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Abstract. The formation and evolution of fine particles and ice con-
trails in an aircraft exhaust plume containing varying amounts of fuel
sulfur have been simulated using an advanced aerosol microphysics
model. The “core” sulfate and soot particles are tracked during the
contrail formation and dissipation phases. When ion electrostatic
effects are incorporated into the microphysics, sulfuric acid vapor
emitted by high—sulfur—content fuels generates water—soluble parti-
cles that are large enough to be activated into contrails, improving the
agreement between simulations and measurements. Our results also
suggest that ice crystals formed in contrails efficiently scavenge
vapors and particles, creating a sulfate aerosol accumulation mode
that may contribute to cloud CCN/IN. The size distributions of
aerosols produced both in the presence and absence of contrails agree
reasonable well with the two characteristic types observed in the
plumes of commercial aircraft.

Introduction

Contrails that form behind aircraft at cruise altitudes are of partic-
ular relevance to the impact of aviation on atmospheric chemistry and
climate (Schumann, 1994; WMO, 1995). The thermodynamic condi-
tions for contrail formation are well understood (Appleman, 1953).
However, the mechanisms of particle formation and evolution, their
chemical composition, size distribution, and hydration properties, the
fraction of such particles active as cloud condensation nuclei (CCN)
or ice nuclei (IN), and the effects of soot and sulfur on the optical and
microphysical properties of the contrails and associated high~altitude
clouds remain largely unresolved. This lack of understanding con-
tributes to the uncertainty in evaluating the atmospheric impacts of
aviation (Friedl, 1997).

Sampling of the total concentration, size distribution, and solubil-
ity of particles in the near—field of commercial aircraft (roughly, up
to ~10 km behind flights operating at ~10 km altitude) reveals two
distinct particle size spectra (Hagen et al., 1996); type I exhibits a
Junge-like size distribution for diameters between 0.01 um to 0.2
um, while type II is characterized by a Junge size distribution at small
sizes (0.01 pym to 0.04 pm), and a larger—particle mode (peak
between 0.1 and 0.2 um). Both types are also characterized by very
high concentrations of fine particles, suggesting nucleation in the
plume. Hagen et al. (1996) noted that significant numbers of exhaust
particles (for example, those with dry diameters ~33 ) have a high
soluble mass fraction. Schumann et al. (1996) found significant dif-
ferences in particle concentrations and contrail optical properties in
side-by—side plumes from the same aircraft whose engines burned
fuels with different fuel sulfur contents (FSC’s) of 170 and 5500
ppmim. These measurements demonstrate that fuel sulfur emissions
have the capacity to modify significantly the character of plume
aerosols and contrails.

Various model simulations of aircraft plume aerosols (Zhao and
Turco, 1995; Kiircher et al., 1995; Brown et al., 1996a; Yu and Turco,
1997) and contrails (Brown et al., 1996a, 1997; Kircher et al., 1995)
suggest that volatile droplets can be formed by the prompt nucleation
of H,SO, and H,O vapors, and that these particles may subsequent-
ly affect contrail properties. Kircher (1996) considered the uptake of
HNO; by liquid acid droplets, and concluded that some might be
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converted into concentrated HNO3/H,O solutions (containing small
amounts of H,SO,) if the ambient temperature were low enough.
Brown et al. (1996a) found that, in their simulations, sulfuric acid
particles did not grow large enough to act as CCN. Kiircher (1996)
predicted small numbers of volatile CCN, which did not greatly
affect contrail properties. Thus, the qualitative differences in contrail
properties seen when different FSC fuels are burned has been attrib-
uted to the fraction of soot particles activated as CCN, which is pre-
sumed to be related to FSC (Schumann et al., 1996; Gierens and
Schumann, 1996; Brown et al., 1997). Comparing model simulations
with in—situ measurements, Yu and Turco (1997) concluded that ions
produced by chemiionization reactions within the engine combustors
can accelerate the growth of volatile particles, and generate the
largest aerosols seen in aircraft plumes, providing a new potential
source of CCN.

In this work, the properties of plume aerosols (size distribution
and composition), and the effects of contrail formation on these
properties, are simulated using a comprehensive model of multi-
component size-resolved aerosols, which distinguishes between
water and ice particles, and tracks electrical charge. Model results
are compared with measurements and implications for plume micro-
physics are discussed.

