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Near-field measurements on contrail p
from fuels with different sulfur content
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Alrbus A310-300) using fuels with sulfur contents of 6 ppm and 2700 ppm, respectively.
At closest approach (plume age < 1 s), the total number concentratmns exceeded the
measuring range of the condensation particle counter, i.e., N > 10° cm™. The concentra-
tion of the dry accumulation mode aerosol, i.e., predominantly soot particles, was not
affected by the fuel sulfur content. Ata plume age of 10 s, an increase in total number
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low sulfur case was observed. The ultrafine condensation nuclei fraction (0.007 um

< D, <0.018 um) contributed at maximum 70%
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this fraction was much less outside the plume. The high fuel sulfur content also caused
an increase in the tvmr‘nl number concentrations of contrail namr'lpc hv about one third

with respect to low sulfur fuel, while the effective diameter of the size d1str1but10n was
lowered at a fuel sulfur independent ice water content. The major differences in accumu-
lation mode aerosol and microphysical contrail properties between the used aircraft were
an increased number concentration of both the accumulation mode aerosol and the
contrail particles in the Airbus A310-300 plume relative to the ATTAS plume. Part of
the difference in contrail particles may be caused by different ambient conditions, but the
major differences are assumed to be caused by different engine and wake properties.

1. Introduction
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Engine exhaus! of high-flying jet
assumed to be an important source of new particles in the
upper troposphere and the lower stratosphere [Hofrmann and
Rosen, 1978; Arnold et al., 1992; Fahey et al., 1995a, b;
Schumann et al., 1996]. As a direct consequence of the
particle and water vapor emissions, the formation of visible
contrails in the engine exhaust plume is observed under
certain conditions which were explained first by Schmidt
[1941] and Appleman [1953] and reexamined by Schumann
[1996a]. To which extent contrails may perturb the chemical
and radiative balance of the atmosphere is still an open
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question [Schumann, 1994; Ponater et al., 1996]. Especially
in consideration of higher particle concentration, smaller
particle size and increased backscatter efficiency of a contrail
compared to a natural cirrus [Gayet et al, 1996a],
predicted growth of commercial air traffic requires a better
understanding of air traffic impact on the atmosphere.

The distance behind the engines where contrails form and
the microphysical properties of the contrails like contrail
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thickness strongly depend on the ability of the emitted exhaust
particles to act as cloud condensation nuclei (CCN) or ice
nuclei. Based on balloon-borne measurements, Hofiann and
Rosen [1978] suggested the subsequent oxidation of emitted
SO, to gaseous sulfuric acid and binary nucleation of H,SO,-
H,O clusters as a possible mechanism for particle formation in
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formation process [Miake-Lye et al., 1994; Kircher et al.,
1995, 1996a; Zhao and Turco, 1995; Brown et al., 1996a]
indicated the formation of sub-nanometer H,SO,H,0 clusters
(0.6 - 1.2 nm in diameter) via homogeneous nucleation within
the young exhaust plume (age < 1 s). The first laboratory
experimental indications of the existence of the H,50,-H,0
clusiers in a jei engine exhaust piume were given by Frenzel
and Arnold [1994]. Calculated nucleation rates vary between
100 em? s ' and 10 em™® ¢ for average to hmh fuel sulfur

levels. In these cases gaseous H,S04 is assumed to be almost
completely depleted via homogeneous nucleation after a

plume aging time of 1-2 s, ie., within a distance of 200 m

29,867



29,868

from the en

mpp exit [Kircher et al |

1Aal

1995, 1996a). The values
given for the conversion rate of 502 into H,SO, in the near
field exhaust (plume age <2 s) are between 0.5% [Kdrcher et
al., 1995] and 2% [Brown et al., 1996a]. Brown et al. [1996b]
pointed out recently, as was known for conventional gas
turbines [e.g., Farago, 1991], that the main conversion
product of fuel sulfur besides SO, at the engine exit is SO; in
addition to gaseous sulfuric acid. The fuel sulfur to S(VI)
conversion ratio may vary with fuel sulfur content. The
authors calculate a conversion ratio from Iess than 1% to more
than 4% for fuel sulfur contents of 5400 ppm and 2 ppm,
respectively.

Kéircher et al. [1995] showed that exclusive growth of
H,SO~-H,O clusters via water uptake, coagulation, and
subsequent homogeneous freezing cannot account for
sufficient ice particle production in a plume just below liquid
water saturation. Only the activation of exhaust soot particles
by agglomeration with HZSO4-H20 droplets followed by
heterogeneous freezing of the mixed aerosol could serve as ail
efficient source for activated condensation nuclei at threshold
formation conditions [Schumann et al., 1996; Kircher et al.,
1996a, b; Brown et al., 1996a]. In the initial stage of contrail
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droplets at the same distance can be longer than the respective
time scales for heterogeneous freezing of H,SO,-H,O-covered
soot particles [Kdrcher et al., 1996b]. Heterogeneous freezing
is therefore assumed to start somewhat earlier than
hgmngpnpr\nc Fer'nng

At temperatures above 220 K almost all ice particles are
assumed to contain soot inclusions typically smaller than

0.5 um in diameter [Kdrcher, 1996]. These model predictions
are supported by samples of cloud element residues in
contralls with a coumcrﬂow virtual impactor which show that
almost all residue particles in a contrail are smaller than
0.5 pm in diameter and consist of black carbon [Strom, 1996;
Petzold et al., 1997].

Summarizing the present knowledge on the formation of
visible contrails, this process requires at first the saturation
with respect to water inside the plume. The fuel sulfur content
gives rise to the formation of gaseous H,SO, which nucleates
homogeneously to sub-nm H,S50,-H,O ciusters in the near
field plume. The formation of ice particles starts with the soot-
induced condensation and heterogeneous freezing, followed
by homogeneous freezing of the largest purely volatile
particles. These contrail particles grow rapidly by water
uptake and form a visible contrail when they initiate in the
liquid phase and then freeze [Schumann, 1996b].

