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In situ observations of particles in jet aircraft exhausts
and contrails for different sulfur-containing fuels
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Abstract. The impact of sulfur oxides on particle formation and contrails is investigated in the
exhaust plumes of a twin-engine jet aircraft. Different fuels were used with sulfur mass fractions
of 170 and 5500 ppm in the fuel, one Jlower than average, the other above the specification limit
of standard Jet-A1 fuel. During various phases of the same flight, the two engines burnt either
high- or low-sulfur fuel or different fuels in the two engines. Besides visual, photographic, and
video observations from close distance, in situ measurements were made within the plumes at
plume ages of 20 to 30 s, at altitudes between 9 and 9.5 km, and temperatures between -49 and
-55°C, when the visible contrail was about 2 km long. The data include particle number densities
for particles larger than 7 nm, 18 nm, 120 nm, and 1 um in diameter, together with wind, tem-
perature and humidity measurements. The observations show visible and measurable differences
between contrails caused by the different sulfur levels. At ambient temperatures 5 K below the
threshold temperature for contrail onset, the plume became visible about 10 m after the engine
exit for high sulfur content, but 15 m after the engine exit for low sulfur content. The higher sulfur
emission caused a larger optical thickness of the contrail shortly after onset, with slightly
brown-colored contrail when the Sun was behind the observer, and more contrast when viewed
against the Sun. The high-sulfur contrail grew more quickly but also evaporated earlier than the
low-sulfur contrail. At plume ages of about 20 s, each engine plume was diluted to an effective
diameter of 20 m. The plumes contained many subvisible particles. Peak number densities were
30,000 cm™ for particles of diameter above 7 nm and 15,000 cm™ above 18 nm. The latter is a
little larger than the estimated number of soot particles emitted. The high-sulfur plume shows
more particles than the low-sulfur plume. The differences are about 25% for particles above 7
nm and about 50% above 18 nm. The results indicate that part of the fuel sulfur is converted to
sulfuric acid which nucleates with water vapor heterogeneously on soot or nucleates acid droplets
homogeneously which then coagulate partly with soot. During descent through the level of con-
trail onset, the high-sulfur contrail remained visible at slightly lower altitude (25 to 50 m) or
higher temperature (0.2 to 0.4 K). At least for average to high sulfur contents, aircraft generate
an invisible aerosol trail which enhances the background level of condensation nuclei, in partic-
ular in regions with dense air traffic at northern latitudes and near the tropopause.

1. Introduction

Contrails (copdensation trails) from engine exhaust of high-
flying aircraft may influence the climatological and chemical
state of the atmosphere [Schumann, 1994; World Meteorological
Organization (WMO), 1995]. As first explained by Schmidt
[1941] and Appleman [1953] using a thermodynamical equilib-
rium theory, contrails are expected to form in the engine exhaust
plumes when isobaric mixing between the hot and humid exhaust
gases and cold ambient air leads to a mixture reaching saturation
with respect to water so that cloud droplets form which then
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might freeze to form ice particles. For ambient humidity suffi-
ciently below ice saturation, the contrails evaporate and remain
short-lived while persistent contrails may form otherwise. In
order to reach water saturation in the plume, the ambient air
temperature must be below a certain threshold temperature which
depends on pressure, ambient humidity, and the ratio of water
vapor and heat emissions from the engines. Small changes in the
threshold temperature can cause considerable changes in the
altitude range where contrails form [Miake-Lye et al., 1993]. The
threshold temperature is larger than predicted by Appleman
[1953] because only part of the combustion heat is emitted with
the exhaust while a fraction 1 is converted into work to propel
the aircraft, where 1 is the overall propulsion efficiency of the
engine/aircraft combination [Busen and Schumann, 1995]. In
order to form droplets when reaching small liquid supersatu-
ration, the exhaust must contain sufficient cloud condensation
nuclei (CCN). It is an open question how these CCN are formed.

Particle measurements in exhaust plumes [Knollenberg,
1972; Baumgardner and Cooper, 1994; Fahey et al., 1995; Gayet
et al., 1996] show very large concentrations of particles which
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cannot be explained by background aerosol. Possible alternative
sources are soot [Pitchford et al., 1991; Hagen et al., 1992] and
sulfur emissions [Hofimann and Rosen, 1978] from the engine
exhaust, or combinations of both. These emissions may lead to
an invisible aerosol trail [Arnold et al., 1994].

Jet fuels contain sulfur with typical mass conceniraiions
between 100 and 1000 ppm [Busen and Schumann, 19951 and
maximum specification limit of 3000 ppm [American Society for
Testing and Materials (ASTM), 1994].
air, jet aircraft emit sulfurous gases, mostly SO,, formed by
oxidation of the fuel sulfur during combustion [Frenzel and
Arnold, 1994]. Measuremenis {Reiner and Arnoid, 1993] and
model computations [Miake-Lye et al.,
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1994; Kdércher et al.,

1995] indicate that 0.4 to 0.7% of the SO, is converted to sulfuric
Henea oluz ('C'N for canteail

acid in the young exhaust plume. Hence CCN for contrail

1z exhaust plume.
formation may originate from binary nucleation of sulfuric acid
with water [Mirabel and Katz, 1974; Hofmann and Rosen, 1978).
Solution droplets may freeze and grow as ice particles [Heyms-
field and Sabin, 1989] even before reaching liquid water satu-
ration. However, model results [Kércher et al., 1995] show that

H 4 I ) fr, tha ¢ nhaca lande
homogeneous nucleation of H,SO/H,0 from the gas phasc leads

to too small droplets which do not freeze quick enough and
cannot explain the formation of a visible contrail unless the lig-
uid supersaturation in the exhaust plume becomes large. Hence
one has also to consider heterogeneous nucleation of sulfuric acid
with water on the surface of soot particles emitted by jet engines
[Turco et al., 1980; Miake-Lye et al., 1994).

Soot usually consists of more than 90% carbon with proper-
ties depending strongly on the combustion process [Haynes and
Wagner, 1981]. Typically, jet engines emit 0.1 to 1 g of soot per
kilogram of fuel [Turco et al., 1980; U.S. Environmental Pro-
iection Agency (EPA), 1985], with peak diameters of 30 to 100
nm [Hagen et al., 1992]. Pure carbon particles are hydrophobic
and form condensation nuclei only for large supersaturation.
Aerosol resulting from combustion of aviation fuel usually con-
tains only a low fraction of CCN [Hallew et al., 1990; Pitchford
et al., 1991]. However, soot particles coated with sulfuric acid
provide a source for CCN [Parungo et al., 1992] and carbon
particles exposed to H,SO, hydrate under subsaturation condi-
tions [Wyslouzil et al., 1994]. Soot from diesel combustion in
diffusion flames (without rea(_’hmo water saturation) forms CCN
for smaller soot radii when sulfur is added to the fuel [Lammel
and Novakov, 1995]. Droplets formed from soot may undergo
immersion {reezing at temperatures between -24° and -34°C, and
homogeneous freezing at lower temperatures [DeMost, 1990]. A
recent model study showed that a substantial fraction of soot
namr_‘les in exhaust nh_m:nes may get converted into acid aerosols
by heterogeneous nucleation [Zhao and Turco, 1995]. It appears
plausibie that the fraction of soot particies activated this way to
form CCN and visible contrail particles increases with the sulfur
content in the fuel.

Hence impact of sulfur emissions on particle formation is
expected but experimental evidence for such impact in aircraft

exhaust plumes is missing. In a recent experiment, Busen and
Schumann [1995] found no visibie difference between the con-
trails of two engines burning different fuels, one with low (2
ppm) sulfur content, the other with average (250 ppm) sulfur
content. This paper presents observations from a repetition of
that experiment in which the aircraft during one flight burnt
again different fuels in the two engines but with higher sulfur
contents of 170 and 5500 ppm, respectively. In addition to mea-
surements of the thermodynamic state of the atmosphere and

turbulence in the exhaust plume, measurements of particle num-
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ber densities and size distributions were conducted in the plume
at a distance of 3 to 5 km behind the aircraft, under conditions
of short-lived contrails.

2. Experimental Details

The experiment is performed using two aircraft. The contrails
which we observe are generated, as in the previous study [Busen
and Schumann, 1995], with the ATTAS (Advanced Technologies
Testing Aircraft System) of DLR (Deutsche Forschungsanstalt
fiir Luft- und Raumfahrt), a moderate size twin-engine jet aircraft
of type VFW 014, equipped with two Rolis Royce/SNECMA
M45H Mk501 turbofan engines as described in JANE [1976, pp.
98, 704] and JANE [1980, pp. 723 and 724]. The aircraft has a
wing span of 21.5 m, an overall length of 20.6 m, a maximum
speed of Mach 0.65, and a ceiling of about 9500 m. The two
engines are mounted on overwing pyions. The engines have a
bypass ratio of 3:1 and produce 32.4 kN takeoff thrust. They
generate relatively large amounts of soot (about 5 times more
than most modern engines). Observations were performed with
the Falcon research aircraft of the DLR, also a twin-engine jet
aircraft (Dassault Mystere 20) [JANE, 1975, pp. 63-65], which
may foliow the ATTAS at aii aititudes and speeds.