Plume Microphysics

Until the onset of contrail formation, the sizes of the volatile par-
ticles in an aircraft plume depend on the concentration of H,SO,
vapor, which is a function of the fuel sulfur content (FSC) and frac-
tion emitted in the form of acidic compounds, S, the accommodation
coefficient for H,SO, vapor condensation, the coagulation kernel for
nanometer size particles, and the influence of electrical and dynami-
cal processes (Yu and Turco, 1997). As the exhaust gases mix iso-
barically with cool ambient air, water droplets can appear when the
mixture achieves saturation with respect to water (Appleman, 1953).
The number of droplets formed, and hence the properties of the
resulting contrail, depends on the availability of CCN, which is a
function of the size distribution of the volatile aerosols (owing to the
Kohler effect), and of the fraction of soot particles that have been pre-
activated (since these will exhibit hygroscopic behavior). Following
activation, a subset of the water droplets will freeze and continue to
grow at the expense of the remaining liquid droplets (as the relative
humidity approaches the saturation level over ice), since the RH,, >
RH, ¢, in the same air parcel. Once the humidity in the plume falls
below the ice saturation point (RH;, < 100%), the ice evaporates and
the contrail dissipates, leaving behind a residue of processed *“core”
aerosols. In this study, the possible uptake of HNO; by plume
aerosols (Kircher, 1996) is not considered.

Ionization Effects: Chemiionization in hydrocarbon flames is
known to generate high concentrations of ions (up to 10l/cm?;
Calcote 1962; Keil et al., 1984). Hence, it is reasonable to expect that
ions and charged particles exist in substantial numbers in aircraft
exhaust (Frenzel and Amold, 1994; Yu and Turco, 1997). Charge-
assisted growth associated with rapid molecular clustering onto ions
(intrinsic ion nucleation), as well as electrically enhanced condensa-
tion and coagulation, can cause fine aerosols to grow much more
rapidly in relation to neutral molecule/particle processes. An effective
increase in the coagulation kernel due to electrification can be espe-
cially important in a system where particle evolution is controlled by
the competing effects of coagulation and dilution (Turco and Yu,
1997). In the simulations discussed below, the effects of jonization on
particle growth are critical in determining the number of volatile
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aerosols large enough to act as CCN for contrail formation (refer to
Yu and Turco, 1997).

Freezing of Water Droplets: Owing to the low temperatures at
which contrails form in the present case (< -35 °C), homogeneous
freezing is the dominant process leading to ice (DeMott, 1990).
Accordingly, heterogeneous freezing induced by soot cores embed-
ded in liquid droplets (which may be important when T > -34 °C) is
not considered here. The parameterized homogeneous freezing rate
used in our calculations is extrapolated from experimental data
(DeMott and Rogers, 1990).

Simulations

Aerosol Model Structure: Particles are discretized into 61 geo-
metric size bins representing diameters from 0.55 nm to 2 um, with
particle volumes having a ratio of 1.5 between adjacent bins. A
hybrid bin structure is adopted (Jacobson and Turco, 1995) with a
fixed core component of either soot and/or sulfur acid. This approach
allows the core components to be tracked accurately as particles are
activated, grow, and evaporate rapidly, which is important in analyz-
ing post—contrail particle properties. The water content of unactivat-
ed aerosols is determined by assuming instantaneous water vapor
equilibrium within the plume environment (Jacobson et al., 1996),
while the water content of activated droplets is determined by inte-
grating the time—dependent net kinetic flux of water vapor to the par-
ticle surface.

Pure soot, sulfuric acid (H,SO, and H,0), and mixed (soot,
H,SO,4 and H,0) particles comprise the three basic types of aerosol
treated in the model. However, when ion effects are considered, the
evolution of the charged and neutral populations of volatile acid par-
ticles are also explicitly followed. Further, if a contrail forms, we dis-
tinguish between liquid water and ice particles, and quantify their
competition for water vapor (calculating the shift of water from the
liquid to ice phase, as occurs in clouds). Coalescence of unactivated
aerosols with water/ice particles is included. When a contrail particle
evaporates in subsaturated air, its core aerosol is subsequently main-
tained in water vapor equilibrium with the environment. The semi-
implicit algorithms used here to calculate condensation, coagulation
and coalescence rates have been shown to be efficient, stable and
mass conserving (e.g., Turco et al., 1979).