Up to now only few in-situ measurements of microphysical
and chemical properties of contrails have been presented

{Knollenberg, 1972; Baumgardner and Cooper, 1994; Fahey

et al., 1995a, b; Busen and Schumann, 1995; Pitchford et al.,
1991; Schumann et al., 1996; Gayet et al., 1996a; Hagen et
al., 1996]. The studies by Knollenberg [1972] and Gayet et al.

11006al focused on the nronerties of nersistine contrails
11996a; Iccused on the preoperties eof persisuing contraus.

Measurements in the exhaust plume of the Concorde [Fahey
et al., 1995a] and the ER-2 [Fahey et al., 1995b] at plume
ages of more than 10min gave evidence for enhanced
condensatlon nuclei (CN) concentratlons of 6 x 107 (standard
cm) (Concorde) and 2 x 10° (standard cm) (ER-2) during
plume encounters. The ratio of nonvolatile to volatile particles
varied between 0.5 and 0.1, i.e., the major fraction of emitted
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particles with diameters larger than 0.009 um consisted of
volatile material, assumed to be suifuric acid with water, but
not of soot. From these findings the authors estimated a S to
H,SO, conversion rate of at least 12 to 45% [Fahey et al,
1995a] which is different from the mode! resuits and first
experimental results given above. Ice crystais were not present
during these campaigns.

Ground-based studies by Petzold and Schrioder [1997] in
the exhaust of the ATTAS jet engine indicated a bimodal soot
number distribution with the primary soot mode at 0.045 pm
diameter and an agglomeration mode at 0.18 um diameter.
The contrail study by Hagen et al. [1996] at a distance of
8 km behind the aircraft reported also a distinct aerosol mode
in the size range of 0.1 ym < D, < 0.2 pm.

Piichford ei al. {1991} measured ihe hygroscopic behavior
of jet exhaust aerosol at a distance of 200m behind a
Sabreliner at an altitude of 800 m and ambient temperature of

284.5 K. They observed CN concentrations of 3 x 10° cm?
and CCN concentrations of 300 cm®, yielding an activated
exhaust aerosol fraction of about 0.001 at 0.8% super-
saturation. The first but preliminary near-field contrail study
with respect to the size distribution of contrail particles was
reported by Baumgardner and Cooper {19%4].
with a forward scattering spectrometer probe FSSP-300 in the
wake of a Lear jet 35 at distances from 150 mup to 1.5 km.
CN concentrations increased up to 7000 cm”; the mean
diameter of ice crystals was 1.5 um.

Rprpnﬂv Pannumc named SULFUR 1 to SULFUR 3

concerning the mﬂuence of the fuel sulfur content on contrail
forming properties of the exhaust aerosol were performed
using the twin-engine ATTAS test aircraft of type VFW-614
of the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)
which was operated with different sulfur-containing fuels
[Busen and Schumann, 1995; Schumann et al., 1996]. The
fuel sulfur contents were set to 2 and 250 ppm [Busen and
Schumann, 1995] and to 170 and 5500 ppm [Schumann et al,
1996]. In the first experiment no visible difference in tne
onset of contrail formation was observed between the low
sulfur fuel and the medium sulfur fuel. In the second
experiment the higher sulfur emissions caused a larger optical
thickness of the contrail, which showed a slightly brown
color. This color effect could be related to the higher
concentration and the smaller size of the contrail particles in
the high sulfur case [Schumann et al., 1996; Gierens and
Schumann, 1996). Moreover, these experiments show that
sulfur emissions have little impact on the threshold conditions
for contrail formation. On the other hand, these measurements
provided first experimental evidence that higher fuel sulfur
content results in about 25% higher concentrations of CN with
Dp\nnnv nm and ahant SN hichar fraction of activatad

>0.007 um and about 50% higher fraction of activated
soot particles with D, >0.018 pm.

Objectives of the experiment SULFUR 4 presented here
were the effects of varying fuel sulfur content on micro-
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distribution of the exhaust aerosol, number concentration and
size distribution of particles inside the formed contrail, and
the concentration of gaseous sulfuric acid at very young plume
ages of 1-2s. An overview on the experimental flights
including first results with respect to condensation particles,
dry accumulation mode aerosol and contrail properties will be
presented in the following.
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2. Experimentiai Detaiis
During the SULFUR 4 experiment performed on March 12,

13 and 15, 1996, over southern Germany, contrails were gene-
rated either hv the DLR test aircraft ATTAS (as in the

previous studles SULFUR 1 to SULFUR 3 [Schumann et al.,
1996]) or by a commercial aircraft AIRBUS A310-300 of
Lufthansa AG using fuel with different sulfur contents. Both

are twin-engine subsonic jet aircraft but of different size (wing

© SWII-CLEINC SUVSOILC jet allLlall DR O CAAIEESAR 8240

spans 21.5m and 43.9 m), age (buiit 1971 and 1991) and
engines (Rolls-Royce/SNECMA M45H Mk501 and GE CF6-
80 C2A2). The near-field observations were conducted by the
Falcon research aircraft of DLR, which followed both aircraft
at distances of between less than 100 m and 4 km (see Plates 1
to 3). The findings reported here are based on observations
where sequences of burning fuel with either low or high sulfur
content have been optimized in temporal and spatial extent in
order to keep the influences of changing environmental
conditions at a minimum. The distances between contrail-
generating aircraft and measuring aircraft were deduced from
both Falcon cockpit video recordings and GPS satellite
positioning recordings on the Falcon and ATTAS. The high
sulfur content of 3000 ppm was achieved by adding exact
amounts of dibutylsulfide to the fuel [Busen et al., 1996]; the
lower sulfur contents were < 6 ppm (ATTAS) and 850 ppm
(AIRBUS A310-300). It should be noted that the Airbus flew
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to follow within the wake.

