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ABSTRACT

Physicochemical processes that generate and transform aerosols in jet aircraft plumes are discussed on the
basis of theoretical models and recent observations of young contrails in the upper troposphere. The initial
evolution of optical depth and ice water content under threshold contrail formation conditions is studied. Con-
strained by the measurements, a lower bound is deduced for the number density of ice crystals initially present
in contrails. This bound serves as a visibility criterion for young contrails. An analysis of the primary contrail
particles (aqueous solution droplets nucleated in situ, emitted insoluble combustion aerosols, and entrained
background aerosols) reveals that only soot must be involved as ice forming nuclei if the visibility criterion is
to be [ulfilled. Possible activation pathways of the soot aerosols are investigated, including an analysis of their
wetting behavior and droplet scavenging and heterogeneous nucleation properties. To support these investiga-
tions, results of laboratory experiments concerning contact angles of acidic solution droplets on carbonaceous
surfaces and the freezing probability of sulfuric acid tetrahydrate are presented. Assuming that the soot particles
acquire a liquid coating, heterogeneous freezing rates and their sensitivity on important parameters are studied.

1. Introduction

Particulate emissions from jet aircraft operating in
the upper troposphere and lower stratosphere can po-
tentially increase the mass, particle number density,
and chemical reactivity of the global background aero-
sol layer, thereby affecting both the chemical properties
of the atmosphere and the radiative energy balance and
hence global climate. The assessment of the possible
influence of aircraft-induced aerosols on the atmo-
sphere is an important element of the research pro-
grams currently carried out to address the issue of en-
vironmental effects of sub- and supersonic aviation
(e.g., Schumann 1994; Stolarski and Wesoky 1995).
In view of the sensitivity of upper-tropospheric aerosol
properties and ice nucleation processes (Jensen and
Toon 1994) and with regard to the importance of het-
erogeneous chemical reactions in the lower strato-
sphere, in particular their role in ozone depletion (e.g.,
Pyle et al. 1994), the injection of aerosol particles by
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jet aircraft cruising at the tropopause level has become
a significant research issue.

Experimental observations (Hofmann and Rosen
1978; Reiner and Arnold 1993; Baumgardner and Coo-
per 1994; Hagen et al. 1994) and theoretical investi-
gations (Miake-Lye et al. 1994; Kircher et al. 1995;
Zhao and Turco 1995) strongly suggest that jet aircraft
produce volatile sulfuric acid aerosols by homogeneous
nucleation within the jet plume. Jet engines also inject
carbonaceous particles (soot) into the atmosphere
(e.g., Rosen and Greegor 1974; Pueschel et al. 1992;
Hagen et al. 1992; Whitefield et al. 1993; Blake and
Kato 1995). These two particle types constitute the ma-
jor fraction of the primary aerosol that is modified due
to condensation and coagulation among themselves and
with the entrained aerosols when the plume cools and
mixes with ambient air. Some of the primary aerosol
particles may freeze if the ambient temperature is suf-
ficiently low so that the plume becomes supersaturated
with respect to ice during cooling. This results in the
formation of the secondary aerosol containing both lig-
uid and frozen volatile components and mixed parti-
cles, a fraction of which contains soot inclusions. On
synoptic timescales these frequently observed ice con-
densation trails at tropopause flight levels interact with
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the background aerosol. Upon evaporation, new cloud
condensation nuclei and possibly also ice forming nu-
clei are released into the atmosphere. Depending on
meteorological conditions and, thus, on their lifetimes
these particles may trigger the formation of cirrus
clouds and serve as sites for heterogeneous reactions.
The interaction of the soot particles with H,SO,/H,O
droplets and trace gases in the jet plume may affect the
surface properties of the carbon aerosols and their suit-
ability to host heterogeneous chemical reactions. The
interplay of these processes is shown schematically in
Fig. 1. Up to now there are no models that comprehen-
sively treat these possibly highly competitive micro-
physical and chemical processes in aging aircraft
plumes (cf. Kércher and Peter 1995). Unfortunately,
very little information is available about the composi-
tion and nucleation properties of the carbonaceous par-
ticles under plume conditions.

In particular, it is presently unclear which particle
type of the primary aerosol spectrum initiates ice crys-
tal formation. Possible pathways are (a) activation and
freezing of entrained ambient aerosol; (b) homoge-
neous freezing of the H,SO,/H,0 droplets; (c) hetero-
geneous freezing of the H,SO,/H,0 droplets on soot
inclusions, which arise from heterogeneous nucleation
or from droplet scavenging by the soot particles; (d)
homogeneous or heterogeneous freezing of the solution
droplets after uptake of additional solutes (e.g., HNO;)
or after heterogeneous chemical processing effectively
leading to further solute uptake (e.g., heterogeneous
SO, oxidation). Two other possible pathways, forma-
tion of ice crystals or pure water droplets via hetero-
geneous nucleation from the vapor phase, will be
shown to be unlikely. Microphysical calculations sug-
gest homogeneous nucleation, growth, and homoge-
neous freezing of H,SO,/H,0 droplets (pathway b) to
be only effective when the plume during cooling be-
comes supersaturated with respect to water.

The primary objective of this work is to discuss some
of the in situ transformation processes of the primary
aerosol as summarized in Fig. 1 on the basis of two
recent contrail observations in the upper troposphere
(Busen and Schumann 1995; Schumann et al. 1996),
supplemented by dynamical and microphysical simu-
lations. The unique feature of these measurements was
that contrails from a twin engine aircraft were observed
with one of the engines operating on a jet fuel with
very low, and the other with rather high sulfur contents.
In detail, this paper focuses on a simple model describ-
ing the initial growth phase of ice particles immediately
after freezing nucleation. We constrain the model by
the observation that a visible contrail is formed typi-
cally within one wingspan behind the jet engine. We
investigate how many (section 2) and which of the pri-
mary aerosol particles (section 3) most likely contrib-
ute to the ice mass budget of contrails. This investi-
gation does not rely on details of the nucleation process
itself, but it allows us to conclude that the soot aerosols
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FiG. 1. Schematic illustration of the microphysical processes that
generate and modify the types of aerosol particles in aging jet aircraft
exhaust plumes. Key questions concern the production of new cloud
condensation and ice forming nuclei and their possible influence on
cloud formation and heterogeneous chemistry in the upper tropo-
sphere and lower stratosphere.

are very likely to participate in the contrail formation
process in order to satisfy the visibility criterion. The
great potential for chemical processing of the fresh soot
particles in the very young aircraft plume, possibly
through simultaneous action of several exhaust trace
species like HNOs, SO,, and NO,, may lead to favor-
able conditions for water adsorption and binary hetero-
geneous nucleation. Section 4 is devoted to the question
of how the soot particles could acquire a liquid coating
under plume conditions by studying the wetting behav-
ior of black carbon aerosols and analyzing the gas
phase budgets of various chemical trace species in the
exhaust. These considerations are supported by labo-
ratory experiments performed in order to measure the
compatibility of carbonaceous surfaces with acidic so-
lution droplets and to estimate the freezing probability
of sulfuric acid tetrahydrate. The paper finishes with a
discussion of nucleation rates for heterogeneous freez-
ing, and the conclusions are given in section 5.