The ATTAS engines can be supplied with fuel from either
the left or the right tank, by switching valves in its fuel system.
This facility is used to perform measurements during the same
flight in various “phases,” with low sulfur fuel for the left and
high sulfur fuel for the right engine (LH), both engines with high
(HH), and both engines with low (LL) sulfur content fuel. The
ATTAS wing tanks have a capacity of 3115 L, each. The left
wing tank was filled with standard Jet-Al fuel. The right tank

was filled with the same fuel together with 60 kg of an additive

(dibutylsulfide) containing 22% sulfur mass. The additive was
added in six portions during tank filling. The melting, boiling,
and flame point temperatures of the additive are very similar to
those of Jet-Al, but its density is about 5% larger. Fuel analysis
of samples taken according to ASTM [1994] standards after the
flight, see Table 1, revealed that the fuel with the sulfur additive
satisfies all requirements for Jet-Al fuel except for the high sul-
fur content. Samples (5 L) taken before the flight showed 180
ppm for the left wing tank but a much higher sulfur content
(48100 ppm) for the right wing tank because of sedimenting of
the heavier additive in the 36 hours between filling and sampling.
The measured sulfur content of the sample taken after the flight
is very close to that computable from the known sulfur content
of the original fuel and the amount of sulfur added (see Table
1). The same is true for the hydrogen content of the mixture
within the accuracy of such analysis (+0.16%, according to
ASTM D 3343, pp. 435). Thus we can assume that the additive
has been well mixed with the fuel shortly after takeoff. The
contrail formation depends on the ratio of specific combustion
heat and the emission index (EI) for water, Q/Ely,,, which differs
by only 0.6% between the two fuels.

Table 2 lists the instruments used on the Falcon. The mete-
orological instrumentation [Bigel and Baumann, 1991; Schu-
mann et al., 1995] includes two instruments to detect slow and
quick variations in relative humidity (RH) [Strom et al., 1994].
The absolute accuracy of the HUMICAP sensor is about +5%
relative humidity at 50% RH, decreasing at lower and i increasing
at higher RH. The sum of errors of the humidity and temperature
sensors impiies an upper error bound of +10% added RH for our
measurements at -53°C, 267 hPa, and 50% RH. Four instruments
are used to count and size the aerosol. Two of the instruments
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Table 1. Fuel Parameters for Left and Right Engines

Parameter Left Right Limit
Sulfur content after flight, ppm 166 5400 3000
Computed sulfur content, ppm 5466
Hydrogen content, mass % 13.71 13.64
Computed hydrogen content, mass % 13.68
Computed Ely, kg kg™ 1.225 1215

Density at 15°C, kg m™ 8082 7950 775 to 840
Anilin point, °C 58.8 582 -
Specific heat of combustion Q, MJ kg™ 4320  43.11 42.5
Aromatics content, vol % 17.7 17.5 22
Initial boiling point, °C 174 167

10% distillation, °C 189 175 205
20% distillation, °C 193 179

50% distillation, °C 204 188

90% distillation, °C 228 232

Boiling end point, °C 256 267
Residuum, vol % 09 0.9 1.5
Loss, vol % 0.1 0.1 15
Olefins content, vol % 0.5 0.7 5
Naphthalenes content, vol % - 0.9 3
Smoke point, mm 23 24 19

The data are from samples taken after the flight, except for the last
three entries which are from samples taken before the flight from the
same fuel storage tank, without and with the sulfur additive. The limits
refer to. American Society for Testing and Materials specifications for
Jet-Al fuel.

were modified TSI 3760 CPCs (condensation particle counter)
[Noone and Hansson, 1990; Zhang and Liu, 1991] the two other

instruments are ontical narticle counters cavity ol
mstruments ar¢ oplica: partiCie counters, a puaoivu Cavily acioso:

spectrometer probe (PCASP), and a forward scattering spec-
trometer probe (FSSP) [Dye and Baumgardner, 1984]. The CPCs
count optically the number of particles which grow to about 1
iim after supersaturation with butanol and cooling by a con-
denser. The PCASP and the FSSP count and size particles in
different size ranges by detecting the amount of light which is
scattered from particles when passing through a laser beam. The
air inlet for the CPCs and the PCASP collects particles smaller
than 1 pm. The CPCs count the number of particles larger than
7 nm and 18 nm of effectively dry aerosol, including soot and
sulfuric acid droplets with low water content. The PCASP covers
the size range between 0.1 and 3.5 um which is divided into 32
size classes. Due to the design of the aerosol inlet and an erro-

Table 2. Falcon Instrumentation
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neous first size bin, the integral number concentration as meas-
ured by the PCASP represents particles between 120 nm and
about 1 pm diameter. The FSSP (type 100) mounted below the
fuselage detects particles larger than 1 um in diameter. Particles
were classified in the range 1 to 16 um in 15 bins of 1 um width
each assuming the particles to behave as droplets. Further details
are given in Appendix 1. Visual observations are documented
by color photographs, two video cameras, and a TV camera. The
photographs and the cockpit video camera record also the time
of observations.

The ATTAS pilots noted data, at times as indicated by the
circles in Figure la, of flight level FL (in hectofeet (hft)), fuel
flow my, exit gas temperature EGT, percentage speed of the
low-pressure compressor N1, and true air speed V. The values
of my and N1 were the same for both engines within the accuracy
of the instruments readings. The indicated EGT was systemat-
ically 10 K lower for the right engine than for the left, possibly
due to different calibrations of the EGT sensors. Similar differ-
ences were observed in the previous experiment with the same
engines [Busen and Schumann, 1995]. At that time, no visible
differences were found between the contrails formed from the
two engines. Hence we assume that the engines were sufficiently
equal and do not cause different plume properties. The actual
aircraft mass M has been estimated according to takeoff weight
and fuel consumption with time. Based on speed, mass, and
known drag coefficients of the ATTAS, the aerodynamic drag
force is determined to estimate the thrust F of each of the two
engines. The climb velocity w is estimated from the altitude
Tahla 2 licte tha ATTAQ flicht naramatare T datn

adinoe ha
1ac:€ 5 IS W€ Ax i Ad LIgHT parametCis. 148 Gawa

readings.
represent mean values for both engines during the various phas-
es. The column LH refers to the time period of particle meas-
urements with different fuels. The propulsion efficiency
1 = (FV + gwMi2)/(m:Q) includes the (small) contribution from
potential energy gain during climb (g gravity). A thermodynamic
engine analysis has been performed to estimate the engine exit
conditions, see Appendix 2, with results as listed in Table 4.
The observations took place during one flight on March 22,
1995, between 1020 and 1200 (all times refer to UTC), on a
flight from Oberpfaffenhofen near Munich in southern Germany
in northern direction to a turn point near Magdeburg in central
Germany and retour. The flight occurred below the tropopause,
under stably stratified conditions with little turbulence (bulk

Response Sampling
Parameter Instrument Resolution Accuracy Time Rate, Hz
Temperature T Rosemount platinum resistance thermometers Pt100 and 0.006 K 05K 0.03 s 100
Pt500
Static pressure p Rosemount transducer 1201F2 0.06 hPa 1.2 hPa 0.015 s 100
Horizontal wind u, v Five-hole pressure noseboom tip and inertial navigation ~ 0.03 m s 1.5ms” 0.01s 100
system
Vertical wind w same 0.01 ms™ 03ms 001s 100
Relative humidity RH Vaisala HMP35 capacitive polymer HUMICAP-H 0.01 0.05 10s 10
Water vapor mixing ratio m  Lyman-o hygrometer, Buck Research L5 [ mg kg™ 4% 6 ms 100
Horizontal position Honeywell inertial reference system LASERREF YG 20 m 500 m 02s 10
1779 and global positioning system (GPS), flight
management computer Global GNS-X
Particle concentration N for modified TSI 3760 condensation particle counter CPC 02to I-nm size Is 4
sizes d>7 nm 35,000 cm™
N, d> 18 nm same same 2-nm size ls 4
N, 0.1 to I pm PMS passive cavity aerosol spectrometer probe PCASP 4to 50% size I's 1
10,000 cm™
N, 1 to [6 um Forward scattering spectrometer probe PMS FSSP-100 0.02 to 25% size [ ms 1

1000 cm™
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Figure 1. Observations versus time in minutes after 1000 UTC.
(a) Pressure versus time of Falcon (solid curve) and ATTAS
(dashed with circles), with flight levels (FL in hft) indicated. V1
and V2 denote times of observations of the ATTAS ‘through the
Falcon bottom windows. (b) Relative liquid humidity measured
on board the Falcon (solid) and ice saturation huniidity (dashed).
(c) Temperature measured on board the Falcon (solid curve), and
threshold temperature computed from the Falcon observations
of pressure and humidity using a propuision efficiency of
1 = 0.16 (short dashed) and n = 0.2 (top curve, long dashed). The
vertical solid lines with arrows embrace the time intervals with
low or high (L; 170 ppm, H; 5500 ppm) sulfur fuels usage on
the left and right engine, LH, HH, LL. For LH, the limits indicate
the time period when the Falcon performed measurements within
the ATTAS plume. The vertical dashed lines indicate the
approximate times of contrail onset or disappearance. Contrails
were visible between C1 and C2, and between C3 and C4. The
marks at the top of Figures 1a and Ic indicate the times of passes
1 to 3 and 4 to 6.
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Richardson number greater than 1). Figure 1 shows the flight
data as obtained with the Falcon (5 s mean values) and the
pressure read on board the ATTAS versus time. Figure 2 shows
the flight path, the locations of various radiosondes, and the
displacement of the air with wind during 1 hour. Figure 3 shows
the data from the three most characteristic radiosoundings
(started at 1100) together with the sounding of the Falcon. Fig-
ures 1 and 3 show also the threshold temperature Tj which is
computed as described in section 4.1. Contrails were to be
expected when the air temperature T is below T

The Falcon measurements, see Figure 1, indicate temperature
and humidity variations of 1 K and + 10% at constant altitude.
Compared to the radiosoundings, the Falcon data show generally
about 0.5 K higher temperatures and 10% higher humidity. The
temperature near Munich increased by about 1.5 K during the
measurement period. The meteorological conditions of this day
were determined by strong advection of slightly warmer and
more humid air from north, explaining the variability observed.
Above 2 km, the sky was generally free of clouds, but on three
occasions (1121, 1135, 1142) the video shows the Falcon flying
for a short time through thin cirrus clouds or regions with
reduced visibility. The measured humidity was above 50% at
those times, not much below ice saturation (63%).