The Falcon was equipped with standard meteorological
instrumentation to measure static air temperature 7, static
pressure p, humidity based on Vaisala- and Lyman-o-
hygroscopy and three-dimensional wind components
[Schumann et al., 1996]. Particle microphysics was
characterized with (1) a passive cavity aerosol spectrometer
probe PCASP-100X (PMS Inc) to measure the dry
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0.1 um < D, < 3.0 pm), (2) a FSSP-300 (PMS Inc.) for in-situ

classification of the contrail particles (size range
0.3 um< D, <20 pm [Strapp et al., 1992]), (3) a prototype
multi-angle aerosol spectrometer probe (MASP) for

simultaneous measurements of particle forward/backward
scattering (size range 0.4 um to 10 um [Baumgardner et al.,
1996]), and (4) the Mobile Aerosol Sampling System (MASS;
University of Missouri-Rolla) based on aerosol classification
by electrical mobility and subsequent detection by
condensation particle counters (CPC). The MASS was used to
characterize the size distribution in the size range from
0.01 umto 0.4 pm [Hagen et al., 1996]. This system requires
aerosol sampling in a holding tank and aliows only few
integrated size distribution measurements during one flight.
An interstitial aerosol inlet [Schroder and Strom, 1997}
connected to three CPCs (modified TSI 3760/3010) with
lower cutoff diameters of 0.007 um (¥;), 0.01 um (N,y) and

NNT1O cvem FAT \ vwrnag »va ad ta anhiava mymmbhare A canteationg f
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the aerosol with D,>0.01um (N,) and the ultrafine
condensation nuclei mode (UCN: 0.007 um < D, < 0.018 um)
aerosol, which corresponds due to its lower and upper size

Tiemito tha vams valIng nAanaatin ~lai and ~an ha takan
1imits o tne vliy yOuiig condensation nuclel and can be taken

as an indicator for the formation of new particles. The aircraft-
based ion mass spectrometers (IOMAS; Max-Planck-Institut
fiir Kernphysik) were used for the measurement of gaseous
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H,SO, and ions (F. Arnoid et al., Gaseous ion composition
measurements in the young exhaust plume of a jet aircraft at
cruising altitudes: Implications for aerosols, gaseous sulfuric
acid and its homogeneous nucleation, submitted to
Geophysicai Research Leiiers, 1997; hereinafier referred o as
submitted paper). The detection limit for gaseous H,SO, is
6x 10° molecules cm®. A summary of the complete
instrumentation is given in Table 1, further details are given in
Appendix A.

The measurements behind both the ATTAS and A310-300
were performed mainly at two distances of <250m (short
distance, plume age <2s) and 1800 m (medium distance,
plume age =~ 10s). Additionally, measurements at about

distance behind the leadine aircraft with and without

100 »n a

visible contrails were realized safter extensive theoretical
studies on flow field induced turbulence behind an aircraft
[Gerz and Ehret, 1997]. All measurement flights were bound
to the upper troposphere and the tropopause region with
ambient air temperatures of 215 K to 230 K.

Flight conditions and fuel sulfur contents during the
experiment are summarized in Table 2. Corresponding to the
strong differences in relative humidity, the aircraft generated
dense contrails on March 13 and March 15, while on March
12 a barely visible plume was present, consistent with the
Schmidt-Appleman criterion [Schumann, 1996a] (see Table
2). The data analyses will focus on flight sequences under

contrail forming conditions.

3. Results and Discussion
3.1. ATTAS Plume Properties

To describe meteorological conditions and general aerosol
properties inside the plume, the plume data of interest are
temperature excess AT with respect to ambient air, water
vapor mixing ratio r, and particle concentration Nj,. The

maximum values at closest apprnanh are listed in Table 3 for
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all flights. The particle number concentrations N;, are given
only as a lower limit because the CPCs were operated close to
the upper detection limits at flight distances < 400 m. It is
very hkelv that the real number concentration values exceeded
10° cm” and that possible differences between the low and
high sulfur fuel cases could not be resolved at such close
flight distances. Temperature excess AT and water vapor
mixing ratio r are distinct functions of the plume age or
measuring distance, respectively. The measured excess values
can be used to determine plume dilution (U. Schumann et al.,
Dilution of aircraft exhaust plumes at cruise altitudes,
submitted to Atmospheric Environment, 1997; hereinafter
referred to as submitted paper) and are roughly consistent with
estimated plume dilution values and corresponding models
[e.g., Zhao and Turco, 1995). More details on physical
properties of a jet exhaust plume at very short distances
behind the emitting aircraft will be the subject of a future

murhlicntionn
puiilaiiiii.

In Figure 1 flight distance d, static air temperature 7, water
vapor mixing ratio , and vertical component w of the air
motion are given for a short segment of the March 12 flight

behind the ATTAS,

during the whole experiment was realized (see Plate 2).
During this period, three plume measurements were taken at
flight level 310 with different fuels being burned. The first
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Plate 1. Photo of the Falcon showing the positions of the aerosol spectrometers (wing stations) and
the sampling inlet on the roof of the aircraft.

Plate 2. Photo of the ATTAS from the Falcon cockpit at flight distance d <200 m (FL 310 on March
12, 1996).
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Plate 3. Photo of the Airbus A310-300 from the Falcon cockpit at flight distance d < 400 m (FL 350 on

March 13, 1996).

attempt started with the first dip in the w plot, but the Falcon
did not stay in the exhaust plume from the beginning, as there
is no distinct signal in temperature or humidity. Later on, the
successful positioning of the Falcon can be seen in the
temperature increase of up to 11K and the humidity
increasing by about a factor of 10. In the vertical wind
component w a downward air motion of more than 10 m s is
documented (as the data in Figure 1 are smoothed to 1 Hz
resolution, small-scale fluctuations with even larger w of up to
-14 m s are not visible).

Figures 2a and 2b show the time series of number
concentration Ny, and flight distance d in the near field of the
plume (2a) and at medium flight distance (2b) as a function of
decimal time for the ATTAS flight on March 15 at FL 310.
During sequences 12.64 to 12.72 (Figure 2a) and 12.98 to

Table 1. Falcon Instrumentation

13.06 (Figure 2b) fuel with a sulfur content of 2700 ppm was
bummed on both engines, while sequences 12.77 to 12.82
(Figure 2a) and 12.84 to 12.91 (Figure 2b) correspond to the
low sulfur fuel case (fuel content 6 ppm for both engines). It
can be clearly seen that the Falcon succeeded in staying inside
the plume for several minutes in each case. The varations in
peak height are due to small-scale movements of the Falcon
across the ATTAS plume cross section in order to bring the
different inlets and sensors into their optimum sampling
positions.