Flight Conditions and Emission Parameters: The particular plume
configuration investigated in this work applies to a recent series of
field measurements in the upper troposphere (Schumann et al., 1996).
The ambient pressure, temperature (T,), and relative humidity were
287 hpa, -55 °C and 40%, respectively. Here, we focus on the evolu-
tion of the plume aerosols and contrail generated by one engine burn-
ing high—sulfur—content (5500 ppnun) fuel. The emission index and
size distribution of the soot particles are, respectively, EI,,, = 0.2
g/kg, and a log—normal distribution with 6=1.5 and a mean mass
diameter of 60 nm; these choices provide the best fit to the measured
concentrations of particles larger than 120 rmn and larger than 18 nm
in the plume from the engine burning low-sulfur-content fuel (these
particles are considered to consist mainly of soot inasmuch as acid
particles are unlikely to grow larger than 18 run in the low sulfur
plume; Yu and Turco, in prep.). A key parameter in this study is the
fraction of fuel sulfur , S, oxidized to S(VI) (i.e., H;SO, + SO3)
shortly after emission. Based on simulations with a combustion
chemistry code, Brown et al. (1996b) concluded that S_ does not scale
linearly with FSC (for example, they found S, = 1% for FSC = 5500
ppim, and S, = 4% for ESC = 170 ppimumn). In the present study, we
chose S = 1.5% for the high-sulfur plume. An initial ion concentra-
tion of 108/cm3 was also assumed. ‘

Results

Plume Thennodynamics: In Figure 1, the growth in the diameter
of the exhaust plume has been interpolated from the observations of
Schumann et al. (1996), and the plume temperature calculated using
the corresponding dilution factor. The evolution of plume relative
humidity with respect to pure liquid water (RH,,,) and ice (RH;.,)
is also illustrated. The liquid water saturation point is reached at about
~ 0.1 sec after emission, and the maximum supersaturation (over lig-
uid water) reaches about 25%. Ice supersaturation, correspondingly,
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Figure 1. Time evolution of plume temperature, relative humidity
with respect to liquid water and ice (RHyger, RHje,), and plume
diameter up to 21 sec into the wake.

reaches 85%. At such high supersaturations, it is likely that'most of
the emitted soot particles will be active as water condensation sites.
For example, laboratory data show that soot particles with diameters
> 80 run behave like CCN for water supersaturations of 2% (DeMott,
1990). Thus, differences in the properties of contrails produced by
different fuel sulfur contents would not seem to be directly attribut-
able to differences in the fraction of activated soot particles. Water
vapor supersaturation achieves its maximum value at ~ 0.16 sec, then
falls off due to efficient condensation of water vapor onto activated
aerosols. As these liquid particles begin to freeze at ~ 0.25 sec, the rel-
ative humidity decreases even more rapidly owing to the higher
supersaturations that exist over the ice crystals, and the larger ice sur-
face area. The ice mass increases steadily until the relative humidity
stabilizes (RH = RH; . ~ 100%) by ~0.4 sec. Beyond that point, as
plume dilution continues, the ice particles begin to evaporate, main-
taining RH ~ RH,., = 100%. By about 8 sec after emission, most of
the ice has evaporated and the contrail has dissipated. This simulated
behavior is typical of both the high and low FSC wakes.

Note that our dynamically simplified analysis assumes uniform
mixing across the plume cross section, representing “average” condi-
tions within the wake. Accordingly, it is likely that visual observa-
tions of the contrail onset and dissipation will not coincide precisely
with simulations owing to non-homogeneous effects.

Size Distribution Evolution: Figure 2 shows changes in the con-
centrations of particles in several different size ranges during contrail
evolution in the high-sulfur (HS) wake. Almost all the soot particles
(~90%) are activated as CCN, and subsequently freeze, while the rest
remain as mixed aerosols (refer to the d >18 nm liquid mixed parti-
cles in Fig. 2a). Even before the maximum water vapor supersatura-
tion is achieved, significant numbers of sulfuric acid particles have
grown larger than 18 nim aided by electrostatic effects (Fig. 2b). These
large volatile particles have a sufficiently low Kohler barrier to be
activated into growing water droplets (indicated as the d >120 nm lig-
uid acid particles in Fig. 2b). However, only about 10% of these acti-
vated acid droplets eventually freeze and continue to grow as ice
crystals, while the remainder recede to their unactivated state. This
occurs because the largest mixed particles (with soot cores) are acti-
vated and freeze sooner, and then effectively scavenge water vapor in
the plume (including water that evaporates from liquid aerosols, mak-
ing them less likely to freeze).