As indicated in Figure 1, the ATTAS cruised at altitudes up
to FL 310 (9450 m). Four times (C1 to C4), the ATTAS passed
through the level above which contrails form. The ATTAS burnt
different fuels on different engines separately from takeoff until
1132, and from 1148 to landing. Both engines were supplied with
the high (H) sulfur content fuel from 1132 to 1139, and with the
low (L) sulfur fuel from 1139 till 1148. At various times the
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Falcon followed the ATTAS in close flight
(approaching up to 50 m), made in situ measurements at dis-
tances, as determined by the Falcon radar, between 2.8 and 5.6
km behind the ATTAS (plume ages between 17 and 29 s) in the
three phases LH, HH, and LL, by repeatingiy penetrating the
ATTAS contrail from left to right and reverse, and climbed 150
m above the ATTAS to observe the contrail through the bottom

windows of the Falcon (V1 and V2), see Figure 1.

3. Results
3.1. Visual Observations

From the visual observations, as documented by videos and
photos, we find that the two contrails forming from the two

Table 3. Observed ATTAS Flight Conditions During the Various Phases

Parameter LH HH ‘LL C1 C2 C3 C4
Time, UTC 1035-1047  1132-1039  1139-1048 1025 1107 115 1152:30
FL, hft 310 300 300 288 290 290 290
V,ms" 163 163 163 163 163 163 160
w,ms’ 0 0 0 08 -14 0.8 -15
i, kg 87! 0.164 0.157 0.150 0.170 0.139 0.157 0.126
EGT, °C 452 452 442 460 425 445 409
M, Mg 18.65 17.70 17.55 1875 18.25 18.05 17.42
F, kN 7.26 7.07 7.03 7.30 7.18 7.12 7.00
n 0.168 0.171 0.178 0.172 0.175 0.182 0.198
p, hPa 287+2 301+2 3012 31745 3162 315%3 316 £2
T,°C -55.0 %513 -51.0 —49.0 495 -49.2 -48.3
’ +0.5 +0.5 +08 +05 +03 +05 +03
RH, % 40+ 10 45£10 4510 42£10 36+5 37+10 3745

" Abbreviations are FL, flight level; V, true air speed; w, climb velocity; me, fuel flow; EGT, indicated exit gas
temperature; M, mass of aircraft; F, thrust per engine; 1, overall propulsion efficiency; p, ambient pressure; T,

temperature; RH, relative humidity.
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Table 4. Computed Engine and Plume Parameters

6857

Parameter LH HH LL Cl C2 C3 C4
T, K 624 626 615 638 596 622 582
T K 253 244 237 256 220 243 212
Ve, m s~ 482 478 477 472 476 470 466
Vs, M s 301 288 284 292 271 284 263
AFR 58 63 67 59 78 65 86
Tie, °C -50.1 -49.4 -49.3 -49.0 -49.3 -49.2 -49.0
Dy, m 2.18 2.50 2.47 - - - -
Dy, m 2.80 3.11 3.06 3.50 3.07 3.30 3.09
Ty 2800 3730 3780 4560 4260 4360 4650
myy, g kg 0.143 0.053 0.047 0 0 0 0
Sins %o 44 16 14 0 0 0 0
Dp, m 13.8 11.3 10.7 8.7 73 7.7 6.4

Abbreviations are T, engine core exit temperature; T, same for bypass; v., engine core exit jet speed; v,, same
for bypass; AFR, air/fuel mass flux ratio in the core engine; 7, threshold temperature for liquid contrail; D,
diameter of plume when reaching saturation for water; D, diameter of plume for maximum water saturation;
nyy, air/fuel mass mixing ratio at maximum liquid water content; m,,, maximum liquid water content; Sy,,, maximum
liquid water supersaturation; Dj,, diameter of plume when humidity drops below ice saturation.
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Figure 2. Map of latitude versus longitude with the flight track
of the Falcon versus time (every 30 min is indicated by a circle),
and the positions of radiosondes Munich (MUC), Meiningen
(MEI), Greifswald (GRE), Hannover (HAN), Lindenberg (LIN),
Dresden (DRE), and the position of Magdeburg (MAG). The
vectors represent the advection due to wind at 300 hPa within 1
hour. C1 to C4 denote positions of contrail onset or disappear-
ance. The in situ measurements took place in the phases LH, HH,
and LL, with low (L) and high (H) sulfur on left and right
engine, respectively.

engines have different properties when using different fuels.
Plate 1 shows a print of a video scene of the ATTAS flying at
FL 310, with ambient conditions close to those listed for LH in
Table 3. We clearly see the contrails forming from the two
engines. The visibility is best over dark surfaces (forest). Obvi-
ously, the visible particles form first at the outer edge of the jet
plume [Kdrcher, 1994], leaving a wedge of reduced contrast in
the center of the plume. Based on the known wing span and
from this picture. The right contrail becomes visible, still very
weakly, first at a distance of about 10 m after the engine exit
with an apparent diameter of about 1.3 m. The left contrail forms

abont § m latar with a diamatar of ahgut 1 7 m FBram a cimilar
actul 5> 1 aer Wil a Giameilr Of adtul 1./ M. £IT0Mm a Silfiliar

TV camera scene (1056) for the same altitude, the plume scales
were measured as listed in Table 5. Hence the right contrail
forms more than 5 m earlier and exhibits about 10 to 20% larger
visible diameter up to plume ages of at least 0.5 s. When both
engines burnt the same fuel (phases HH and LL) we could not
observe differences in plume formation, but the Falcon was
usually not in good enough positions to exclude such differences
definitely.

Plate 2 documents that the two contrails appear with slightly
different colors when viewed with the Sun in the back of the
observer. Both contrails are darker than the underlying cloud
cover. Obviously, the contrails absorb or scatter part of the
radiation reflected from the lower clouds and this reduction in
upward radiance is not balanced by the amount of solar radiation
scattered upward from the contrails to the observer. The right
contrail appears to be slightly brown colored while the left is
more grey. This difference was clearly noted by the observers
during flight and is documented in several further photos and the
videos. When viewed from above, the right contrail is darker
than the left one, indicating lower transmission of light reflected
from the cloud layer below the contrails. As will be explained
below, the change in optical properties may be due to soot
immersed in the particles or due to a changed particle size
spectrum. Plate 3, taken while flying southward with the Sun
ahead slightly to the left, shows both contrails to appear white
relative to the clear sky but with higher contrast and earlier onset
of the right contrail. The first few meters of the plume were
always invisible, without any visible smoke from soot emitted.
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Figure 3. Temperature T and threshold temperature 7;. (for
n=0.18) versus pressure. Thin curves: radiosoundings of
Munich (short dashed), Meiningen (medium dashed), and Greif-
swald (long dashed). Thick curves: Falcon data (solid curves for
temperature, dotted curve for threshold). Observed threshold
conditions for contrail formation (C1 to C4) indicated by solid
circles.

On the same flight leg, the videos show that the contrail
contrast changed with distance from the ATTAS. For the first
200 m the right plume gave higher contrast than the left one, but
with growing distance the contrast difference reversed. More-
over, the left contrail stayed slightly longer. This indicates a
change in the particle size spectrum as a function of sulfur con-
tent. It appears that the right engine, with high sulfur fuel, pro-
duces more particles. For the same water content this leads to
smaller water particles and hence a higher contrast. When the
humidity gets reduced in the plume the smaller particles evapo-
rate sooner.

From a series of photos and videos taken during the two
descents, C2 and C4, we can identify the times of contrail dis-
appearance to occur between 1105:31 and 1106:45 (C2) and
1152:15 and 1152:48 (C4). These timings are used to identify the
ambient air conditions from the Falcon data, accounting for the
fact that the Falcon was about 50 m lower than the ATTAS for
C2 but 50 m higher for C4. From the photos, it appears as if the
right contrail, from high sulfur fuel, persists slightly longer. The
right contrail disappears at about 25 to 50 m lower altitude (0.2
to 0.4 K higher temperature) than the left contrail. For the con-
trail onset during ascents (C1 and C3) the timing is less accurate:
C1 between 1024:16 and 1029:48, C3 between 1113:35 and
1118. Table 3 lists the best estimate times together with the
experimental conditions for these times. At 1120, the ATTAS
contrails at FL 300, observed through the bottom windows of the
Falcon, was occurring intermittently, with contrails visible 35 to
45 m after engine exits. Slightly shorter distances (25 to 35 m)
were found under onset conditions by Busen and Schumann
[1995], possibly because of different flight speeds.
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Plate 1. Printed video scene with view from the Falcon 150 m
above the ATTAS aircraft at 1055 UTC, 49°50"N, 11°30"E,
ATTAS at FL 310 (9450 m), burning fuels with different sulfur
contents (170 ppm left, 5500 ppm right).