The number concentration N, is plotted as a function of
flight distance d in Figures 3a and 3b corresponding to the
sequences shown in Figs. 2a and 2b as time series. An effect
of fuel sulfur content on the particle formation could not be
resolved in the near field (d <300 m, plume age <2 s) as

Measuring Range Research Facility

Instrument
Meteorological T, p, RH, water vapor mixing ratio r,
parameters vertical wind component w
Particle PCASP-100X
microphysics FSSP-300
MASP
Mobile Aerosol Sampling System
(MASS)
Interstitial aerosol inlet with 3 CPCs
(cutoff: 0.007 pm, 0.01 pm, 0.018 um)
Gas phase Aircraft-based Ion Mass Spectrometers

(IOMAS) for the measurements of
gaseous H,SO4 and ions

DLR [Schumann et al., 1996)]

Universitidt Miinchen
Universitit Mainz
NCAR/RAF

[Baumgardner et al., 1996]
University of Missouri-Rolla
[Hagen et al., 1996]

0.1 ym < D, <3.0 pm
03 pm < D, <20 pm
04 pum < D, < 10 pm

0.01 pm < Dp < 0.4 pm

0.007 pm < Dp < 1.0 pm  Stockholm University
[Schroder and Strom, 1997]
Detection limit for HSO4:  Max-Planck-Institut fiir Kernphysik,

Heidelberg [F. Arnold et al., sub-
mitted manuscript, 1997]

6 x 10° molecules cm™
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Measurement Flights During SULFUR

4: Flight Conditions, Engine Parameters, and Fuel S

FIELD MEASUREMENTS ON CONTRAIL PROPERTIES

4 en

uifur Contents

Date Aircraft FL, v, RH, T, P, mF, n Tre, RHnax, Sulfur content,
hft ms’ % K hPa  kgs K % ppm

March,12  ATTAS 240 160 10£10 234 3927 0176 017 2249 11 6,2830
March 12 ATTAS 310 175 20+ 10 230 2874 0.170 017 2223 27 6,2830
March 13 A310-300 350 180 15+10 215 2384 0400 028 2216 165 850, 2700
March 14 ATTAS ground 0 22+10 281 950 6,2830
March 15 ATTAS 310 165 4015 221 2874 0164 017 2231 120 6,2700
March 15 ATTAS 270 160 4515 231 3443 0.157 017 225.2 55 6,2700

Abbreviations are FL, flight level; V, true air speed; RH, ambient relative humidity relative to liquid saturation; 7, static air tem-

perature; p, ambient pressure; my, fuel flow rate per engine; n, overall propulsion efficiency I Schumann et nl

SRl propuision cliltiChicy iocnumann e a.

Perauic, p, alioiom Pressulc, my, 1uci L0W 1aw pot chgl 4

ambient lemperamre for contrail Iormauon, RHmax » maximum reiative numl(my (IO[ uqum) inside the COn[Iﬂll

19094): T~ critical

42700 LG SRIMGA

The fuel analys1s

resulted in a water vapor emission index of Eluo = 1.230 £ 0.009 kg kg and a specific combustion heat of Q=433+ 0.1 MJ kg
for all cases. ATTAS: VFW 614 with two Rolls-Royce/SNECMA M45H MkS501 turbofan engines; wing span 21.5 m; construction
year 1971. Airbus: A310-300 with two GE CF6-80C2A2 engines; wing span 43.9 m, construction year 1991.

mentioned above, while number concentrations N,, show
large differences at flight distances > 1600 m (plume age
=10 s). At thw plume age, the maximum high sulfur N, value
(3.5 x 10* cm™) is increased by a factor of 3.5 with respect to
the maximum low sulfur Ny, value (1.0 x 10* cm™). Almost
the same enhancement factor holds for the average N,, values,
as can be seen in Table 4.

In Figure 4 the UCN fraction of the total aerosol is plotied
as a function of decimal time in combination with the number
concentration of particles larger than 0.01 pm for the ATTAS
medium flight distance case. These observations give evi-
dence of a strong correlation between jet exhaust components
and a significant increase in the UCN concentration. Outside
the plume the UCN fraction is much weaker than inside the
plume, where this fraction by far exceeds 30% with a

maximum UCN fraction of more than 70%. The sensitivity of

tha TION fraction meacurament ta iat exhanct asrncol ig
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demonstrated during the weak plume encounter around time
12.95 (Figure 4). There is only a slight enhancement of the
number concentration but a strong increase in the UCN

fraction. The averace and maximum UCN fractiong as well as

fraction. The average and maximum UCN fractions as well as
average and maximum N,, values are summarized in Table 4
for the medium flight distance case including background
aerosol values obtained from flight segments between plume
encounters.

In conclusion, the above results can be summarized as
follows: at the plume age of ~ 10 s, the CPC measurements
indicate a clear influence of fuel sulfur content on the

formation of ultrafine condensation nuclei. The effect of the
emitted or generated aerosol (mainly soot and sulfuric acid
droplets) is obvious when fuel with a very low sulfur content
of 6 ppm is burned which yieids an increase of the number
concentration by a factor of 25 inside the plume with respect
to the undisturbed background aecrosol. In contrast, the
increase in the fuel sulfur content from 6 ppm to 2700 ppm
results in an additional enhancement of the N,, concentration
by a factor of 3.5, indicating evidence for fuel sulfur impact
on the particle formation in the aircraft exhaust. Part of this
rather small increase may be explained by model results,
which show a decrease in fuel sulfur conversion to S(VI) from
more than 5% in the low sulfur fuel case to about 2% at a fuel
content of 2700 ppm [Brown et al., 1996b].

ArOIA Qo

3.2. ATTAS Coniraii Properiies

The microphysical properties of the contrails are
summarized in Table S for the different measuring conditions
with respect to the accumulation mode aerosol and the contrail

pnrh(‘lﬁc Resnective size distributions are plotted in Fioureg
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5a - 5d for the ATTAS flight on March 15 at FL. 310,
including the measurements of the condensation nuclei (Ny;)
with the CPC. Detailed information on the analysis of the size
distributions is given in Appendix B.