2. Initial contrail growth phase

This section briefly describes a contrail observation
on which the microphysical investigations are based.
We investigate the growth of ice particles in the early
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jet plume just after freezing nucleation. A simple
model, constrained by the observation that contrails al-
ways become visible within ~1 wingspan, allows us to
find a lower bound for the number density of ice par-
ticles in young contrails.

a. Contrail observation

We refer to the contrail formation recently observed
by Busen and Schumann (1995) under threshold con-
ditions. Short-lived contrails were generated by the
twin-engine jet aircraft ATTAS at p, = 302.3 = 0.7
hPa, 7, = 22345 = 0.5 K, and an ambient relative
humidity around RH, = 34%. The humidity was esti-
mated from nearby radiosoundings and could have
been ~10% higher. The contrails became visible
within 25-35 m behind the engines—that is, within
0.86—1.6 wingspans. Using a two-dimensional model
describing the turbulent mixing of the jet with the am-
bient air (Kércher et al. 1996), we compute the ice
saturation profile behind the circular jet as a function
of the axial distance past exit, x, and the radial direction
perpendicular to the jet axis, y, by transporting the
emitted water vapor as an inert tracer. The calculation
was initialized with jet exit conditions derived from a
mass, momentum, and energy budget analysis for this
specific aircraft (Schumann et al. 1996). The result is
shown in Fig. 2. At small x, the ambient ice saturation
ratio is 0.54, corresponding to RH, = 34%, and hu-
midity in the hot jet core and bypass (indicated by the
step around y = 0.2 m) is negligible. With increasing
values of x, the ice saturation ratio first increases in the
mixing region, where the engine’s water vapor is mixed
into the relatively cold bypass. The mixing region
moves radially away from the jet axis, leading to d dis-
tinct ridge in the saturation profile. The plume first be-
comes supersaturated with respect to ice atx = 1.1 m
andy = 0.48 m at T = 233 K. Maximum values around
1.46 are first reached at y ~ 1 m at distances x = 41
m past exit. At later stages around x = 130 m (i.e.,
typically three times further away from the aircraft),
such high values are also reached in the center of the
jet. Contrail formation is initiated in the mixing region
of the jet, several nozzle diameters behind the engine.

The calculation suggests that the plume was never
supersaturated with respect to (liquid) water when the
contrails were observed. During mixing of the hot and
humid exhaust with ambient air, the plume reaches a
maximum relative humidity of 97% (Schumann 1996),
which we confirm by the present calculation. (Note that
this is an upper bound because depletion of gaseous
H,O0 due to droplet or ice crystal growth is suppressed
in the calculation.) We have also performed large eddy
simulations of the coannular jet with H,O treated as a
passive scalar; they suggest that small patches of air
might acquire relative humidities up to 107% in a short
time window around 0.09 s because they penetrate the
bypass without essential mixing. Due to the possible
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FiG. 2. Spatial distribution of the ice saturation ratio behind the
ATTAS jet engine as a function of axial distance x and the jet radius
y. The value x = 0 corresponds to the nozzle exit plane.

uncertainties in the fluid-dynamical simulation and in
the determination of 7, and RH, during the ATTAS
contrail observation, we cannot exclude that the plume
might have been slightly above water saturation. To
investigate this possibility, we performed a calculation
at lower air temperature, 7, = 222.95 K, and higher
relative humidity, RH, = 45%, which are both. within
experimental uncertainties. In this case, the plume first
becomes supersaturated with respect to water at y
= 0.72 m off the jet axis at a distance x = 58 m behind
the nozzle exit plane; the peak humidity is 105%.
Clearly, this is much longer than the distance where the
contrail was observed. Moreover, liquid droplets would
grow slower than ice particles to become visible due to
their greater saturation vapor pressure. Hence, we con-
clude that the contrail was very likely generated below
the water saturation threshold.

b. Model description and input parameters

At the given flight altitude the ATTAS jet engine
injects water vapor into the atmosphere with an emis-
sion index EI,, = 1.215 kg H,O per kg fuel. This trans-
lates into an initial molecule number density n,;
= (EL/m,)(fIV) = 9.7 X 10" cm™?, where m,, = 3
X 1072 g is the mass of an H,O molecule, f = 0.126
kg fuel s~ is the engine’s fuel flow rate, and V = 52.51
m’® 57! is the volume increase of the jet at the nozzle
exit plane. After a short cooling and dilution phase the
plume becomes supersaturated with respect to ice. For
the model we take this point as ¢+ = 0. The available
water vapor is now n o = n,;9,, where 9,, = 4 X 1072
is the dilution factor for the ATTAS observation. (The
resulting n,,o = 4 X 10'° cm™is the water vapor abun-
dance in the mixing region where supersaturation over
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ice is first observed, see above.) At time 1= 0, we
assume that monodisperse ice nuclei are present with
number density » and radius r,, onto which the avail-
able water vapor condenses. The growth of the ice crys-
tals (which are assumed to be spherical) depletes the
water vapor in the gas phase and increases the ice water
content m(t) = 4wpnr’(1)/3 of the particles, where p
and r(r) are the mass density of ice and the actual ra-

dius, respectively. We make the approximation that at.

t = 0 the temperature has already reached the ambient
value T, = 223.45 K and neglect the finite cooling time
still necessary to cool from T = 233 K just at ice sat-
uration to 7,. Together with the fact that we also ignore
dilution of the ice particles due to ongoing entrainment,
this implies that the timescales deduced below are
lower bounds. Further, we assume that the ambient at-
mosphere is saturated with respect to ice, so that the
growth stops when the transient supersaturation s(t)
= n,{(t)/ny — 1 in the plume approaches zero. Here,
n., denotes the number density of water molecules at
ice saturation taken from Pruppacher and Klett (1978,
625), which under the ATTAS flight conditions is
nea(T,) = 1.33 X 10" cm™. In reality the ATTAS
contrails evaporated slowly because the ambient air
was slightly subsaturated, but this does not affect our
conclusions. In summary, the input parameters are
given by p, = 302.3 hPa, T, = 223.45 K, and sy = nyo/
ng (T,) — 1 = 2. In the following, the evolution of the
H,0 molecular number density in the gas phase, n,,
and the ice crystal radius, r, will be calculated, while
the number density of ice crystals, n, and their initial
radius, #,, will be treated as free parameters.

¢. Model equations and solution

The equations governing the evolution of the gas
phase water vapor number density and the radius of the
ice particles read

dn,,

==, (1a)
dr  jym,

AL 1
dt  4mpr? (1b)

The flux of molecules to the ice particles is given by
jw = 47rDrGa(r)[nw - nsat(Ta)]’ (2)

where D(p,, T,) is the diffusivity of the vapor mole-
cules in air and the function G,(r) takes account of the
transition of the uptake from the gas kinetic to the dif-
fusional regime. This function is given by (Sedunov
1974, 24)

(3)

~1
@m=<1 “ﬁ,

+____
1 + Kn 3a

with the deposition coefficient «, the Knudsen number
Kn = N/r, and the mean free path of the vapor mole-
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cules in air, A(p,, T,). The function G, takes the lim-
iting values G, — 1 for Kn — 0 (diffusion limit) and
G, — 3a/(4Kn) for Kn > 1 (free molecular regime).
Values for the deposition of water molecules on ice
between 0.014 and ~1 are referenced in Pruppacher
and Klett (1978, p. 135), exhibiting a trend toward
unity for low temperatures. In our calculation, we use
a = 0.1 and neglect the Kelvin barrier in (2) that en-
hances the saturation vapor density by >10% for par-
ticles with radii < 20 nm (and which implies only small
changes compared to the range of uncertainty of a.)
Corrections of the flux (2) due to heat conduction are
likewise small and can therefore be neglected.

