracing experiments demonstrate (Fig.
2), this is an ideal distance range to look for
mantle discontinuities at depths of 650 to
1100 km.

We stack the broadband (BB) and the
short period (SP) arrays using three differ-
ent bandpass filters: 3.5 to 12's, 2.5 to 4 s,
and 1.5 to 3 s (Fig. 3). In the bandpass 3.5
to 12 s for the BB stack (Fig. 3A), there are