At the short measuring distance (Figures 5a and 5b) two
different cases can be distinguished: the contrail particle size
distributions with an excess temperature AT> 15K are

Table 3. Maximum Plume Parameters Temperature Excess AT,,,,, Water Vapor Mixing Ratio 7,
and Number Concentranon Nyo (D, > 0.01 um) With Respect to Ambient Conditions p and T at

Closest Approach
Date Aircraft Minimum Distance, AT ma, r, Nio,
m K gkg! cm”
March 12 (FL 310) ATTAS 1 0.46 >5x10*
March 13 A310-300 100 2.8 0.11 >5x10*
March 14 (ground) ATTAS 15 --- --- 0.18-1.5x 107
March 15 (FL 310) ATTAS 100 6.8 0.30 >8x10*

* The estimated Nyg ground test values (March 14) are added for comparison [Petzold and Schréder, 1997].
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Table 4. Number Concentration N;, and Ultrafine Conden-
sation Nuclei Fraction (UCN: 0.007 um < D < 0.018 um) of

the Total Aerosol at a Measuring Distance of 1800 m (Plume
Age ~ 10 s) Inside the ATTAS Plume (FL 310 on March 15,

1006\

1 //U,
Flight Distance 1800 m; Plume Age 10s -
Mean Maximum

Background

Nio, cm™ 300 £ 50 380

UCN, % 7+4 19
Low sulfur

Nio, cm’ 75+02x10° 1.0 x 10°

UCN, % 31+13 77
High sulfur

Nig, cm™ 21x04x10* 3.5 x 10*

UCN, % 43 13 78

" Analyzed peaks with height N > 2000 em’,

interpreted as measurements inside the center of the plume,
while the size distributions with AT <0.15 K are related to
measurements at the more diluted plume edge, where
evaporation of the contrail particles becomes important. This
interpretation is straightforward because the Falcon stayed at a
constant measuring distance while moving slightly across the
plume perpendicular to the flight direction. At the medium
measuring distance (Figures 5¢ and 5d) the distinct differences

in the contrail particle size distributions have vanished
hacause it was much eacier to pnmh(\n the Falcon ingide the

0CCAUST It Was IMULil Casblill w0 pusSIual waC /a0t 2223380

formed contrail due to the increased plume cross section.

The number concentration of contrail particles N, shows
no dependence on the fuel sulfur content at the young plume
age of < 2 s (Figures 5a and 5b). An obvious difference occurs
in the ice water content which is increased by a factor of 3 in
the case of the low sulfur fuel contrail with respect to the high

» Fiinl anntenil Alon tha maan diamatar and the effective
sulfur fucl contrail. Also the mean diameter and the effective

diameter of the ice crystals are smaller in the high sulfur fuel
case. The latter is consistent with the visible differences
between contrails from low and high sulfur fuel, as reported
by Schumann et al. [1996]. However, there is no explanation
for the observed discrepancy in the ice water content between
the low sulfur and the high sulfur case because the amount of
condensable water depends on the emitted water vapor and is
therefore not affected by the fuel sulfur content. One reason
for the observed deviations may be due to the highly turbulent
and inhomogeneous conditions inside the plume at an age
<2s and the small plume cross section compared to the
dimensions of the measuring aircraft, which allows only
random sampling of the contrail particles. For this reason,
these size distributions shoulid be viewed as a tra
the evolution of a contrail.

In the aged state after 10 s (Figures 5c and 5d), when the
evolution of the contrail has slowed down, the higher fuel
sulfur content results in an increase in N, by about one third,
while the ice water content is almost the same for both con-
trails. Thus the data from the longer measuring distance seem

to describe a more stable state in contrall history. It should be
. . 3

noted that besides the ice water content of about 2 mg m™, the

specific surface of about 2000 pm’ cm”™ is not affected to a

major extent by the fuel sulfur content.

ctat

lClIL siaic ul

In summary, the above presented features of no significant
difference in contrail particle number concentration N, ata
plume age < 2 s and an increased N,, value in the high sulfur
fuel case with respect to the low sulfur fuel case at a plume

aca of ahont 10 ¢ follaw tha madal nradictiong e o Kiirohar
agl O adCuL 1v 5 I0u0W ulC mMOGC: PICGICUCIES (8.8., A4rchacr,

1996; Kdrcher et al., 1996b]. Thus the data suggest that at a
plume age of <2s the number concentration of contrail
particles is controlled by the number concentration of emitted
soot particles which is independent from fuel sulfur content
[Petzold and Schrider, 1997]. At a plume age of 10s, the
higher fuel sulfur content yields an increased contrail particle

nnmhar sancantratinn which maxw ha  Au hasnagarmannag
numoly Concelnuraiion wiiCn iliay UC aue to u\uuusbuuuua

freezing of H,S0,-H,O droplets. Details of this outlined
picture depend on the relative timescales for heterogeneous
freezing of activated soot particles and homogeneous freezing
of H,S0,-H,O droplets [Kircher et al., 1996b].

In the near field behind the contrail-generating aircraft, the
accumulation mode aerosol, which can be viewed as the soot
particles emiiied from the engine, shows no significant
difference between the low sulfur and the high sulfur fuel case
neither in number concentration nor in the slope k of the size
distribution. According to scavenging processes with respect
to the smaller exhaust aerosol particles, the slope of the size
distribution and the number concentration are decreasing with
increasing contrail age. The same behavior is deduced from
the slope k of the size distributions measured with the MASS
[Busen et al., 1996]. As can be seen also from the data in
Table 5, the Junge approximation is reasonable for the
accumulation mode aerosol because in all cases the correlation
is of statistical significance at a 99% level (n = 6 data points).
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Figure 4. Number concentration N, and ultrafine conden-
sation nuclei fraction (UCN: 0.007 um < D, < 0.018 um) of
the total aerosol in the wake of the ATTAS at flight distances
from 1 km to 2.6 km for fuel with low sulfur and high sulfur
content (FL 310 on March 15, 1996).
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Table 5. Microphysical Parameters of Accumulation Mode Aerosol and Contrail Particles