Based on these simulations, we expect that a contrail formed in an
HS plume will initially have a greater optical depth compared with
one formed in a low-sulfur (LS) plume (since fewer acid particles
will have grown large enough to be activated in the latter case). This
initial difference in optical depth would become less noticeable as the
unfrozen activated acid droplets lost water to ice and shrank. Such
general inferences from our calculations (Figure 2) are consistent
with observations of HS and LS contrails (Schumann et al., 1996).
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Figure 2. Evolution of the abundance of particles in several size
ranges (as indicated) in a high—sulfur (HS) jet plume. The liquid and
frozen species are treated as distinct types of aerosols. Panel (a)
shows changes in the number of mixed (soot coated with acid) parti-
cles; and panel (b), pure sulfuric acid particles. The total particle con-
centrations in each size range include all states of electrical charge.
Also indicated in panel (a) are observed total (acid + mixed) concen-
trations of particles with d >7 i and d > 18 nm.

Following contrail evaporation, the concentration of particles hav-
ing diameters greater than 18 mm is calculated to be Nysig nm
~10,000/cm3 at 21 sec, which agrees well with the observations of
Schumann et al. (1996) for that time. The model also indicates that
nearly half of these particles would be fully volatile (sulfuric acid and
water). The concentration of such particles that are nonvolatile (i.e.,
with soot cores) calculated for the HS plume is comparable to the

concentration measured in the LS plume (that is, ~6,000/cm3). This -

comparison suggests that the relative abundance of volatile and non-
volatile aerosols predicted for the HS plume are reasonable.

The simulated total concentration of particles with diameters >7
nm is about 30,000/cm? at 21 sec, which is somewhat higher than the
average values measured by Schumann et al. (1996) (~20,000/cim?).
However, based on the shape of the predicted size distributions in
Figure 3, detected N7, Values may be sensitive to the instrumen-
tal counting efficiency at small sizes, high concentrations, and short
sampling times. The measurements, in short, may represent a rough
lower limit to the actual abundance.

Contrail Impact on Aerosol Properties: Figure 3 illustrates the size
distributions of the particles in the HS plume at 21 sec, following con-
trail dissipation. Several modes are apparent in the volatile sulfuric
acid particle size distribution (Fig. 3a). The smallest “nucleation”
mode is the result of coagulation of sub-nanometer neutral
H,S0,—H,0 clusters formed in the supersaturated acid vapor. A sec-
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Figure 3. Size (panel a) and volume (panel b) distributions of pure
acid aerosols and mixed particles at 21 sec in a high—sulfur plume for
the observed ambient environmental conditions. In panel (b), the rel-
ative composition of the pure acid and mixed particles is also indi-
cated in terms of the sulfuric acid, liquid water, and soot content.
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ond peak at ~5 nm is the “ion” mode identified by Yu and Turco
(1997). A larger “activation” mode of volatile acid particles (~30 rmn)
results from water uptake by the largest of the ion mode aerosols.
Finally, an “accumulation” mode (~80 rnum) is evident as a conse-
quence of aerosol processing through the contrail ice phase. This
selective growth process in the contrail is closely related to cloud pro-
cessing of aerosols in the boundary layer (e.g., Hoppel, 1986). The
various modes are seen in a different perspective through the volume
size distributions of Fig. 3b.

In the case of the mixed soot-acid particles, there are two distinct
size modes in Figure 3a. At ~20 rim, a soot-dominated “condensa-
tion” mode is seen. However, a second mixed—particle “contrail”
mode appears at ~80 nm. Like the volatile “accumulation” mode
aerosols, these mixed particles had been activated within the contrail
and collected H,SO, vapor more efficiently than equivalent unacti-
vated particles. Considering all of the mixed particles at 21 sec, the
average volume fractions of soot, H,SO,4, and H,O are 23%, 25%
and 52%, respectively.

The predicted mixed particle properties suggest that soot cores
processed through a contrail will be transformed into effective
CCN/IN for upper tropospheric clouds. Further, in the circumstance
that a contrail forms in a high—sulfur plume, substantial numbers of
acid particles large enough to act as CCN/IN may also be generated.