Upon elimination of j,,, (1a) and (1b) become dr’/
dt o dn,/dz, from which a first integral of the differ-
ential equations is calculated. Introducing the ice su-
persaturation s(#), this integral is

3 w e fsal
P = e = Vos, Vo= (4a)
47 pn
The total mass balance then reads
rzmx = r(3) + VOSO’ (4b)

which defines the maximum radius of the ice particles
at the end of the initial growth phase. The solution is
most conveniently expressed in terms of the dimen-
sionless variables 7 = r/rpw, § = $/sy, and t = t/t,,
where 1, is the characteristic time

3
o= ——. 5
0 47 Drp o (5)
Equation (4a) then reads
r3
S =k(l —7), k=—"2=1. (6a)
V()SQ

In these scaled quantities the second integral of (1a)
and (1b) finally reads

HP) = ffsl af & (o)
) v Folk) Ga(f, )\/rmax)(l — f3) ’
with the lower integration boundary defined by
1 1/3
g :<1_“> ’ (6¢)
rmax K

After solving the integral (6b) and inversion to obtain
7(1), the supersaturation follows from (6a) and the ice
water content /i (normalized by 47r ., pn/3) may be
computed from

() = 7 — F(k).

(6d)

Besides the weak dependence on \/r,,, these general
solutions depend only on the dimensionless parameter
7y and on a. The solutions are displayed in Fig. 3 for
a = 0.5 in the case 7, = 0; the shaded region indicates
the sensitivity of the growth when 7, is varied between
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0 and 0.15, and the horizontal bars show the scatter of
7(1) when « is varied from 0.1 (left ends) to 1 (right
ends). After an induction period lasting up to ¢ = 0.05,
radius and supersaturation start to depart from their ini-
tial values 7, = 0 and § = 1. Around ¢ = 0.2, the
quantities 7, §, and s rapidly change and take on their
final values at times ¢ =~ 1. The sensitivity with respect
to « is small as long as the particles stay below 7 < 0.2,
since in the free molecular regime j, « G, < a and
hence, the solution (6b) is independent of a. The sen-
sitivity of the solutions with respect to variations of 7
can be important, but only in the early growth stage.
Note that the results for any particular problem can be
easily read off the general solution in Fig. 3 after con-
version to the scaled variables (7, 7, §, /).

d. Visibility criterion

Figure 4 shows the evolution of the ice particle ra-
dius r(¢) and the ice water content m(t) for r, = 0.02
pm and two different ice particle number densities n
=10’ cm™ and n = 10° cm™?, using a = 0.1. Clearly,
particle growth reaches equilibrium earlier in the case
of higher n because 7, * n~*"* and the particles deplete
the gas phase reservoir more rapidly. The final radius
Fmax = 0.6 um is smaller in the case with n = 10° cm™
than . = 2.75 pm for n = 103 cm™, because 7pax
o n~'"? and the same amount of vapor is distributed
among more particles. The final ice water content m,,,,
= 8 X 1072 g m™3, however, is identical in both cases
[nria. = const, see (4b)].

To explain the ATTAS observations we have to an-
swer the basic question: How many ice crystals must

1.0

0.8

0.6

137}
1

0.4

FiG. 3. Scaled solutions of the initial growth phase model for ice
particles in nascent contrails. The solid lines show their radius 7 and
the ice supersaturation § vs the time ¢ after freezing, for @ = 0.5 and
7o = 0. The shaded region displays changes of the solutions when 7,
is varied in the range 7, = 0 — 0.15. The horizontal bars indicate
changes of the solution when « is varied from 0.1 (left ends) to 1
(right ends).
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FiG. 4. Evolution of the ice particle radius r and the ice water
content m as a function of time ¢ after freezing for two different ice
particle abundances n using r, = 0.02 gm and « = 0.1. The final
radii ropg Scale as 7y, < n7"® and the typical growth timescales
o« n=22,

be present initially in the plume in order to observe a
visible contrail within 25-35 m? This may be trans-
lated into a time constraint for the solutions shown in
Fig. 4 from which a lower bound for » may be derived:
the ice crystals have to grow to a visible size within
0.2-0.3 s, using the true airspeed 115 ms™! of the
ATTAS aircraft. Next, the term ‘‘visibility’’ has to be
quantified. Appleman (1953) estimates the visible wa-
ter content of faint and distinct contrails in the range
m, = 4 X 107°~107? g m™3, respectively. The com-

~ putation of the optical depth 7 allows for a cross-check

of this empirical visibility definition. It can be defined
by

7(t) = 7’ (1) Qex(r)nl, (7

with the extinction (essentially scattering) efficiency 0
< Q.q(r) = 4, which we take from Mie calculations
for spherical ice particles with a refractive index 1.311
at a photon wavelength of 0.55 ym (Warren 1984),
and the contrail thickness /. The value/ = 1.5 mis a
reasonable estimate for the jet diameter at the distance
x =~ 30 m of interest. Visible but faint cirrus clouds are
characterized by 7, = 3 X 1072, depending on wave-
length, illumination conditions, viewing angle, and dis-
tance, hence optical depths larger than this lower limit
can serve as a second, independent visibility criterion.

Figure 5 presents important results of this investi-
gation, namely the temporal evolution of the contrail’s
optical depth for r, = 0.02 ym, @ = 0.1, and for ice
particle number densities n ranging from 10° to
107 cm™. The vertical dashed line indicates the time
t, = 0.3 s within 'which the contrail is first observed.
(We neglect the first 0.01 s up to the point when the
plume becomes supersaturated.) For small values of n,
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for n = 10* and 10° cm ™). We use a = 0.1. The vertical and hori-
zontal dashed lines mark the time past exit when the contrail first
became visible and the minimum optical depth required for visibility,
respectively.

the crystals need a relatively long time to grow to sizes
large enough to impact the optical depth, the evolution
of which reflects the oscillating behavior of the scat-
tering function Q.,, with increasing r. The maximum
optical depths increase with increasing values of n, al-
though the maximum radii become smaller. (This be-
havior is reversed for n > 10° cm™ and 7, < 0.6 um,
when the particle radius becomes too small and scat-
tering is less effective.) The horizontal dashed line
marks the value 7, required for visibility. The dotted
curves for n = 10* cm™ and n = 10° cm™ were ob-
tained with r, = 0.2 um, showing that this choice has
a significant influence on the evolution of 7 for times
< 0.3 s after freezing. (Note that for ry significantly
smaller than 20 nm, the initial growth phase would last
longer because such particles would be less supersat-
urated due to an enhanced Kelvin barrier. Investigation
of the Kelvin term shows that freezing nucleation is
inhibited for particles with radii smaller than ~2-4
nm.) From Fig. 5 we conclude that around 10* cm™
particles with radii of about ~20 nm must have been
present initially in order to grow to a visible contrail
within the time window given by the ATTAS obser-
vations. This lower bound could be somewhat relaxed
(by about a factor 2) if we allow for larger soot parti-
cles. (When setting @ = 1 or @ = 0.04, the lower bound
is shifted to 10% cm™ or 10° cm™3, respectively.) We
note that this estimate is consistent with Appleman’s
visibility criterion based on the ice water content.