Flight Distance 250 m; Plume Age <2 s Flight Distance 1800 m;
Plume Center Plume Edge plumeage =10 s
Suifur Content Suifur Content Suifur Content
Parameter 6 ppm 2700 ppm 6 ppm 2700 ppm 6 ppm 2700 ppm
Excess temperature AT, K >15 >15 <0.15 <0.15 0 0
Accumulation mode aerosol ©
N, cm’ 3850+560 3600+ 1180 1230 £390 730 = 170
k -4.6 -4.7 ' -29 -4.1
I 0.96 0.98 0.96 0.97
Contrail particies *
Nep, cm™ 860 750 690 =70 1060 + 250 1490 + 180 2000 =200
DM, pym 2.67 1.86 1.50 0.90 1.20+0.06 1.07 = 0.05
D., ym 3.46 2.34 2.34 1.36 1.74 £0.06 1.48 % 0.04
ca, pm® e’ 5581 2240 1541 836 2079410 2147 =189
cv, um’® e’ 12854 3501 2402 762 2411 +£537 2123 =202
IWC, ng m” 11.6 32 22 0.7 2205 191 +0.18

Abbreviations are particle concentration N, Junge slope &, and = correlation coefficient 7 (n > 6 samples) to characterize the
accumulation mode aerosol; contrail particle concentration N.,, mean particle diameter DM, effective diameter D,, and ice water
content IWC to chatacterize the contrail particle phase according to Gayet et al. {1996a]; additionally, mean surface concentration
ca and mean volume concentration cy are given for the contrail particle phase (FL 310 on March 15, 1996).

" Measured with PCASP-100X.
* Measured with FSSP-300.
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Figure 5. Size distribution of the dry accumulation mode (PCASP-100X: squares) and the contrail
particles (FSSP-300: circles) inside the ATTAS contrail (FL 310 on March 15, 1996): short distarice
(d £250 m, plume age < 2 s) with (a) sulfur content 6 ppm and (b) sulfur content > 2700 ppm; medium
distance (d =~ 1800 m, piume age 10 s) with (c) suifur content 6 ppm and (d) suifur conient > 2700 ppm;
the number concentration Nj, (diamonds) is added for completeness. The excess temperature AT in the
near-field cases (Figures 5a and 5b) indicates whether the size distribution is measured in the plume
center (AT > 1.5 K) or at the plume edge (AT < 0.5 K).
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3.3 Airbus A310-300 results
Measurements of the accumulation mode aerosol and
contrail particles inside the Airbus A310-300 contrail are

shown in Figure 6 for a flight distance d <400 m (age
<2.5s). During the measurement periods, both engines
burned equal fuels with fuel sulfur contents of either 850 ppm
(normal) or 2700 ppm (high) at different times. No differences
in contrail properties between normal sulfur and high sulfur
fuel are found. This holds for both the contrail particle
number concentration and size distribution. The particle

number concentrations inside the contrail exceed the

undisturbed background values by more than 2 orders of

magnitude in both cases while the observed size range of
accumulation mode particles is comparable to the ATTAS
exhaust aerosol. In contrast, the contrail particles are much
smaller than in the ATTAS contrail. It has to be noted that the

Airbus nlume reaches much hicher moisture sunercaturation
AIrous plume reacnes much higher moisture supersaturation

than the ATTAS but at lower ambient humidity (see Table 2).
High sulfur measurements of the Airbus A310-300 and the

Avhariot mbienas asa cramasmiasicea 3 Toahla £ fre tha

ﬂl 1no CAlIauUdL PIUIHC) alc DulllluallLCd il i1auiC U 11Ul uic
short flight distance sequences. The A310-300 spectrum is
enhanced over the full size range with respect to the ATTAS
size distribution; the CN concentrations are again assumed to

A21N_ 2NN 1o amitting almact tuica tha

nnnnnn NS a3 Tha
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CA\:CC\’.‘I 1\1 1k
amount of accumulation mode particles as the ATTAS, but it
cannot be deduced whether the modern A310-300 engine
(CF6-80CC2A2) is causing more conirail pariicies than the oid
ATTAS engine (M45H MkS501) because of different thermo-
dynamic conditions. Nevertheless, the ratio of accumulation
mode number concentration to contrail particle number con-
centration is of the same order in the A310-300 plume as in
the young ATTAS plume, which indicates the importance of

the accumulation mode aerosol for initiating the formation of

contrail particles at an age < 2 s.

In Figure 7 the contrail particie size distribution is piotted
at closest approach (d ~ 100 m, age < 1 s) of the Falcon to the
leading A310-300 as measured with the standard FSSP-300

and the prototype MASP. The time resolution was 10 Hz
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Figure 6. PCASP-100X (Sq ares) and FSSP 3060 (circies)
data from measurements in the exhaust plume of an Airbus
A310-300 at a flight distance d < 400 m (plume age < 2.55s);

the haclrnmnnrl ol is given as solid /Df‘AQD 10{\Y\ and
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Table 6. Particulate Phase Properties Inside the Airbus A310-
300 Contrail (FL 350 on March 13, 1996) and the ATTAS

Contrail (FL 3]0 on March 15, 1996) at a Plume Age of =2 s

With ﬂlgﬂ Suifur Fuei (£/UU pplll} and mcspculvc
Meteorological Conditions Added for Comparison

Parameter A310- ATTAS
300
Ambient pressure p, hPa 238.4 287.4
Static air temperature T, K 215.0 220.7
Water vapor mixing ratio r, g kg™ <0.03 <01
Ambient relative humidity (water) RH, % 15 45
Flight distance d, m <400 < 300
Accumuiation mode aerosoi
N, cm’ 5450 3400
Contrail particies *
Ny, cm? 1380 750
D,, ym 0.77 2.34
IWC, mg m” 0.2 32
" Measured with PCASP-100X.
* Measured with FSSP-300.