Our computed particle sizes and compositions are in accord with
measurements. Hagen et al. (1996) detected significant numbers of
aerosols with dry diameters of ~33 nm having large soluble mass
fractions (many of which were fully soluble). The total particle size
distribution in Figure 3a also agrees—in its general behavior—with
Hagen et al.’s (1996) observed type I size distribution—i.e., a
descending Junge-like distribution between 0.01 g to 0.04 um, fol-
lowed by a log—normal peak between 0.1 and 0.2 uni. There are as
yet no size distribution measurements capable of resolving the peaks
predicted at very small diameters. However, simulations in which
contrails are absent (Fig. 4) seem to be consistent with Hagen et al.’s
observed type I size distribution, in which the number of particles
decreases Junge-like across the size spectrum between ~0.01-0.1 ym
(consider the summed particle size distribution in Fig. 4a, for exam-
ple). Nevertheless, significant remaining differences in the detailed
structure of the size distribution are likely to be related to variations
in the conditions of aerosol evolution and observation (aircraft char-
acteristics, ambient temperature and humidity, mixing processes,
plume age, etc.).

To investigate the influence of contrail formation on the properties
of the aircraft particulates, the high—sulfur case illustrated in Figure 3
was rerun assuming an ambient temperature of -50 °C (the threshold
temperature required to create a contrail with other conditions fixed).
The results, shown in Figure 4 at 21 sec, contrast sharply with those
in Figure 3. The mean size of the mixed particles (~40 nm; Fig. 4a) is
much smaller than that of the particles processed in the contrail (~80
nm; Fig. 3a). Likewise, the aerosol volume distribution (Fig. 4b)
shows that only a few percent of the mixed particle mass is volatile.
Further, compared to the situation with a contrail present, the number
of pure acid particles having diameters greater than 20 am is much
lower, and the number of nanometer—sized acid particles is much
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Figure 4. Size and volume distributions as in Figure 3, except that a
warmer ambient temperature, Ta = -50 °C, has been assumed. A con-
trail is not formed in this case.
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higher; in the latter case, the absence of ice scavenging is obviously
crucial. These results lead us to conclude that contrail formation dom-
inates the generation of CCN/IN in the aircraft wake, and that this
source of cloud nuclei is amplified with higher sulfur emissions.

We have applied a detailed aerosol microphysics model to simu-
late the effects of fuel sulfur content on aircraft plumes, and to per-
form sensitivity tests identifying key processes. Here, we focus on the
high—sulfur plume data from a recent field ] exper iment (Schumann et
al., 1996). Our calculations indicate that: (1) Based on experimental
data (e.g., DeMott, 1990), nearly all soot parmles will be activated
since the water vapor supersaturation reaches 25%; accmumgiy, any
variation in the observed properties of plume aerosols is unlikely to
be associated primarily with variations in the soot activation fraction.
(2) The enhanced growth rate of small acid aerosols owing to ion-
charge effects leads to a substantial number of large volatile particles
capable of being activated and influencing the optical thickness of the
early contrail; only a relatively few of these particles remain water-
activated long enough to freeze homogc.ncously (’%) The pledlCted
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~10,000/cm?3, is consistent with measurements, while the simulations
indicate that about half of these particles are volatile; for particles
larger than 7 nm, the predictions are somewhat higher than observa-
tions (however, the ability to measure accurately such high concen-
trations of fine particles during plume transit may be questioned). (4)
Contrail formation seems to be importarit in creating CCN/IN in the
exhaust stream, inasmuch as exhaust particles that evolve through a
contrail have considerably greater soluble mass fractions and are
much larger in size; this is especially true for exhaust streams that
contain high amounts of sulfur. (5) The simulated size distributions of
the exhaust particles with and without contrail formation show two
distinct types of size dispersion, which are similar in overall charac-
teristics to those seen in the wakes of commercial aircraft. (6) Our
detailed predictions reveal up to a half-dozen size modes in contrail-
processed aerosols, each of which has an identifiable physical/chem-
ical origin.

Although our simulations agree in many respects with observa-
tions, the detailed properties of the plume aerosols and contrails
depend on a variety of parameters, many of which remain uncertain.
Additional sensitivity studies will be carried out to define more pre-
cisely the roles of ions, soot, and fuel sulfur content in the formation,
evolution, microphysics, and optics of contrails. Among the parame-
ters to be considered are the fraction of fuel sulfur oxidized to S(VI),
initial chemiion concentrations, the rate of homogeneous/heteroge-
neous freezing of supexcooled solutions, the efficiency of SO, het-
erogeneous oxidation, soot emission indices, the effects of other con-
densable gases such as HNO;, and ambient temperature and humid-
ity variations. The distinctive particle size distributions and composi-
tions predicted here can also be tested through in situ sampling, lead-
ing to further refinements in our understanding of aircraft particulates
and their effects.
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