The present model is easily applied to contrails from
other airplanes: especially, the results support the con-
clusion drawn by Kircher et al. (1995), based upon
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numerical simulation of nucleation and condensation
processes in a B747 plume, that below the water satu-
ration threshold, homogeneous freezing of aqueous sul-
furic acid droplets probably does not lead to visible
contrail formation (see section 3b).

3. Primary contrail particles

In this section, we characterize the three primary
aerosol types in young contrails (cp. Fig. 1) with re-
spect to typical size distributions and abundances, to
find out which of them may serve as a potential source
for ice particles.

a. Background aerosols

Typical upper-tropospheric aerosols are character-
ized by total number densities between 1 and 100 cm™
and typical radii between 0.01 and 0.1 pm, with high
variability in the abundances for smaller aerosols and
less pronounced variations for the larger particles (Tal-
bot et al. 1992; Pueschel et al. 1994). Total conden-
sation nuclei (CN) number densities exceeding
1000 cm™ have to be considered as extreme cases.
Also during the ATTAS flights, plume particles were
much more abundant than background aerosol.

b. Volatile aqueous sulfuric acid droplets

Using our trajectory box model (Kircher et al. 1995,
1996) we could show that homogeneous freezing of
H,S0,/H,0 droplets generated in situ does not lead to
visible contrail formation when temperatures approach
the Appleman threshold condition, because predicted
ice particle concentrations are too low and freezing
timescales too long. This also holds for the ATTAS
contrail. Moreover, this ice formation process should
show a strong dependence on the fuel sulfur content,
which was not observed by Busen and Schumann
(1995): they detected no visible difference in the con-
trails either using very low (0.002 gS/kg fuel) or rather
high (0.26 gS/kg fuel) sulfur contents in the jet fuel.

However, when the plume becomes supersaturated
with respect to water, homogeneous freezing could, in
principle, compete with heterogeneous processes. To
check the possible importance of homogeneous ice for-
mation we apply our numerical model to the case with
lower air temperature T, = 222.95 K and higher relative
humidity RH, = 45%, which leads to a maximum rel-
ative humidity of 105%. For this case we compute cu-
mulative number densities of aqueous H,SO, droplets,
ng. In the calculation, water depletion from the gas
phase due to ice particle formation is suppressed;
hence, the droplet abundances calculated in this way
are upper bounds. The results for a fuel sulfur content
of 0.26 g S per kg fuel are shown as solid lines in Fig.
6 for ny (ry > 50 nm) and ny (rqy > 100 nm), with the
droplet radius rq. Also shown are the corresponding
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homogeneous freezing times (dashed lines, calculated
as Tiom = 3/(4wr}Jie,), where JiZ, is the homoge-
neous freezing rate). Clearly, the maximum droplet
number density of 10 cm™ is at least seven orders of
magnitude smaller than required by the visibility anal-
ysis. At the same time the freezing of these droplets is
too slow. Smaller droplets, although present in much
higher abundances, do not freeze homogeneously
within 0.1 s. Hence, these calculations suggest that ho-
mogeneous freezing of H,SO,/H,0 droplets cannot be
an important pathway of visible contrail formation,
even if the plume is slightly supersaturated with respect
to water. Figure 6 also shows ny (r; > 50 nm) for a run
with 5.5 g S per kg fuel, which is well above the in-
ternationally accepted sulfur content in kerosene (up-
per solid line). Under these extreme conditions number
densities of droplets that could freeze homogeneously
exceed 1000 cm 2, indicating that homogeneous freez-
ing can then indeed compete with heterogeneous mech-
anisms, especially at even lower ambient temperatures.
Jnterestingly, in a follow-on measurement with the AT-
TAS, Schumann et al. (1996) observed an earlier onset
of contrail formation for these very high sulfur levels
(the ambient temperature was 5 K below Appleman’s
threshold and the corresponding freezing timescales
were shorter than those shown in Fig. 6).

Another mechanism that could increase the ability of
the droplets to freeze homogeneously is the possibility
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TABLE 1. Gas phase budgets relevant for heterogeneous chemical
processing. Exit plane abundances for OH, NO,, and SO,; peak
number densities for HNO; and H,SO,; number of monolayers ML;
and absorbed mass p per mass of a soot particle according to (9) with
20-nm radius after 0.1 s (for OH: after 10 ms). Conversion rates of
4% of emitted NO, into HNQO; and of 0.5% of emitted SO, into H,SO,
are assumed. -

Species Pinax, M3 ML u, %
N 4.5 x 10'° 0.09 0.4
H,S0, 2.25 x 10® 0.0003 0.003
SO,° 1.2 x 10" 24 95
H,SO,* 6 x 10" 0.12 0.7
SO, . 2.5 x 10" 500 1984
H,S80/° 1.25 x 10" 2.5 15.2
OH* 3.6 x 10" 24 2.5
NOs 4 x 108 80 228
HNO, 1.6 % 102 32 12,5

* Emission index 0.002 gS/kg fuel (low).

* Emission index 0.26 gS/kg fuel (high).

¢ Emission index 5.5 g S/kg fuel (very high).

4 Corresponds to an estimated value of 10 ppmv.

¢ Based on a NO, emission index of 10 g NO,/kg fuel, splitted into
10% as NO, and 90% as NO. As for OH, estimates of the fraction
[NO,)/[NOx] at the exit plane are uncertain.

that they take up large amounts of HNO; during cool-
ing. Table 1 gives the chemical budget of the ATTAS
exhaust based on the chemical/microphysical box
model presented by Kircher et al. (1995). It shows that
the HNO; emission is about 27 times greater than that
of H,SO, in the case with 0.26 g S per kg fuel. Using
the vapor pressure expressions given by Luo et al.
(1995), we estimate the HNO; uptake by the droplets
assuming thermodynamic equilibrium -(i.e., ignoring
kinetic effects and the Kelvin term, which both can
substantially slow down HNO, uptake). We find that
at the onset of ice supersaturation (at 233 K) the ternary
aerosol would contain 29 wt% HNO;, 68 wt% H,O,
and only 3 wt% of H,SO,. This uptake depletes the
HNO,; in the gas phase to about 45%. For comparison,
if no HNOQ; is allowed to enter the binary aerosol under
the same conditions the ternary aerosol would consist
of 67.5 wt% H,O and 32.5 wt% H,SO, (all numbers
assuming thermodynamic equilibrium conditions). The
ratio of volumes of these droplets is related to the
H,50, weight fractions (W) via Viermary/ Voinary = Woinaey/
Wiemary = 11—that is, an increase in radius by about a
factor 2.2. However, inspection of Fig. 6 shows that the
droplets even after this substantial growth are unlikely
to satisfy the visibility criterion: an increase by a factor
of 2 in the radius increases the abundance by only 1—
2 orders of magnitude. Hence, the effect of HNO; on
the homogeneous contrail formation is much smaller
than increasing the suifur content from 0.26to 5.5g S
per kg fuel. While additional sulfur directly enhances
homogeneous nucleation and early droplet growth, the
nitric acid comes into play only at rather late times
when its solubility in the H,SO, solution increases.
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It should be noted that we used a box model repre-
senting on-axis conditions (Karcher 1995) to calculate
Fig. 6. On the other hand, as stated in section 2a, con-
trails will be initiated off the jet axis. However, we
believe that the microphysical processes evolve quite
similarly at any radial distance in the jet, with the ex-
ception of a somewhat earlier onset of nucleation and
growth in the jet mixing region, so that similar abun-
dances as shown in Fig. 6 will be observed at much
smaller axial distances in the mixing region (typically
three times earlier than on axis, cp. section 2a). This
reasoning also applies to the results presented in section
4. Precise modeling of the onset of contrail formation
at threshold conditions would require a full two-di-
mensional treatment which at present is not available.