(FSSP-300) and 17 Hz (MASP). Both measured size
distributions show fairly good agreement and peak at about
0.6 um. The median diameter is almost the same as it is for
larger flight distances d <400 m. The differences in the
spectra may result from statistical uncertainty because the
spectra were measured during very short plume encounters
(duration < 1 s). Also the two probes did not see the same
aerosol because the plume dimension at such short flight
distances is smaller than the dimensions of the measuring
aircraft. Comparing these size distributions with Figure 5b, the
contrail particles exhibit strong differences between the A310-
300 and the ATTAS in number concentration as well as in the
effective diameter. The particles are smaller in D, by a factor
of 3 compared to the ATTAS contrail, while the total number
is increased by a factor of less than two. The differences in
particle size and ice water content may be due to the strong
differences in the meteorological conditions, especially the
ambient relative humidity and maximum
inside the young plume and in different wake dynamical
properties (sece Tables 2 and 6). However, it also appears
possible that the A310-300 exhaust aerosol itself shows a
different activation behavior compared to the ATTAS exhaust

aernsol hacause of the varvinoe combuction conditions in the
aerosoi decause Of the varying comousiion congiiions in the

different jet engines used.

The most notabie resuit from the IOMAS measurements
during the whole flight on March 13 behind the Airbus A310-
300 is that no gaseous sulfuric acid has been detected. Maxi-
mum detectable concentrations were always below the detec-

tion limit of the IOMAS, which is 5 x 107 molecules cm”, for

nnnnn hath with and withant vigihla cantrail Thic findino ig in
LAadLd UULLL Will allu wilivutl vYioluio L/Ulluﬂll A 1110 RIIIURE 15 RiX

good agreement with model results from Kdércher et al.
[1995], who pointed out that at distances longer than 200

no gaseous sulfuric acid should be present inside the plume
for average sulfur levels or higher. The ion measurements

indicate a mml aerosol surface area density of less than

6 x 10° um em® in the A310-300 plume A detailed

uca\.upuuu Ul UIC gabcuua auuuuu a.u.u auu lUll lllCdbulCluUlltb

is given by F. Arnold et al. (submitted manuscript, 1997).

supersaturation

4. Summary and Conclusions

The SULFUR 4 experiment yielded an extensive data set on
plume and contrail properties at various ambient conditions

and different fuel sulfur contents. The aircraft exhaust acrosol
and contrail formation was investigated at a very short flight
distance and at a medium flight distance for two different
aircraft types. Data analysis focused on the measurements
behind the ATTAS aircraft under contrail-forming conditions

and to a minor extent on the measurements behind an Airbus

A310.300 aleo under contrail-formine conditions but at a
AC1U-300 aisC under contrau-iorming congiliens oput at a

different flight level. The examination of the sulfur impact on
the exhaust aerosol at different ambient conditions, i.e., a
detailed data analysis of the ATTAS flights with and without
visible contrails and at different flight levels, will be subject
to further investigations.

At short ﬂight distance (d< 250 m, plume age < 25s)
UCHHIU luC I'\J. lﬂQ uluuuulg lllC \AUSeSl
d = 80 m (plume age < 1 s) the size distribution of the emitted
accumulation mode aerosol exhibits the same number
concentration and slope for both low and high fuel sulfur

content. The CN concentration exceeds the measuring range
of the (‘P(" in all near-field plume encounters, ie,
N> 10° cm™. This was found for both dry and moist plumes,
without and with visible contrail. Hence possible effects of
fuel sulfur content on number concentration and ultrafine
condensation nuclei fraction cannot be deduced from the
closest approach measurements. As expected from theoretical
predictions [Kdrcher et al.,1995) no gaseous sulfuric acid is
found inside the plume of the Airbus A310-300.

The combined in-flight measurements of static air
temperature, water vapor content and contrail particle spectra
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at a very short distance behind the contrail-generating aircraft
show remarkable small-scale features. For cases with visible
contrail, particle size distributions exhibit strong variations
from the plume center to the diluted plume edge. The
respective spectra are identified by the excess temperature AT
compared to ambient air. In the plume center AT> 1.5K
while at the plume edge AT < 0.5 K. In the plume center the
contrail particle concentration is of comparable magnitude for
both fuel sulfur contents while effective diameter and ice
water content are lowered by factors 1.5 and 3.5, respectively,
in the high sulfur fuel case compared to the low sulfur fuel
case. These differences may be due to the strong
inhomogeneity of the very young and highly turbulent plume.

At medium flight distance (d ~ 1800 m, plume age 10 s) the
effects of fuel sulfur content on plume and contrail properties
become visible. The CN concentration is enhanced by a factor
of 3.5 due to a factor 500 increase in fuel sulfur content. The
ultrafine condensation nuclei fraction contributes to up to
70% to the total aerosol with D,>0.007 um. This UCN
fraction value is of the same order of magnitude as the values
reported by Schumann et al. [1996] for the ATTAS plume at
an age of 20 s.

Maiar fusl culfur
M1ajor Iuc: suiur

aerosol phase at the plume age of 10 s. Ice water content and
mean surface concentration of the contrail remain almost
unaffected by the fuel sulfur. Also the small-scale variations

in the contrail narticle size distributions vanich at this state of
1 e conlral: paruCie 81z Cisinouliens vanisn ati tis siate of

contrail evolution. But the contrail particles are smaller in size
and larger in number when high sulfur fuel is burned.

The overall picture of contrail formation obtained from our
measurements follows theoretical predictions [Kdrcher et al.,
1996b]. The contrail at a plume age of less than 2 s could be
dominated by heterogeneous freezing of activated engine
exhaust particles, which are expected to be mainly soot
particles. In this first stage of contrail evolution the ratio
between ice crystal concentration and accumulation mode
aerosol concentration is about 0.2. The suggestion that the
PCASP-measured dry accumulation mode aerosol particles are
due to primary jet exhaust aerosol is confirmed by the fact that
the number concentration is decreasing from > 3600 cm”
(age<2s) to 730-1230
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plume age and dilution.