When penetrating the plumes at distances of about 4 km, the
contrail pair observed from the Falcon showed a U-shaped
structure. Obviously, the jet exhaust moves with the trailing
vortex system generated by the aircraft. Since the engines are
located close to the plane of symmetry, the jet plumes first move
downward with the downward motion in the middle of the vortex
system. When reaching the lower edge of the vortex pair, the two
plumes circulate symmetrically first sideward and then upward
along the outer parts of the vortices. In more humid air, the
contrails form an annulus around the vortex axis but the U shape
results when the contrails evaporate before getting fully rotated
around the vortex. Similar structures have been computed by
Miake-Lye et al. [1994] for the concentration of exhaust gases in
similarly aged contrails, but for a different type of aircraft. Data
from flights through this structure were clearly assignable to the
different plumes. Unfortunately, slight curves of the ATTAS

Table 5. Diameter of Visible Plumes at Various Distances
Behind Engines in Phase LH
Distance, m
10 19 30 60 S0
High sulfur D, m 1.6 22 2.8 3.3 4.1
Low sulfur D, m - 2.1 22 3.0 32
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Plate 2. Photo of the ATTAS flying with different fuels as seen
from the Falcon cockpit at a distance of about 150 m, at 1100:25
UTC, at FL 307 (9360 m) on a course toward NNE.

flight track or sheared and wavy air motions often caused non-
symmetric plume structures.

3.2. In situ Measurements of Plume Properties

The plume data including turbulence and aerosol measure-
ments from six passes through the ATTAS contrail presented
here were chosen from visual inspection of the video and notes
taken during the flight. The purpose for the selection was to find
periods when one visually could resolve the two engine plumes
through a more or less well-defined contrail in order to compare
with data. The first three passes were taken from phase LH, the
second three passes from phase HH. The times of plume pene-
trations, that is, the times when the Falcon measured maximum
downward velocity —w, are listed in Table 6 and indicated in
Figure 1.

Figure 4 shows, for example, the measurements during pass
1, penetrating the plume from right to left. The particle data were
shifted in time by about 1 s to correct for different delay times

Table 6. Plume Data During Passes 1 to 6
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Plate 3. Photo of the ATTAS flying with different fuels as seen
from the Falcon cockpit at a distance of less than 100 m, at
1128:12 UTC, at FL 300 (9140 m) on a course toward SWS.

such that the data give a symmetric picture. The turbulence out-
side the plume, in terms of horizontal velocity fluctuations u
along 20-s flight segments, is about 0.2 m s™' for passes 1 to 3
and 0.5 ms™ for passes 4 to 6. Obviously, the two engine
plumes can be clearly identified from increases in water vapor
mass ratio m, temperature T, and particle concentrations N, and
from the lateral and vertical velocities v and w in the trailing
vortex. Some characteristic values are listed for all passes in
Table 6. The plume penetrations lasted for 3 to 5 s. Based on the
angle between the headings of the Falcon and the ATTAS (3° to
4°), the effective width of each jet plume (half wake) is
15 +4 m in terms of data for humidity and 22 = 5 m for particle
number density. The cross-stream velocity pattern indicates that
the plume was penetrated above the plume vortex axis for all
passes. It is interesting to note that the particle number density
is maximum at the outer edges of the plumes, associated with
positive vertical velocity. Pass 1 is the one with the highest rel-
ative humidity in the plume, even exceeding ice saturation (RH
= 60%); all others are below ice saturation. Otherwise, the mea-

Pass 1 2 3 4 5 6
Time, UTC 1040:57 1041:42 1042:32 1135:25 1135:54 1136:24
Age, s 19 20 22 25 26 27
AT, K 0.19 0.22 0.24 023 0.22 0.15
Am, mg kg 83 7.8 8.3 9.0 9.0 7.6
Nr 0.78 0.96 0.98 0.86 0.84 0.66
Dy, m 23 21 20 18 18 22
D, m 20 21 20 19 19 21
Uy S 0.9 1.0 2.3 | 09 1.0
Voury M 87 4.0 28 4.0 5.6 1.3 12
(= Wy m ™ 34 31 10 7.8 20 23
RH,.., % 65 56 48 45 42 52

Abbreviations are AT, mean temperature increase above ambient values; Am, increase in water

vapor mass ratio; M, El . AT/H{(1 =n)@Am}; Dy,

plume diameter based on AT; D,, same for Am;

Up, maximum velocity in ATTAS flight direction; v,..,, velocity amplitude perpendicular to the plume
axis; (= W), maximum downward velocity; RH,..., maximum relative humidity.
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Figure 4. Plume properties during pass 1 versus time in seconds
after 1040:47 UTC, penetrating the plume from right to left. (a)
Temperature 7. (b) Water vapor mass fraction m (solid) and its
ice saturation value (dashed). (c) Velocity fluctuation u in the
ATTAS flight direction. (d) Cross-plume and vertical velocities,
v (solid) and w (dashed). (e) Number density of particles larger
than 1 pm diameter measured with the FSSP. (f) Number density
of particles N Jarger than 7 nm (solid) and larger than 18 nm
(dashed).

sured profiles are similar for passes 1 to 3, but slightly less
coherent in terms of turbulence data for passes 4 to 6.

As a check for consistency of the measured temperature and
water vapor changes in the plume, AT and Am, we have com-
puted the ratio M, = Ely o, AT/ (1 —N)QAm} for given emission
index Ely,, specific heat capacity ¢,, and specific heat of com-
bustion Q. This ratio should be one for similar mixing of heat
and water vapor. From Table 6 we see that this ratio is a little
smaller than 1, which may be due to the limited accuracy of the
measurements or due to stronger cooling than water vapor
dilution in the plume. Radiative heat losses from the contrails
[Knollenberg, 1972] are too small to explain stronger cooling.
However, the deviations of M, from 1 are small enough to justify
further evaluations.
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From the measured mean temperature and humidity changes
and the known amount of emitted water and heat, we compute
effective  cross  sections of the diluted plumes
(WD} = Q1 -MpVAT)  and  (W4)DE = mElyo/
(p.i:VAm), with air density p,. The resultant diameters D, and
D, are listed in Table 6. We see that the plumes were diluted to
effective diameters D of 20 £3 m.

3.3. Results from Particle Measurements

Data from the different particle counters are plotted in Fig-
ures 5 and 6 for passes 1 to 6, scaled to the same time interval
as for pass 1 and such that the exhaust from the right engine is
in the right part of the figure and the exhaust from the left engine
is in the left part of the figure. From Figure 5 one can see that
the exhausts from the different engines are clearly resolved by
the two CPCs for all six passes. The PCASP data, see Figure 6,
show maximum values inside the plumes and the different
plumes can be discriminated only for pass i. The signai of the
contrail in the PCASP is essentially coming from three channels
corresponding to particle diameters between about 120 and 160
nm and no significant change could be seen for larger particle
sizes. In Figure 5a, for different fuels in the engines, there is an
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Figure 5. (a) Aerosol number concentration versus time for
particles larger than 7 nm (top curves) and larger than 18 nm
(bottom curves) in diameter from three passes through the
plumes, while using fuel with elevated sulfur content in the right
engine (LH). (b) Same as in Figure 5a, but using fuel with ele-
vated sulfur content in both engines (HH). In order to scale the
results to the same plume width, the timescale has been multi-
plied with factors 1, 0.72, 1.06, 0.99, 1.35, 1.12, for passes 1 to
6, respectively, before plotting.
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Figure 6. As Figure 5a, for particles larger than 120 nm diam-

eter, for three passes within phase LH.

evident d

right and left engine. The dlrference in concentratlon is most
clear for particles larger than 18 nm with peak values of around
10,000 cm™ and 15,000 cm™ for the respective engine. Between
the two peaks there is a trend with decreasing concentration from
right to left. Although the trend is not dramatic, it is consistent
in the three passes from almost 5000 cm™ down to about
2000 cm™. For particles larger than 7 nm the concentrations
reach about 25,000 to 30,000 cm™. However, the relative differ-
ence between the two peaks is less than for particles larger than
18 nm.

The maximum concentrations observed in the HH passes 4
to 6 (Figure 5b) are consistent with the peak values observed in
the concentration for the right engine exhaust in Figures 5a. In
general, the concentrations in the HH passes are (about 15%)
lower for 4> 18 nm and higher for 4> 7 nm with respect to the
right engine exhaust in passes 1 to 3 in LH. This could be due
to slightly larger distances behind the ATTAS aircraft but aiso
due to the different ambient conditions. In particular, the contrail
experienced less water supersaturation in phase HH compared to

H The hackaronnd concentration observed by the PCASP was

LH. The background concentration observed by the PCASP was
also different for the two phases, about a factor of 2 smaller in
phase HH compared to LH.

We show no data for phase LL because the contrail was
shorter and the plume structure, possibly because of higher
ambient air turbulence, was less clear in this phase. However, the
data from this phase are consistent with the other results in
showing the same magnitude of particles larger than 7 nm as for
HH but less particles larger than 18 nm.

From the measurements in passes 1 to 3 we compare the
volume distributions of the particles. The difference between the
average size distributions within the plume and outside the plume
is shown in Figure 7. The volume of particles greater than 0.12
um is insignificant outside the plume. Hence most of the aerosol
volume in the plume formed from exhaust particles rather than
from ambient preexisting particles. The total specific volume is
computed as 0.35x 10" Note that for particles larger than
0.2 um the uncertainty in concentration is high due to poor
counting statistics and that a small change in number concen-
tration can have a large effect in particle volume.