c. Soot particles

Soot particles are created from the vapor phase dur-
ing fuel combustion at high temperatures in regions
with low oxygen abundances and leave the jet engine
as porous spheres or nearly spherical clusters (Wagner
1978). Various measurements of jet engine exhaust
aerosols have been performed by Rosen and Greegor
(1974), Hagen et al. (1992, 1994), Whitefield et al.
(1993), and Schumann et al. (1996). Both combustion
aerosols in the laboratory and particulates collected un-
der cruising conditions in the upper troposphere
showed similar characteristics. To a good approxima-
tion, the soot particles are distributed lognormally,
truncated at some minimum and maximum radius, with
exit plane number densities of 10 cm™ (10° cm™),
mean radii 7, = 20 nm (100 nm), and half-widths 1.4
(1.8) for lean (rich) jet fuel combustion stoichiometry
(Whitefield et al. 1993). Schumann et al. (1996)
pointed out that their experiment is compatible with
emission indices as large as 0.5 g soot per kg fuel and
soot radii of 30 nm. Using the values for lean combus-
tion and a density of 2 g cm™* and assuming a smooth
spherical surface without accounting for the porous
structure of the nascent particulates, we calculate a spe-
cific surface area of 75 m? g ™!, a total mass of 4 x 10’
g mol™!, or 3.4 X 10° carbon atoms per soot particle,
and an emission index of 0.028 g soot per kg fuel for
the ATTAS aircraft, in good agreement with literature
data (e.g., Goldberg 1985, 27) and recent evaluations
(Stolarski and Wesoky 1993). Our calculations reveal
that the initial soot number density diluted to a few
percent at the time of freezing, depending on the exact
radial location of contrail onset. If a large fraction of
the soot particles could freeze, ice crystal number den-
sities would be above the lower limit given by the vis-
ibility criterion.

Aging soot particles slowly coagulate on a timescale
greater than 10* s and form micron-sized straight or
branched chains. Hagen et al. (1991) found scavenging
of such combustion acrosols to occur at faster rates than
predicted by Brownian coagulation theory and Hallett
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and Oraltay (1988) pointed out the change in mor-
phology of growing or evaporating ice crystals in the
presence of soot. Both findings could be important for
modeling the lifetimes of persistent contrails and their
impact on heterogeneous chemistry and radiative bal-
ance.

d. Summary

We conclude that under threshold conditions for
contrail formation, when the plume becomes supersat-
urated with respect to ice but not water, a large fraction
of the soot particles has to be activated and grow ice
leading to an observable contrail, for this is the only
primary particle type which is present in sufficiently
high abundances by the time of freezing. This result
seems to be in contrast to the findings of Blake and
Kato (1995), who on the basis of measured soot abun-
dances and hemispheric mass balance calculations sug-
gest that aircraft soot injected at altitude does not rep-
resent a significant source of CN for sulfuric acid aero-
sols. (We note, however, that these authors discuss
possible far-field effects of soot, whereas we investi-
gate its role in contrail formation.) Both the ATTAS
experiment by Busen and Schumann (1995) and our
flow field calculation show that a contrail should be-
come visible below the water saturation threshold, thus
extending the classical formation criterion discussed by
Appleman (1953) to higher threshold temperatures
(for a given ambient relative humidity and pressure).
Only when ambient temperatures fall sufficiently below
Appleman’s threshold criterion, homogeneous freezing
of solution droplets may compete with heterogeneous
freezing. Our findings are also supported by the exper-
imental evidence that ice crystals in contrails observed
nearby natural cirrus (and likely to be formed on ex-
haust particles), are higher in abundance, initially of
uniform size distribution, and smaller than cirrus crys-
tals (Gayet et al. 1996).

4. Activation of soot particles

Soot particles could dramatically facilitate contrail
formation if their surface can be activated to a consid-
erable degree. The main obstacle for the droplets to
grow is the Kelvin barrier that enhances the vapor pres-
sure of species in the solution by a factor exp(2ov;/
RTry), where o is the surface energy of the solution, v
is the molar volume of species i, R = 8.31 J (mol K) ™
is the universal gas constant, and r, is the droplet radius.
Typically, rq < 1 nm for freshly nucleated droplets and
the Kelvin term enhances the vapor pressures by more
than an order of magnitude. However, if a part of a soot
particle is wetted, the radius of curvature increases and
ideally approaches the radius of the substrate (20 nm),
in which case pressure enhancement due to the Kelvin
term is only about 10%.

While the nature of active sites of industrial black
carbons used to remove impurities from gases or so-



3074

lutions has been extensively studied, we have no pre-
cise information about the processes that lead to a pos-
sible activation of the soot particles within the com-
bustor and under atmospheric conditions. There have
been a few investigations concerning the suitability of
soot as cloud condensation nuclei (CCN) or as ice
forming nuclei (IN) (e.g., Hallett et al. 1989; DeMott
1990; Pitchford et al. 1991; Whitefield et al. 1993) and
of gas—soot interaction (Thlibi and Petit 1994; Wys-
louzil et al. 1994), but these were performed at quite
different conditions so that the results cannot be di-
rectly applied to our problem. Moreover, the measure-
ments indicate a large range of CCN/CN ratios of soot
varying from /1909 (Pitchford et al. 1991) up to 1/3
(Whitefield et al. 1993).

In the following, we investigate the possibility of
wetting the aircraft-induced soot particles and discuss
possible activation pathways under plume conditions.
We discuss contact angle measurements and freezing
experiments carried out to address the questions of ac-
tivation of graphitic surfaces by OH exposures and
freezing of sulfuric acid hydrates induced by rapid
plume cooling. Finally, we estimate binary heteroge-
neous nucleation rates of H,SO,/H,O droplets on the
soot particles and heterogeneous freezing rates within
the framework of the classical theory.

a. Water uptake on a carbon surface

In the absence of any detailed knowledge about the
surface properties of the soot particles, we investigate,
as a first step, the adsorption and desorption rates of
water molecules on a nonporous, graphitized carbon
black surface. An example of such an essentially oxy-
gen-free, hydrophobic particulate is Graphon, for
which water adsorption isotherms and heats of adsorp-
tion have been measured in the past (Young et al. 1954;
Millard et al. 1955). Studying the wetting behavior of
such a hydrophobic system gives a lower bound for the
fractional coverage ®,,, of water molecules on the sur-
face of jet engine exhaust particulates.