After 10 s of aging the number of contrail particles is
increasing by a factor of 1.7 (low sulfur fuel) to 2.7 (high
suifur fuel) compared io the piume age of < 2 s. The enhanced
formation of contrail particles in the high sulfur fuel case is
assumed to be caused by additional homogeneous freezing of
H,S0,-H,O droplets. This is conceivable when the homo-
geneous freezing process requires a longer iimescaie than
heterogencous freezing and thus cannot be observed to the full
extent in the short distance measurements. At the aged state of
evolution the ratio between contrail particle concentration and
accumulation mode aerosol concentration has increased from

NIt 121 {law cenlfuir fuall and from D021 t5 272 (hioh
U.Lso W0 1.1 UOW SUalurl 1ulyy aniG 1ifill v.zi WO £.75 ulign

sulfur fuel), respectively, compared to the young plume age.
Hence, the influence of the soot particles on contrail
properties seems to be restricted to the initial state of contrail

davelanmant whila tha fizal culfiir imnact ha, ctronoar 1
aeveopment winhi€ tie 1ucs Suiur impact 0eComes Songer in

the aged contrail.
Comparisons of the measurements behind an Airbus A310-
300 with the ATTAS measurements give evidence for an

affact of the emittad nrimarv avhanct aerosol on the nronerties
eirect of the emilted primary exnaust aeroso: on the properties

of the young contrail (age <2 s). The Airbus plume exhibits
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ATTAS contrail. Part of the difference in contrail particles
may be caused by different ambient conditions and wake
dvnnmlml nrnnpmf-q Effects of fuel sulfur content on n!ump
and contrail properties are not observable for the Airbus
A310-300 case because the fuel sulfur content was varied by a
much smaller factor. Thus the interpretation of the Airbus data
is restricted to an intercomparison of A310-300 and ATTAS
measurements with high sulfur containing fuel. It appears
possible that plume properties depend more strongly on
engine type than on fuel sulfur content. We do not know how
the particle properties change with power setting, but this is an
important question because the ATTAS was operated at full
power, while the Airbus was operated with reduced power.

A further remaining question concerns the emitted soot
particle mode and its degree of activation in the exhaust plume
via the uptake of H,SO,-H,O droplets at short distances
behind the engine exit. Related to this question the concen-
tration of CN particles must be known more precisely to study
the formation of H,SO,-H,0 droplets inside the plume. For
this purpose the sample air which is used for the CN

meacuramente hac to he dilutead in_flicht with a known bhut
measurements nas (o oe Giuuiea m-fuagat wilh a <nown sut

variable dilution ratio. Nevertheless, the herewith presented
results combined with contrail measurements at longer flight
distances contribute to a better understanding of the processes

near the encine exit which reanlt in the formation of contrailg
near (e engine Sxit wiich resuit 1n ine ormation of contrats.

Appendix A: Details on the Particle Measuring
Instruments

The locations of the sampling inlet on the roof of the
Falcon and the CPCs inside the Falcon were the same as de-
scribed by Schumann et al. [1996] for the sulfur experiment in
spring 1995. The FSSP-300 probe was mounted below the left
wing at the outer position, followed by the MASP at the inner
position below the left wing. The PCASP-100X probe was
mounted below the right wing at the inner position (Plate 1).

The PCASP data were analyzed assuming an average
refractive index of 1.58 because no detailed information was
available on the chemical composition of the accumuiation
mode aerosol phase. Ambient number concentration values
have been recalculated from post flight calibration of the
pressure dependence of the instrument’s volume flow rate.
Uncertainties in the PCASP volume flow rate at pressure
values below 500 mbar result in about 20% uncertainty for
PCASP deduced aerosol number concentrations.

The FSSP-300 and MASP data were converted to size
distributions of liquid water spheres (refractive index 1.33).
Respective  FSSP-300 channel thresholds are given by
Baumgardner et al. [1992]. This procedure gives a negligible
error in the size distribution with respect to the ice crystal
phase of the cloud elements (refractive index 1.31). An
unknown crror is caused by thc nonspherical shape of the ice
crystals. It is expected to be small for young contrail particles
[Gayet et al., 1996b].

In order to get realistic number concentration values the

PO raw data wara corractad fo ~ida luino
Lre faw Gata were COIreCied ior Comnciacnce u_y ululul,u]Jus

them with a correction factor given by the instrument
manufacturer TSI. Additionally, the N, counter which was
equipped with a long (3 m) and narrow (4 mm in diameter)

durino

correctad  for diffucion losggeg
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sampling according to Hinds [1983). In our data analysis we
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used the factor 1.66 to correct for diffusion losses of particles
with D, = 0.01 ym during sampling. The N, and N,; counters
were artectecl by diffusion iosses oniy to a minor degree
(correction factor 1.22) because they were operated with a
higher flow rate (1.5L min™) than the N;, counter (1 L min™)
and used a wider sampling line. The particle counters were not
able to resolve the very high particle number concentrations

in the dense jet exhaust plume at the short measuring distance.
Henca the CPC data analvsic focuced on the medinm flicht

LaTHLT wC LU LAWG QAiySis dULLOTU Uik UiV dnULAI lugan

distance case. To exclude weak plume encounters with a
strong fraction of entrained ambient aerosol during the
determination of the UCN fraction of the total aerosol, we
analyzed only peaks with N> 2000 cm” (see Table 4).

Appendix B: Size Distribution Analysis

The analysis of the size distribution measurements
followed the procedure worked out by Gayet et al. [1996a].

The main parameters are conifrail particle number
concentration
n
No = X Ni»
i=1
mean particle diameter
n
Z N i Dx
DM = i=1 s
X ar
LiiVi
i
effective diameter
< 3
Z N i Dl
_ i=1
De = “o—
2.NiDi
t
and ice water content
b3 n 3
IWC = Z Pice 2 NiD:i >
i=

with mean diameter D; and number concentration N; of the ith
particle spectrometer channel and ice crystal density p;., =
0.9 g cm™. All particles are assumed to be of spherical shape.
Additionally, mean surface concentration ¢, and mean volume

concentration ¢y are calculated according to Hinds [1983]:

ca =T END:

i=1

and

7[ n

T 6 ,-g,

To achieve a measure for the aerosol size distribution of the
dry accumulation mode, we assumed a Junge type
characterized by the slope k& [Hinds, 1983]. The slope

determination wag restricted to the first six channelc of the

GEWCIMINaOnN wWas ICSUICICE 10 UNC ST SIX Canle:s 01 Ule

PCASP which correspond to the size range D, < 0.3 pm and
should fit the mean mode of emitted soot particles, while the
Lishan ahannala cany alan jnabida lnecae amabhiant anenanl
ulgucl caiiticLy llld_y apv  1viuuc ld.lécl ailjiviviit actludul

particles.
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