To visualize the data in Figures 5 better and to show how the
particle concentration in the exhaust responds to different sulfur

containing fuel, we compare the areas under the curves to the
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Figure 7. Additional aerosol volume in the plumes of phase
LH. The integrai in the figure is about 0.35 um’cm™ or
0.35%x 107"

right and to the left of the zero mark in the figures, that is, {fom
the particles generated by the right and the left engine. For par-
ticles larger than 7 nm the calculated ratio is about 1.25 and more
than 1.5 for particles larger than 18 nm, see Figure 5a. The
average ratios for the data in Figure 5b are very close to 1. All
the individual ratios are plotted in Figure 8. We are aware that
this ratio is a very crude measure and that the exhaust is inter-
mixed, diluted and aged from the time it is emitted till it is
sampled However, all processes can only serve to mask any

al differences in the young p nlames

The FSSP probe identified particles only in a very few con-
trail penetrations. In most cases the data show particles only in
the first size bin (I to 2 pm). The measured concentrations were
typically less than 5 particles per cm?. Only for pass 1, see Figure
4, when the Falcon was closest to the ATTAS (distance about 3

in the first and legs
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the number density reached 70 cm™
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than 0.02 cm™ in the second bin (2 to 3 um). The computed
water content stays below 0.15 mg kg™'. In this case, the contrail
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left engine, for phases LH and HH and for different detection
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is clearly visible in the video. Particles were counted mainly in
the right plume for this pass. In all other cases, because of larger
plume dilution, most of the particles of this size were already
evaporated. Ice particles in contrails growing in supersaturated
air or in natural cirrus are often larger, typically 15 o 50 um,
with number densities of the order 0.1 to 1 cm™, and ice contents
up to 10 mg kg™ [Gayet et al., 1996].

4. Discussion

The observations provided data on plume and contrail scales.
Moreover, the observations show differences between the left
(low sulfur) and right (high sulfur) contrails. In this section we
first examine how far the observed contrail properties can be
explained with simple thermodynamical concepts and estimate
the degree of supersaturation and the amount of liquid water in
the contrails. Then we interpret the observations to explain the
observed differences between the left and right plumes using
order of magnitude estimates. Finally, some implications are
discussed. The notation section lists frequently used symbols.

4.1. Plume Dimensions and Comparison to the Schmidt/Ap-
pleman Theory

The measurements show plume diameters D of about 2 m at
the onset of contrails and diameters of about 20 m at a plume
age of 20 s. Later studies might compute the mixing process with
proper fluid dynamics codes [Miake-Lye et al., 1993, 1994;
Kircher, 1994]. Here we use simple estimates for orientation and
as a test for consistency between the various data obtained.

For conservation of momentum, the plume air receives the
thrust F of the engines so that the bulk plume velocity V; relative
to ambient air satisfies F=p,,(/4)D*VV; for all times. For a
plume diameter of 2 m, the jet velocity is V;=31 m s, causing
strong shear mixing. For the diameter of 20 m during the in situ
measurements it decays to 0.3 m s™. This value is of the same
order as the measured axial velocity fluctuation u, see Figure 4
and Table 6. The aircraft, with wing span B =21.5 m, induces a
vortex system with vortex axis separation of mB/4=17m
[Miake-Lye et al., 1993; Schumann, 1994], which is larger than
the separation of 6.1 m between the engines, as expected from
the U-shaped contrail structure. The vortex roll-up time is short,
about l.Spai,VB"/(gM) =6 s. The vortex system moves downward
as a whole with a velocity w = 8gM/(T’p,,B*V) = 1.4 m s™'. The
velocity in the plane of symmetry reaches 4 times this value,
which agrees approximately with the measured values of —w,,,
listed in Table 6. Within the first 30 s, the vortex moves down-
ward about 40 m. Hence vortex and jet motions explain the
observed mixing of each plume to the effective diameters of
about 20 m within the first 30 s.

The Schmidt/Appleman theory [Schmidt, 1941; Appleman,
1953], as described in detail by Schumann [1996], is applied to
check how far the measured contrail parameters can be under-
stood thermodynamically. When the hot and moist exhaust gases
mix with the ambient air, the mixing follows along a straight line
in the diagram as shown in Figure 9, depicting the water partial
pressure as a function of temperature in the plume. The envi-
ronmental state is at point E and the exhaust conditions at the jet
exit is far outside the diagram. The mixing line has a slope G =
Ely06pRuo/[RaQ(1 —n)], depending on ambient pressure p and
the gas constants R for water vapor and air. As illustrated in
Figure 9, a contrail may form by liquid condensation when the
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Figure 9. Water vapor partial pressure versus temperature with
saturation for water (solid curve) and ice (dashed curve) and lines
of isobaric mixing for conditions as in phase LH for contrail
onset at liquid water saturation (solid) and ice saturation (long
dashed) and ambient temperature (short dashed). For environ-
mental conditions at point E, the mixing passes through points
I1 and L1 of initial ice and liquid saturation, and then L2 and 12
of final liquid and ice saturation. At LM and IM the plume
reaches liquid or ice saturation under threshold conditions with
ambient conditions at L.C or IC

environmental temperature is below the threshold temperature
T,c In this case mixing causes liquid saturation at temperature
T, where the saturation pressure ¢(7) has the same slope as the
mixing line, de(T)/dT = G, and where the mixing line connects
the states at point LM and LC: ¢(Ty)= RH
eTie) + G(T4 — Tio). Similarly, the points IM and IC follow for
ice saturation. For Tj; < T}, the plume passes through saturation
first with respect to ice (I1), then for liquid water (1), reaches
maximum saturation first for ice (IM) and then for liquid water
(LM), and then dilutes again to saturation for liquid water (L2)
and ice (12). The temperature excess AT in the plume above
ambient temperature 7. is related to the dilution factor, that is,
the mass of air mixed with the exhaust of burnt fuel mass,
n=Q(1 -=M)/(c,AT). For given fuel flow the corresponding plume
diameter satisfies (1/4)D? = nm/(Vp,;). Some of the correspond-
ing state parameters are listed for all flight phases in Table 4.
For phase LH with T;=-55°C, the plume temperatures are
-28.9°, -34.1°, -42.3°, -53.1°, -54.5°C, at points 11, L1, LM, L2,
and 12, respectively.

Figure 3 shows the ambient temperature and the threshold
temperature T, as computed for the given heat and moisture
emissions of the ATTAS as a function of pressure and humidity.
For the temperature and humidity data derived from the radio-
soundings, contrails were to be expected at altitudes above
pressure 317 hPa (FL 288), roughly consistent with the obser-
vations. For the Falcon data, the contrail onsets were observed
at temperatures which differed from the threshold temperatures
by less than 0.7 K; see Figure 1c. Busen and Schumann [1995]
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found similar agreement. The observed plume diameters at con-
trail onset for phase LH (Table 5) of about 2 m is close to the
computed value Dy =2.15m. The computed diameter of
D, =13.6 m of the contrail when diluted below ice saturation
appears also to be realistic when compared to the visual obser-
vations. The ice content observed with the FSSP is dbout a factor
of 1000 less than the maximum possible water content. Obvi-
ously, the measurements were taken behind the point 12, with
few remaining ice particles. No contrails were observed when the
air temperature was in between T and 7,=—45°C where the
plume moisture exceeds ice saturation. These results support the
common view that the visible particles in contrails form via the
liquid phase, freeze at least partly, and then evaporate from the
ice phase. )

4.2. Differences Caused by Different Levels of Sulfur Emis-
sions

The right engine burnt a fuel with a very high sulfur content
S of 5500 ppm, higher than the specification limit of 3000 ppm,
about 10 times larger than the average value 420 ppm
[Schumann, 1994], and 32 times larger than for the left engine
(170 ppm). The larger sulfur emissions cause contrail formation
at slightly warmer (< 0.4 K) ambient temperature, earlier con-
trail visibility after engine exit, changes in the optical properties,
a slight increase in the number of particles larger than 7 nm, and
a shift in particle size with 50% more particles larger than 18
nm.

The increase in sulfuric acid mixing ratio in the plume can
be computed from a mass budget relating the sulfur emissions
with the amount of sulfuric acid in the plume of diameter D,

S5 mpMy,
e
Mgpi (4D

[HyS04]1 = S))

for given sulfur mass content S in the fuel, number fraction s of
sulfur dioxide converted into sulfuric acid, and molar masses of
air M, =29 and sulfur M;=32. For s=04% [Reiner and
Arnold, 1993] (possibly a lower bound of the conversion) and
D =20 m, one computes an increase by 140 parts per trillion by
volume (pptv) for 5500 ppm sulfur content in the fuel, and by 4
pptv for 170 ppm. These values are much larger than ambient
values of sulfuric acid in the upper troposphere of about 0.01 to
0.05 pptv [Méhler and Arnold, 1992]. Even for 1 ppm fuel sulfur
content, the additional sulfuric acid concentration is comparable
to background values. In any case, the resultant concentration
exceeds by far the saturation mixing ratio which is of order 0.001
pptv for -50°C [Hamill et al., 1982]. Hence present levels of
sulfur contents in aviation fuels are high enough to make sulfuric
acid nucleation very likely.