The maximum number of adsorbed water molecules
per unit area of the surface is given by oo = 1/d* = 8.2
X 10" cm ™, where d = 0.35 nm is the diameter of an
H,0 molecule. The impingement rate of the vapor to
the soot particles with radii r, in the free molecular
regime is given by B, = j,/(4nwr?) = n,7,/4, with j,
from (2) with @ = 1, the thermal velocity v,, = [8kgT/
(7my)]'"? at the local plume temperature 7, and the
Boltzmann constant kg = 1.38 X 1072* J K~!. The rate
of adsorption then is (1 — @) B./00o, where the fac-
tor (1 — ©®,4) accounts for surface saturation effects.
Following de Boer (1968, 44), the rate of desorption
is given by ®,/7,,, where 7, represents the average
time the vapor molecules stick to the surface before
evaporating. Clearly, this time depends on the sub-
strate’s ability to dissipate the energy of the incoming
molecule and depends on temperature via 7, = T,
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exp[Q/(RT)], where Q is the heat of adsorption. The
time 74 can be estimated by means of statistical me-
chanics and is related to the loss of entropy upon ad-
sorption from the vapor state. It may be shown equal
to h/(ksT)-f(Z), where h = 6.63 X 107** J s is
Planck’s constant and f( Z) is a function of the partition
functions Z of translation, rotation, and vibration of the
molecules in the gaseous and adsorbed state. Mobile
adsorption with rather long adsorption times 7¢ = h/
(ksT) of the order of 10 "% s is obtained whenever an
adsorbed molecule lost only one degree of freedom of
translation upon adsorption, retaining all other degrees
of freedom. In contrast, localized adsorption (like for
water on graphite) is characterized by small values of
T, of the order of 107! s, The rate equation governing
0.4 finally reads
®ads ﬁw

Luse Do (1 9,2,
o

dt Tw (82)

Following Hamill et al. (1982) and de Boer (1968, p.
235), weuse 0 = 452 kJ mol ' and 7, = 2.4 X 107¢
s for water on carbon, in agreement with the experimental
findings for Graphon. Inspection of (8a) shows that water
adsorption and desorption processes are in a quasi
steady—state on the timescale 1072 s over which plume
temperature and water vapor abundance decrease, that is,
d®,4,/dt = 0, which leads to the Langmuir-type coverage
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This expression is evaluated at the local plume tem-
perature T(x, y) and water vapor density n,(x, y). Fig-
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FiG. 7. Fractional coverage @, of water on a pure carbon surface
(Graphon, solid line) and on successively more hydrophilic (acti-
vated) particles (dotted and dashed lines) vs x along the jet axis.
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ure 7 displays the fractional coverage @4, for the par-
ticles in an air parcel leaving the ATTAS jet engine on
a trajectory along the jet axis (y = 0) as a function of
x. The case just discussed is shown as a solid line,
leading to a 10% coverage of the soot particles with
water molecules about 20 m behind the exit, and a max-
imum 22% coverage at about 100 m. To investigate the
sensitivity of the water adsorption on the underlying
parameters, we evaluate (8b) using 7o = h/(kgT)
> 2.4 X 1076 5 (dashed line) and Q = 50 kJ mol ™!
(dotted line), respectively, which may represent the
surface properties of soot particles activated by the high
OH radical concentrations and being more water re-
ceptive than pure carbon (cp. section 4c.1 below).
These results suggest that sufficiently hydrophilic soot
particles can acquire a substantial fraction of a water
monolayer within 10 m behind the engine, even along
the jet axis where the relative humidity increases later
than in the mixing region.

The partial water coverage of these soot particles
should render them more hydrophilic. This enhances
the sticking of other molecules like H,SO, and HNO;,
in particular since the available water should facilitate
their dissociation. This would shift the emphasis from
a physical adsorption concept to a chemisorptive mech-
anism, and the resulting higher heats of adsorption (Q
values typically above 100 kJ mol ') could easily bal-
ance the effect of lower molecular concentrations, see
(8b). The chemisorption, in turn, may facilitate het-
erogeneous nucleation and more rapid growth of so-
lution droplets and at a later stage heterogeneous freez-
ing of ice crystals.

b. Chemical processing of soot particles

To fulfill the visibility criterion (section 2d) a large
fraction of the soot particles must possess a sufficient
number of active sites, which allow them to grow drop-
lets large enough to overcome the Kelvin barrier. From
the highly simplified picture discussed with the help of
Fig. 7, however, it remains open to which degree the
carbon particulates must be processed by exhaust trace
species other than H,O in order to become water re-
ceptive and to promote freezing nucleation. It is there-
fore helpful to investigate for which species the trans-
port from the gas phase to the surface of the soot par-
ticles might be kinetically limited. Among the primary
and secondary exhaust products, strongly absorptive
species in the gas phase are O,, NO,, SO,, OH, HNO,,
and H,SO,, the latter being the most water soluble spe-
cies. Nitric and sulfuric acid are mainly built up by OH-
induced oxidation of their precursors NO, and SO,
within 20 ms in the gas phase of the very young aircraft
plume (Miake-Lye et al. 1994; Kircher et al. 1996).
Since nitrogen and sulfur dioxide are chemically not
significantly depleted, they are diluted almost like inert
tracers. In contrast, the lifetime of the hydroxyl radical
is limited to a few milliseconds. Typically, the number
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densities of these species exceed the background levels
by many orders of magnitude during the first seconds
of plume dispersion. In Table 1, we list their peak con-
centrations n,,, for the ATTAS jet engine. Also given
is the number of monolayers, ML, after At =0.1s < ¢,
(for OH: after 10 ms) on the soot particles (assuming
a sticking probability of unity ) and the resulting masses
w relative to the soot mass (both are upper bounds be-
cause in these estimates we neglect the dilution of the
plume and the time necessary for the chemical produc-
tion of the acids). The table is calculated from

At
ML = 221 4 = ML- 3
(o)} psrs

€))

agoin,

where § = ng,,0/4 is the impingement rate and m the
molecular mass for each trace gas. The peak number
densities n,,, for NO,, SO,, and OH are essentially
given by their emission indices (or exit plane abun-
dances), and for the acids we estimate that at most 4%
of the initial NO, and 0.5% of the initial SO, is con-
verted into nitric and sulfuric acid, respectively
(Kércher et al. 1996). For the soot particles, we use a
mean radius of r, = 20 nm and a mass density of p;
=2 gem™. We assume o, = 5 X 10" cm™2 for the
maximum number of molecules that can be adsorbed
per unit area of the substrate and a fixed mean thermal
speed of U = 4 X 10* cm s ™' for each species, for sim-
plicity. In Table 1 we list results for three different fuel
sulfur contents (low, high, and very high), correspond-
ing to those realized in the ATTAS experiments. Ob-
viously, the nitrogen species and the hydroxyl radical
have a great potential to interact with the soot particles
immediately behind the jet engine. The same holds for
sulfur dioxide, which is present in such high abun-
dances that it could in principle produce at least 9% of
a monolayer. However, gaseous sulfuric acid can cover
only the soot particles when the sulfur content of the
kerosene is very high. No visible difference in the for-
mation and appearance of contrails has been found in
the cases with 0.002 and 0.26 g S per kg fuel, while
the case with very high sulfur content showed an earlier
onset of contrail formation. Hence, it is unlikely that
the soot particles in the former cases became directly
activated by gaseous H,SO,. There are two alternative
mechanisms: either HNO; is the main agent leading to
sufficient growth of the droplets on the soot particles,
or SO, becomes heterogeneously converted into H,SO,
by surface reactions. Once sulfuric or nitric acid is pres-
ent on the surface and the relative humidity is suffi-
ciently high, aqueous solution droplets or even a full
coating will cover the soot particles, which eventually
freeze heterogeneously as water ice.