Nucleation rates increase strongly with supersaturation.
Kiéircher et al. [1995] computed an increase in nucleation rates
by a factor of 200 for an increase in fuel sulfur content from 360
to 3000 ppm and more than a factor of 10° increase in particle
number density larger than 80 nm diameter, for T = T;.. Hence
we should expect a much larger number density of particles
nucleated from the high sulfur fuel than for the low sulfur case
and also a larger amount of aerosol volume. However, the
observed number densities of particles larger than 7 nm differed
by only 25% and the particles larger than 18 nm responsible for
most of the aerosol volume changed by less than a factor 2. One
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could argue that much of the nucleated aerosol has diameters
smaller than 7 nm; however, such small droplets would coagulate
quickly and should become larger than 7 nm well before the
plume reaches a plume age of 20 s (see Appendix 3). Moreover,
as noted before, such small aerosol does not explain why parti-
cles grow quickly to form a visible contrail within about 0.3 s
after leaving the engine exit [Kdrcher et al., 1995]. We conclude
therefore that the measured aerosol and the CCN are formed not
only by homogeneously nucleated sulfuric acid droplets.

Alternatively, it appears reasonable that the measured aerosol
and the CCN responsible for quick visibility of the contrails is
formed from soot which gets increasingly activated with growing
level of sulfur emissions. The activatiori may be due to heter-
ogeneous nucleation of sulfuric acid with water at the soot sur-
face or by coagulation between soot and homogeneously formed
sulfuric acid droplets or by processes leading to deposition of
sulfuric compounds on soot in the process of soot formation in
the engines or the hot exhaust. In order to support this possibility,
various order of magnitude estimate are given below and com-
pared to the observed facts.

The number of soot particles can be estimated for given
emission index El,, and mean diameter d,,, of soot. As
described in Appendix 2, the emission index is about
El,.=0.5 g kg™!, possibly with an uncertainty of factor 2. The
soot diameter is estimated as d,,, = 60 nm, with about the same
uncertainty. It is unlikely that the soot particles are much smaller
on average, since very small particles would coagulate quickly
(see Appendix 3). The soot density is Py =2 g cm™ for graph-
itic carbon, with lower effective values for sponge-like soot.
Hence for an initial plume diameter of D=2 m, one computes
a particle number density N, of

Elgooiic

Proot W) do o (W4D?V

=700,000 cm™, (2

soot =

with a large uncertainty factor of order 10, mainly because of
unknown effective soot diameter. The emission index cannot be
much larger than given, because otherwise we should have seen
a smoke-forming soot plume. For the given values, the optical
thickness of the soot plume is T=D(/4)d%uQexNeon =0.002.
Here the extinction efficiency Q. =0.35 to 0.48, depending on
the refraction index of soot [Chylek et al., 1984], grows to first
order linearly with d,,, according to Mie calculations [Van de
Hulst, 1957]. The visibility changes little with d,,, but depends
on T~ EL,/D. In order to become visible, T>0.02 is required
[Champagne, 1971]. Since smoke was invisible eveirt at the
engine exits (D =0.4 m), the emission index EI,,, must have
been smaller than 1 g kg™ .

The estimated soot particle density is supported by the data
of Pitchford et al. [1991] who measured a particle concentration
of 300,000 cm™ in thq wake of a Sabreliner, 200 m behind the
engines with plumes of 5 m diameter. The estimated particle
emission of the ATTAS corrésponds to ar emission index
Bl = EL oo/ (PionTtdn,/6) = 2 X 10" kg™ of soot particles per fuel
mass, again with a large uncertainty factor. About the same value
can be deduced from Fahey et al. [1995] who measured simul-
taneously the pariicle number density and the CO, mixing ratio
in the wake of the ER-2 stratospheric research aircraft about 10
min after emission. If the particle number stayed constant up to
that plume age, their data reveal values of El,.. between
0.4x 10" and 4 x 10" kg™

Next we check whether the given soot number density may
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be responsible for the early visibility of the contrail by acting as
CCN. For flight phase LH, the plume reaches a maximum liquid
supersaturation at point LM of 44%. One may expect that this
supersaturation causes activation of a large fraction a of the soot
particles in the presence of sulfuric acid. In order to become
visible many large particles must be formed. Distributing the
maximum amount of liquid water, which the Schmidt/Appleman
theory predicts to be my, =0.14 g kg™, equally on a fraction a
of the soot particles in the young plume gives droplets with a
diameter dyp,

T A3 MyPair
— Aoy == . 3)
6 drop ah, sootpH20

This results in d,, =0.56 pm for a=1, and larger values for
a< 1. At 550 nm wavelength with optical data from Palmer and
Williams [1975], particles with d,, = 0.56 um cause an optical
thickness of 0.62, 0.7, and 0.82, for pure ice particles, pure water
droplets, and droplets with 25% mass fraction H,SO,, respec-
tively (even if all H,SO, enter} the liquid phase, its mass fraction
remains below 0.032% for s=0:4%). Hence for a=1 the parti-
cles form a clearly visible plume for all these types of particles.
The optical thickness varies with (a Ely)'/d,n. Hence visible
particles are to be expected for a wide range of parameter values.
A visible contrail should form even for low values of a of order
0.01, as observed [Pitchford et al., 1991; Halleft et al. 1990). The
carlier visibility of the right plume suggests a larger value of a
for the higher sulfur fuel content. Assuming an initial contrail
diameter of only 1 m and the previously estimated droplet num-
ber density for a=1, the required optical thickness of 0.02 is
reached when the particles have grown to diameters of 0.14,
0.13, and 0.12 um, for the particle types listed above, respec-
tively. The diameters are again similar in magnitude and little
dependent on the type of particle.

Obviously, particles with diameters between 140 and 560 nm
diameter must have got formed in the plumes within the very
short time (0.05 to 0.3 s) after engine exit. From equation (13-2)
of Pruppacher and Kletr [1980, pp. 420], assuming unit accom-
modation coefficients as suggested by Wagner [1982], and con-
stant supersaturation of 40%, one computes that pure water
droplets grow within 0.012 s from 60 nm to 140 nm diameter,
and within 0.28 s to 560 nm. The growth rate depends strongly
on the accommodation coefficient. Hence the quick growth of
water droplets can be understood only when the accommodation
coefficient is close to 1. The particle growth rate may be
enhanced when the particles contain considerable amounts of
sulfuric acid. However, the quickly growing water droplets take
up only little sulfuric acid because its partial pressure is at least
100 times smaller than the water vapor supersaturation pressure.
In principle, solution droplets may form already before reaching
water saturation and grow quickly after freezing [Heymsfield and
Sabin, 1989]. However, the period between 11 and L1, with
supersaturation for ice but subsaturation for water, is short and
appears to be too warm (7;; =-34.1°C) for homogeneous ice
nucleation from solution droplets [DeMott, 1990). Since the
observations show that sulfur emissions reduce the time required
to form visible contrail particles, we conclude that this is caused
by activation of many of the large soot particles by the sulfur
emissions. Under threshold conditions (7 = T;¢), the maximum
water supersaturation will be small and reached late in the plume.
In this case, condensation growth is too slow, and early freezing
of solution droplets or direct ice nucleation is required to gener-
ate a visible contrail as early as observed [Kdrcher et al., 1995).
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The role of soot getting activated to form CCNs as a function
of sulfur emissions is further corroborated by the observed dif-
ference in color of the two contrails for phase LH, Plate 2. We
first considered the possibility that the different optical properties
resulted from spectrally different light absorption by soot
immersed in liquid droplets [Chylek et al., 1984] or by soot at
the surface of droplets [Chylek and Hallett, 1992]. However, a
separate study (K. Gierens and U. Schumann, Colors of contrails
from fuels with different sulfur contents, submitted to Journal
of Geophysical Research, 1995) showed that the color difference
results from changes in the droplet or ice particle spectrum due
to different degrees of soot activation. The extinction of light
passing through the contrail is stronger in the blue range than in
the red range in the solar spectrum when the contrail contains
many small droplets instead of few large droplets at the same
water content, causing the brownish color. For the visual
appearance of the optically thin contrails (T < 1.2), the soot vol-
ume fraction in the droplets is negligible.

When the particle number stays constant in the plume during
mixing from 2 m to 20 m diameter, the particle number density
gets reduced by a factor of 100. Hence we expect a number
density of 7000 cm™ of particles with mean diameter larger 60
nm in the aged plume where the measurements took place. The
estimated number density is only a little smaller than the meas-
ured value of about 10,000 cm™ in the size range above 18 nm.
However, the quantitative uncertainties in these estimates are
large, and we cannot exclude that a fraction of the measured
particles was generated from self-coagulation of homogeneously
nucleated sulfuric acid droplets or from very small soot particles
which have grown by H,SO,/H,0 condensation to this size range.

In order to check whether enough sulfuric acid was available
to coat the soot and to increase the particie size as observed, we
assume again s= 0.4% conversion of sulfur into sulfuric acid,
and 87% mass fraction of sulfuric acid in particles having passed
through the inlet system of the particle counters. (This mass
fraction has been computed using the thermodynamical model
of Carslaw et al. [1995] with the help of K. S. Carslaw, for
p =226 hPa, T =300 K, [H,0] = 80 parts per million by volume,
[H,SO,] = 140 pptv, which approximates the conditions inside
the particle measurement systems. For ambient conditions,
T=T,=218.7 K, p=287 hPa, and the same concentrations, the
mass fraction is 34%.) Distributing all the sulfuric acid equally
on (spherical) soot particles of diameter d,, = 60 nm, results in
a (thin) acid layer of thickness 8, with

S's My,s0,1p
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with molar masses Mg, =98 and My =32, fuel sulfur content
S, a particle number density N=10,000 cm™ as observed, an
estimated droplet density p,. = 1.8 g cm™, and a plume diameter
of D =20 m as observed. The resultant acid layer is rather thin,
8 =1.2 nm for §=5500 ppm, and would be even thinner if one
accounts for the large specific surface of soot particles. For 170
ppm sulfur content in the fuel, one computes 8 = 0.04 nm, about
a factor of 10 less than the diameter of H,SO, molecules. Hence
a sulfur content of 170 ppm is not enough to form one monolayer
of sulfuric acid molecules on the soot particles, and only part of
the soot particles may get activated for such low sulfur contents.
The computations suggest definite changes in @ when increasing
S from 170 to 5500 ppm, but the fraction a depends strongly on
the specific surface of the soot.
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For spherical soot particles with d, =10 nm the coating
with sulfuric acid would increase the particle diameter to 30 nm
for 5500 ppm and to 12.2 nm for 170 ppm, consistent with the
measured 50% increase in particle numbers larger than 18 nm
for the high-sulfur case. The measured 25% increase in the
number of particles larger than 7 nm may be due to growth of
initially very small soot particles or from some homogeneously
nucleated sulfuric acid droplets. The number density of particles
larger than 18 nm measured in phase LH is larger than that for
phases LL and HH. These phases differ in the amount of water
available for condensation, see Table 4, with smaller supersatu-
ration in phases LL and HH compared to LH. This suggests that
the fraction of aerosol which grows to the measurable size range
increases with the supersaturation in the contrail. It would be
interesting to observe the particle spectrum in a plume at slightly
higher temperatures without forming a contrail.

If one computes the specific volume of soot and sulfuric acid
for the given parameter values in the plume with D =20 m, one
obtains a specific volume of 0.14% 10" from the sulfuric
acid/water and 0.8 x 10 from the soot emitted, including all
particle sizes. Hence the measured aerosol volume of
0.36 % 1072, of particles larger than 120 nm, see Figure 7, can
hardly be explained with sulfuric acid alone.

Besides formation of sulfuric acid coating by binary con-
densation one may also speculate on the possibility that the soot
particles take up sulfur components already in the combustion

chamber when the soot forms or by adsorbing sulfur dioxide in -

the hot exhaust soon thereafter. If sulfur compounds are retained
in graphitic soot, the formation of mixed soot particles would
be one possibility to explain observed sulfur impact on soot and
CCN formation [Haynes and Wagner, 1981; Lammel and Nova-
kov, 1995].

4.3. Implications

Obviously, the sulfur in the gases serves as important pre-
cursor for generation of particles larger than 7 nm in the wake
of an aircraft. We also observed an increase in the first channels
of the PCASP around 0.15 pum diameter. This size range can
readily take part in formation of ice cirrus clouds [Heymsfield
and Sabin, 1989]. If containing soot, this will change the effec-
tive absorption efficiency of soot and the optical properties of
clouds. Both changes may have a climatic effect. If contrails
form in ice-saturated air, they may spread over a large area. Such
contrails may persist the longer the smaller the particles are
because of reduced sedimentation. Hence contrails may cover a
larger region when the number of CCNs emitted gets enhanced
by sulfur and soot emissions.

Near the tropopause, the atmosphere is supersaturated with
respect to H,SO,-H,O during daytime [Mirabel and Katz, 1974;
Arnold et al., 1981; Hamill et al., 1982]. Hence the sulfuric
acid/water droplets may grow even at low ambient humidity and
form an invisible aerosol trail {Arnold et al., 1994; Frenzel and
Arnold, 1994]. The residence time of such aerosols in the lower
stratosphere is of the order of several weeks to months. These
time-scales are large enough to cause considerable accumulation
of aircraft-induced aerosols [Hofmann, 1991; Pitchford et al.,
1991]. In the upper troposphere, the acrosol will stay for several
days. Sausen and Kéhler [1994] have computed the dispersion
of passive tracers simulating emissions from air traffic with
decay times of 4, 10, and 20 days. In view of the high concen-
tration of air traffic in the latitude band from 40° to 60°N, any
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increase in particle concentrations is most pronounced in this
region, with very little impact on the southern hemisphere. For
the North Atlantic flight traffic corridor, under assumptions as
given by Schumann [1994] (500 aircraft daily, consuming 60
Mg of fuel each within a corridor volume of
5000 km x 1000 km x 2 km) and for an emission index of
2 x 10" particles per kilogram of fuel, that is, for a number of
particles given by the number of soot particles emitted, one
computes a mean increase in particle concentration of 6 cm?, if
the residence time is 1 day in the corridor, compared to typical
background vatues of 100 cm™ [Turco et al., 1982). Emissions
in the lower stratosphere will have longer residence times, get
transported mainly poleward, and may cause enhanced cloudi-
ness in particular near the tropopause. Chemical implications are
also conceivable [WMO, 1995].

The present levels of sulfur contents in aviation fuels are high
enough to cause sulfuric acid concentrations in the exhaust far
above ambient values. Even if the fuel would be totally free of
sulfur, the engine would still present a source of condensable
sulfur compounds by burning ambient air (F. Arnold, personal
communication, 1995). Sulfur-containing molecules in the upper
troposphere include sulfur dioxide, SO, (80 to 500 pptv) [M&hler
and Arnold, 19921, carbonyl sulfide (400 to 600 pptv) [Turco et
al., 1982], and sulfuric acid acrosols (highly variable) [Turco et
al., 1982]. The equivalent mixing ratio of the sum of these mol-
ecules may amount to about 2 parts per billion by volume. For
a typical air/fuel ratio of about 60, a fuel sulfur content of 0.15
ppm would still double this mixing ratio in the undiluted exhaust,
Even the case with 2 ppm fuel sulfur content considered by
Busen and Schumann [1995] is still high enough in this sense and
may contribute to sulfuric acid aerosol generation. However, the
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dilution. Moreover, the results from (4) suggest that average fuel
sulfur contents may be too small to provide enough acid to coat
a large fraction of the soot surface.

5. Conclusions

As far as we know, these are the first experiments which
demonstrate a visibie and measurabie infiuence of fuel suifur on
contrail formation. We found that increased sulfur emissions
cause (1) a slightly earlier onset of contrail formation (about 5
to 8 m closer to the engines, about 10 to 20 m behind the air-
craft), when the ambient temperature is 5 K below the threshold
value for contrail formation; (2) an increase in optical thickness
of contrails shortly after onset; (3) about 10 to 20% larger
diameter of the visible plumes in the first 200 m; (4) stronger
extinction of solar radiation, in particular in the blue range of the
solar spectrum, causing a brownish appearance; (5) only a slight
increase (25%) in the number density of particles larger than 7
nm, with a shift to larger particle size causing 50% more particles
larger than 18 nm, and small changes in particles between 120
nm and 1 pm; (6) a slight reduction in optical thickness of con-
trails after the first kilometer and earlier contrail evaporation,
possibly due to more subvisible particles and less visible ice
particles; (7) a slightly longer visibility of contrails during
descent, corresponding to less than 0.4 K higher threshold tem-
perature, with contrails forming about 30 to 40 m after engine
exit.

The observations provide a rather complete set of data, from
the engine exit conditions to a plume age of about 30 s, including
measures of the visible plume diameters for the first 100 m, and
turbulence data for the aged plume. The plume diameters are
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only a little smaller than expected for a homogeneously mixed
plume in thermodynamic equilibrium. The contrails first form in
the jet mixing layer, as expected [Kdrcher, 1994]. After 20 to
30 s, the plumes are mixed to effective diameters of 20 m, the
water vapor concentration is diluted slightly below ice saturation,
with few remaining visible particles (probably ice), but many
subvisible particles (unknown phase). Estimates are given on the
amount of soot emission, soot particle size, and resultant particle
diameters which are consistent with the optical properties, mea-
sured data, previous particle observations [Pitchford et al., 1991;
Fahey et al., 1995], and estimates on the amount of sulfuric acid
formed for given sulfur emissions.

We cannot definitely decide on how the particles were
formed. However, it appears that the measured particles neither
originate from ambient aerosol entrained into the plume nor
solely from homogeneous nucleation. The weak variation of the
particle number with fuel sulfur content, the increase in mean
particle diameter consistent with computed acid-coated soot-par-
ticle diameters, the change in color, and the estimated timescales
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condenses with water directly on the soot particles or that most
of the homogeneously nucleated droplets coagulate in the young
plume with the soot particles. The higher the sulfur content the
more of the soot may get activated and immersed in acid droplets
or ice particles.

The effects of different fuel sulfur contents were not visible
for 250 ppm compared to 2 ppm in the observations of Busen
and Schumann [1995]. As they noted, differences might have
been present in that case causing measurable differences in par-
ticle size spectra but were not measured in their explorative test.
A fuel sulfur content between 2 and 250 ppm is large enough to
cause considerable increase in condensable sulfur compounds in
the undiluted exhaust but may not be large enough to activate a
major fraction of the soot particles.

Future experiments should try to measure the content of soot
and sulfuric gases in the plume simultaneously with the particle
and thermodynamical plume properties in order to identify the
amount of sulfuric acid deposited on the soot. Such experiments
should be performed with very low (less than 1 ppm) and very
high (above 3000 ppm) sulfur content fuels, in plumes above and
below the threshold temperature for contrail formation. Also, it
would be important for analysis to know more precisely the
composition, size spectrum, and specific surface of the soot at
the jet exits. Tests with different fuels or engines causing dif-
ferent amounts of soot would provide direct evidence for the
importance of soot.