The catalytic activity of black carbon surfaces is a
well-known phenomenon (Goldberg 1985, 86). Black
carbon appears effective in catalyzing SO, oxidation
with light, ozone, oxygen, and nitrogen oxides. In an-
alyzing airborne aerosol samples from the Kuwait oil
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fire plumes, Parungo et al. (1992) found that the dom-
inant particles were agglomerates of spherical soot par-
ticles coated with sulfate, probably through catalytic
oxidation combined with heterogeneous nucleation.
Numerical investigations by Middleton et al. (1982)
indicate that black carbon catalyzed reactions make up
a significant contribution to the sulfate production in
the atmosphere. In the context of contrail formation, it
could be of particular importance that heterogeneous
reactions on the surface of the soot particles may occur
through synergistic effects among various trace gases.
The observations of Schryer et al. (1980) demonstrate
that when both SO, and NO, in dry air are exposed
together to a carbon black, strong chemisorption con-
verts the SO, into sulfate, with NO, as the oxidizing
agent. Cofer et al. (1980) pointed out that such reac-
tions are also operative at a relative humidity of 65%.
As reported by Goldberg (1985, 96), sulfate yields due
to heterogeneous interactions of SO, and NO, with
black carbons may become considerably enhanced with
increasing temperature and heating of the carbon sub-
strate. Clearly, more experimental work is needed to
clarify what degree of heterogeneous processing and
how much deposition of trace species is needed to ac-
tivate the soot particles and which catalytic processes
are at work under aircraft plume conditions. It will then
be essential to use fresh soot resulting from jet fuel
combustion, because the carbon particulates could al-
ready become processed at the much higher tempera-
tures and radical concentrations within the combustor,
where they might already acquire a certain sulfur mass
fraction.

c. SO, vérsus HNO; uptake

In the last section we have argued that besides the
uptake of water onto the soot surfaces it might be ad-
ditional uptake of HNO; and SO, with subsequent ox-
idation to H,SO, leading to soot activation, while up-
take of H,SO, from the gas phase alone is not efficient
due to its low abundance. For another trace gas present
in sufficient amounts, nitrogen dioxide, there is no ob-
vious oxidation path leading to HNO;; hence, it is less
likely to contribute directly to the coverage, rather does
it act as an oxidizer of SO, to form H,SO,.

These conclusions were reached based on a simple
mass budget analysis of the trace gases available in the
exhaust. We will now further investigate the pathways
of HNO; uptake and SO, oxidation in the light of two
observations; first, the ATTAS observations described
above and second, direct particle measurements by Ha-
gen et al. (1992) behind jet engines.

During the ATTAS experiments no difference was
observed in contrail formation when burning low or
high sulfur kerosene (cases a and b in Table 1), only
when sulfur contents were far above internationally ac-
cepted values (case ¢ in Table 1) the contrail showed
an earlier onset. As discussed above, this is in agree-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 21

ment with the abundance of H,SO,, which only in case
¢ is high enough to cover the particles with more than
one monolayer. Moreover, this observation could be
explained in terms of HNOs, which has the potential
to form more than one monolayer, and only in case ¢
there is enough H,SO, to compete with HNO; and to
facilitate contrail formation. However, the observation
is not in agreement with a fast and substantial oxidation
of SO, to H,S0,, because if this took place we would
not expect a difference between cases b and ¢ in view
of the high SO, concentrations in both cases.

On the other hand, there are the measurements by
Hagen et al. (1992), who collected particles directly
behind a jet engine. Their analysis of the hydration
properties of fresh combustion aerosols revealed that
they do contain soluble material and are fairly mono-
disperse in terms of soluble mass fraction, which
amounts to 8%—10%. The main difference in the in-
terpretation of these measurements as compared to the
ATTAS observations is that the aerosol sampling took
place only 2.5 m behind the exit plane, which corre-
sponds to only ~0.01 s after emission. Hence, the .
monolayer (ML) and mass fraction (u) values have
time to develop only to about 10% of the values given
in Table 1. These measurements, if no coverage took
place at later times within the measuring device, clearly
speak against the HNO; coverage hypothesis, not only
because there is not enough HNO; to rapidly enough
build up the observed volatile mass fractions of 8% —
10%, but also because 0.01 s after emission the exhaust
is still too hot (T =~ 400 K) for HNO, condensation.
Clearly, this requires the participation of SO, or an un-
identified additional pathway for explanation. How-
ever, at such high temperatures even the condensation
of H,SO, is not yet effective, so that we find no obvious
explanation for the soluble mass fractions observed by
Hagen et al. (1992).

Using the concept of rapid adsorption of various ex-
haust gases the experiments by Busen and Schumann
(1995) and Schumann et al. (1996) and by Hagen et
al. (1992) cannot be explained without contradiction.
At present both mechanisms, direct adsorption of
HNQO; and adsorption of SO, with subsequent oxidation
to H,SO,, must be considered as possible pathways of
contrail formation. ‘ '

d. Experimental

In contrail modeling there are two microphysical is-
sues of technical nature that allow a straightforward
experimental clarification. First, for the calculation of
heterogeneous. nucleation rates of H,SO,/H,O droplets
on soot using classical nucleation theory, we need an
estimate of the contact angle of the solution droplets
on the soot surface (cp. section 4e). A measurement
of the contact angle should take account of the possi-
bility of efficient surface activation due to the high con-
centrations of OH radicals in the exhaust. As we will
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show below, even activated carbonaceous surfaces do
not show a good compatibility with the acidic solution.
Second, the rapid cooling of the exhaust might cause
the solution droplets to freeze out hydrates due to het-
erogeneous nucleation on the soot surface before the
droplets are supersaturated with respect to ice. In par-
ticular, sulfuric acid tetrahydrate (H,SO,-4H,0, SAT)
is a potential candidate for hydrate formation (Luo et
al. 1994). Such a freezing could, in principle, com-
pletely change the further evolution of contrail forma-
tion, but, as we show below, the freezing rate is ex-
tremely low, hence the freezing probability almost neg-
ligible.

1) MEASUREMENTS OF CONTACT ANGLES

To determine contact angles of solution droplets on
selected surfaces we use a modified microscope (35-
mm lens). Several methods to obtain suitable soot sur-
faces have been investigated. For example, the soot was
directly collected from flames. Alternatively, a suspen-
sion of powderized graphite in an ammonia solution
was brought onto the microscopic slide, producing a
thin soot layer upon drying. However, in both cases the
soot coating was very porous, enabling the solution to
diffuse into the layer. This could be avoided by chosing
a commercially available graphite laminate (Sigraflex
by Sigri) made from natural graphite. The regular sur-
face of the laminate supports solution droplets without
apparent diffusive or chemical interactions.