The sulfur content in the jet fuel has only a minor effect on
the temperature below which contrails form. However, sulfur
emissions cause an invisible aerosol trail. The additional and
larger aerosol increases the background level of condensation
nuclei and possibly ice nuclei and may cause changes in cirrus
cloud formation, in particular in the flight corridors at northern
latitudes, near the tropopause, and in regions which otherwise
stay supersaturated with respect to ice. However, the magnitude
of these effects remains to be investigated.

Appendix 1: Details on the Particle Instruments

The CPCs and the PCASP measured particles in air sampled
from outside the Falcon at a total flow rate of about 10 L min™
through a 1/4" stainless steel tube with a tapered inlet yielding
an opening cross section of 3.8 mm? The inlet is located on the
roof of the Falcon at a distance of 40 cm from the fuselage to
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ensure free-stream sampling, and the opening is facing the
opposite direction of flight. This design of the aerosol inlet
results in a zero sampling efficiency for particles greater than
about 1 pum diameter. From the aerosol inlet the sample air is
transported to a flow-splitter inside the aircraft, from which the
air is distributed to the different sensors. The time spent by the
air in the sampling line before it reaches an instrument is less
than 1 s, and the data are corrected for this phase lag. Compared
to the ambient air, the sample air will have about 80 K higher
temperature when it reaches the sensors with pressure below the
outside pressure because of negative pressure head at the back-
ward facing inlet. This results in evaporation of most of the water
from the particles [Hofmann and Rosen, 1978].

The CPCs are equipped with new butanol reservoirs and
pressure compensating filters in order to reduce sampling prob-
lems occurring from working at low pressures and encountering
sudden pressure changes [Noone and Hansson, 1990; Zhang and
Liu, 1991]. Furthermore, the condensers of the instruments have
an extended cooling system which allow operation at different
lower detection limits for the two CPCs with similar size resol-
ution as the TSI 3010 type CPC [Mertes et al., 1995]. The 50%
detection limits are 7 and 18 nm (10% limits: about 5 and 12 nm,
90% limits: 9 and 28 nm), respectively. The sample flow rate
of the CPC instrument 1s 1.5 L min™. The logging frequency of
4 Hz corresponds to a spatial resolution of about 40 m along the
flight path. The two instruments agree in measured particle con-
centration within 2 to 3% when operated with the same amount
of cooling, that is, the same lower detection limit. The 16 bit

counters in the data acquisition system cover an equivalent par-
ticle concentration of 10,000 cm™ before being reset. When the
concentration exceeds this value, the data have to be corrected
by hand. In this procedure, we make sure that the number density
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Due to the design of the optical detection system in the CPCs
there is a possibility for coincidence problems when the con-
centration becomes too high. Therefore the data are multiplied
with a correction factor given by the instrument manufacturer
For a measured particle concentration of 10,000 cm™ this cor-
rection factor is 1.06, for a concentration of 20,000 cm™ this
correction factor is 1.25. At an ambient concentration of about
100,000 cm™ the particle counters are saturated and cannot dis-
tinguish between different particles.

The PCASP of Particle Measurement Systems (PMS) is
especially designed for low-pressure operation conditions. It
covers the size range between 0.1 and 3.5 pum which is divided
into 32 size classes. The instrument was calibrated for ammo-
nium sulfate particles up to 1 um. Due to the design of the aer-
osol inlet and an erroneous first size bin, the integral number
concentration as measured by the PCASP represents particles
between 120 nm and about 1 um diameter. The probes are
equipped with mass flow controllers. The volume flow rate
depends only weakly on ambient pressure. Although the data
were logged at 1 Hz, the low flow rate of the PCASP -
(0.06 L min™) results in a significant statistical uncertainty for
low ambient number concentrations.

Appendix 2: Engine Analysis and Soot Emission
Index

A thermodynamic engine analysis has been performed to
estimate the engine exit velocities v and v,, and temperatures
T and Tj at the core exit (C) and bypass exit (B), respectively,
relative to given environmental conditions (E). The parameters
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are determined such that the engine provides the given thrust (the
exit pressures equal the ambient pressure for this engine)
F = my(ve— vg) + mpve + m(vg — vg) as a function of core and
bypass mass flows mc=rmy +my= PAVE Hiy = PpAsvs, With
p =p/(RT), gas constant R, and satisfies the energy budget in
terms of total enthalpies h=h+v/2 (dh=cdT, v= velocity
relative to aircraft), ms(Q — h) = mc(he — he) + mg(hs — hg), for
given values of the fuel flow rate my, specific combustion heat
0, aircraft speed vg =V, bypass ratio W= my/ny, = 3.17, effective
exit cross sections Ac=0.125 m? and A, =0.252 m?, and EGT.
The indicated EGT is used to control the temperature at the
entrance to the high-pressure turbine based on measured tem-
peratures after the low-pressure turbine. Therefore the indicated
value is an engine-specific empirical function of the total tem-
perature T,=h/c, at core and bypass exits, EGT =
kT, + min{40, 73 — T,;}, with k= 0.886 (all temperatures in °C)
for the presently used engine version. The air/fuel mass flow
ratio is AFR =my/m. The propulsion efficiency mn=
(FV + gwM/2)/(meQ) includes the (small) contribution from
potential energy gain during climb. Table 4 lists the results of
this analysis.

The emission index for soot may be estimated from data on
the smoke number SN. The SN is the percentage change in
reflectance of a stained filter after passage of a given volume
exhaust sample [Champagne, 1971]. The International Civil
Aviation Organization, Montreal(JCAO) emissions database lists
the present engine with SN = 2.7, 10.9, 38.4, and 46.3, for 7, 30,
85, and 100% takeoff thrust, with 0.053, 0.146, 0.416, and 0.498
kg s” fuel flow, respectively. From the given 1CAO smoke
number values SN, we compute the soot particle concentration
Cao (Mass per standard exhaust volume) at the core engine exit
using relationships as given by Champagne [1971] and Hurley
[1993]. The emission index is determined from El,=
CaAVeTo/ (M Ty), for surface pressure and reference temperature
T, =273 K. Jet engine exit velocities v and temperatures T¢ were
taken from performance calculations provided by the engine
manufacturer. The resultant emission indices are 0.01, 0.45, 2,
and 3, for 7, 30, 85, and 100% takeoff thrust, respectively. In
order to estimate El,, in flight one needs to know the relation-
ship between soot emission and the engine parameters. Assuming
the same emission for the same fuel flow rate leads to an esti-
mate of about El,, = 0.5 g kg™

Appendix 3: Estimates of Coagulation Timescales

For particles smaller than 1 um, coagulation is mainly due
to Brownian motion [Pruppacher and Klert, 1980, pp. 366-379].
For rough estimates, we assume monodispersed particles and that
all soot and sulfuric acid is distributed initially on particles of
equal diameter d within the young plume (D=2 m, age < 0.3 s)
or in the aged plume (D = 20 m, age < 30 s). The timescales for
mutual coagulation of soot particles and H,SO./H,O droplets and
for coagulation of such droplets on soot particles of 60 nm
diameter are computed using equations 12-44 and 12-37 of
Pruppacher and Klett [1980]. Table 7 lists the results for
D=2m and various sulfur contents. The coagulation time
depends on the particle number density, ¢ ~ N"' ~ &®D*EI, and is
100 times longer for D =20 m, therefore. The coagulation times
are very short for small initial particle diameters. The results
show that the soot if consisting initially of particles less than 7
nm diameter would have coagulated quickly in the young plume,
whereas soot particles with median diameter above 20 nm sur-
vive the aged plume. Sulfuric acid particles coagulate quickly in
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Table 7. Computed Coagulation Times

[

d [ §=5500 $=170 §=2 Luidron
1 4x10° 2% 10™ 0.008 0.6 0.2
7 0.1 0.6 18 1500 10

60 500 3000 ~ day ~ days 200

Particle diameter d in nanometers and fuel sulfur content S in ppm.
Coagulation times in seconds for a plume diameter of 2 m: ¢, for soot
particles, t.,, for H,SO/H,O droplets, fu.. for acid droplets and 60 nm
diameter soot particles.

the young plume if smaller than 1 nm on average either with
each other or with the larger soot particles. Sulfuric acid particles
with average diameter of 7 nm partly coagulate with each other
and with the soot particles. Coagulation of sulfuric acid particles
is much quicker for high sulfur emissions, but may be still
important for 2 ppm sulfur fuel content. Note that the computa-
tions assumed very quick conversion of 0.4% of the SO, into
H,SO., quick nucleation, and sticking of all acid particles on
soot. More complete model simulations are required to assess the
details of particle formation.

Notation

a fraction of soot particles forming condensation nuclei.
¢, specific heat capacity at constant pressure.

d particle diameter.

D plume diameter.

El emission index.

F thrust per engine.

g gravity.

m water vapor mass fraction.

maximum water vapor mass fraction available for
condensation.

fuel flow rate.

mass of aircraft, molar mass of species i.

number density: particles per volume.

pressure.

combustion heat per fuel mass.

gas constant of species i.

[H,SO,] / [SO,] conversion fraction.

sulfur mass fraction in fuel.

environmental temperature.

threshold temperature: liquid contrails may form for
Te < Ty

w  velocity components.

V' true air speed of aircraft.

1N FVI(m:Q) overall propulsion efficiency.

p

T

S

density.
optical thickness.
[{] mixing ratio of species i.
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