The solution droplets were prepared from concen-
trated sulfuric acid (96.5 wt%). After equilibration
with the ambient conditions the droplet size was deter-
mined using an external scale on the microscopic slide.
The equilibrium concentration of the H,SO, solution
was estimated to be 45 = 5 wt% and the dependence
of the contact angle on the concentration of the solution
is assumed to be very small. The meniscus of the drop-
let on the graphite surface was brought into focus and
a picture was taken with about 100-fold magnification.
The contact angle § was calculated according to the
formula cos(0) = (L? — 4H*)/(L* + 4H?), where L
and H are the length and the height of the droplet, re-
spectively, as taken from the photograph (see Fig. 8a).
The contact angle for the H,SO,/H,O droplet with
about 50 wt% on the graphite surface is determined to
be 64° + 2°.

As mentioned above, the soot particles in the jet
plume are exposed to high concentrations of OH radi-
cals and other oxidizing trace gases. To mimic these
conditions, we activated the graphite laminate in an
OH-containing atmosphere. This was realized by ex-
panding the vapor phase over a diluted H,O, solution
into a reaction flask, which then was illuminated by a
mercury vapor lamp. The radiation leads to a produc-
tion of about 10" ¢cm™ s~' OH radicals, which under
equilibrium conditions are balanced by the OH self-
reaction (leading back to H,0,) and by heterogeneous
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FiG. 8. Microscope photography of a 1-mm H,SO./H,O solution
droplet on (a) graphite laminate and (b) oxidized graphite laminate.
The contact angle decreases by 10° as the surface becomes more
hydrophilic due to - OH radical oxidation.

losses of OH on the graphite laminate and the flask
walls. If equilibrium was established only by the OH
self-reaction, we estimate an OH concentration of
about 5 ppbv. As we. held the graphite laminate for 1
h in this atmosphere, the product of OH number density
and exposure time (noxAt) is similar to or higher than
that in aircraft plumes, so that comparable activation
effects should occur. As expected, the OH-treated
graphite surface was more hydrophilic and the contact
angle reduced to 55° = 2°% see Fig. 8b.

2) FREEZING EXPERIMENTS

We performed bulk phase freezing experiments with
macroscopic surfaces of graphite and activated carbon
to test the freezing properties of soot for the formation
of SAT out of a 57 wt% H,S0O,/H,0 solution ( 1:4 stoi-
chiometry ) at low temperatures.

The setup for these experiments consists of a glass
tube with a temperature sensor attached at the outside
of the tube for monitoring a possible freezing event.
Such events are accompanied by a spontaneous release
of latent heat and a corresponding temperature increase
of several degrees. The glass tube was held in a liquid
ethanol cooling bath to reach the desired temperature,
for details see Koop et al. (1995). The solution was
prepared from standard chemicals (96.5 wt% H,SO,)
without further filtering. As representative surfaces, we
chose the graphite laminate described above and, alter-
natively, activated carbon (Aldrich, NORIT A) with a
BET surface area of ~ 1500 m? g ~'. The applicability
of the results of these experiments to the contrail situ-
ation is limited due to the unknown morphology of the
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laboratory samples (cavities, spheroles, and other sur-
face features) compared to that of the fresh soot par-
ticles in aircraft plumes. Improvements in this respect
will have to wait until in situ measurements of these
properties become available.

The freezing experiments show that the 1:4 H,SO,
solution with the immersed carbonaceous substrates
can be supercooled to very low temperatures without
heterogeneous nucleation of hydrates. Temperatures as
low as 191 K can be reached and held for many minutes
without freezing. From these experiments, we estimate
an upper bound of the heterogeneous freezing rate on
the carbonaceous surfaces. A freezing event can be
caused by several mechanisms: homogeneous freezing
of the solution, heterogeneous freezing on the wall of
the glass tube, or heterogeneous freezing on the soot-
like surface. Because nucleation is a stochastic process,
Poisson statistics yields an upper bound of the total
freezing rate w (in s~') from a single cooling experi-
ment, with w = ¢}, In[1/(1 — X)], where f.,, is the
time period over which no freezing was observed and
X is the confidence level (e.g., X = 0.99 or 99%). An
upper bound for the heterogeneous freezing rate J fz of
the liquid in contact with the soot surface area A, (per
unit surface area per second) is then given by Jis < w/
A,. With an estimated value A, = 2 mm? of the graphite
laminate and ¢, = 15 min, we. determine the upper
limit Jf2 < 7.5 X 10> mm~2 s '. Similarly, the upper
bound for activated carbon (surface area of 1 mg is
about 1 m?)is computed as JiZ <2 X 107 mm™2 s,
Scaling these nucleation rates to the available surface
area of soot in H,SO,/H,0 droplets clearly shows that
both rates obviously are by far too slow to provide a
pathway for the formation of frozen particles down to
stratospheric temperatures of 191 K.

e. Binary heterogeneous nucleation

Classical homogeneous nucleation theory predicts
very high embryo production rates Jy,, €xceeding
10 ecm™ s for the binary H,SO,/H,O system in
jet aircraft plumes due to large supersaturations, re-
sulting in subnanometer-sized critical clusters as small
as 0.7 nm in diameter. The applicability of the theory
under plume conditions seems doubtful, as discussed
by Kircher et al. (1995), because hydrated sulfuric
acid (H,SO,), (H,0),, cluster molecules with n = 1—
2 and m = 3-35 can already be regarded as critical
germs for the gas-to-liquid phase transition. However,
alternative approaches like molecular cluster models or
density functional methods, which have been success-
fully applied to homomolecular nucleation processes in
the past, are still out of reach for the binary systems
discussed here. Additional uncertainties concerning the
morphology of soot and the interaction of the molecular
clusters with the surface of the black carbons (as dis-
cussed above) come into play. For this reason, we con-
fine ourselves to a comparison of the maximum binary

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 21

heterogeneous and homogeneous nucleation rates ap-
plied to the ATTAS jet plume. Let J,, denote the num-
ber of embryos nucleated per unit area of the substrate
per unit time and Jio, is the number of nucleation
events in the gas phase per unit volume of air per unit
time. The ratio € = 4nr ZngJpe/ Jhom 15 given by (e.g.,
Hamill et al. 1982)

. AG
¢~ 47rrzzvess,’f—wexp[7<;;<1 —f(«%))] . (10

where N3 is the number of water molecules adsorbed
by the soot particles [ given by ©,40 using (8b)], AG
is the free energy required for the formation of a critical
embryo of radius 7, < r,, and M denotes the cosine of
the contact angle # between the germ and the soot sub-
strate. The function (M) = (2 + HM)(1 — M)?/4 de-
termines the reduction of the free energy required to
nucleate germs heterogeneously as compared to the ho-
mogeneous case. This classical approach assumes a
regular surface structure of the substrate that can be
characterized by a single contact angle (Pruppacher
and Klett 1978, 268). The effectiveness of the insolu-
ble soot particles for droplet nucleation depends, in our.
case, merely on the value of JX.

We evaluate (10) at conditions where the nucleation
rates take their maximum, and for the three different
kerosene sulfur emission indices of the ATTAS exper-
iments (cf. Table 1). We take the values for AG/(kgT')
from our homogeneous nucleation calculations, as well
as the corresponding peak nucleation rates and droplet
abundances. Further, we insert n, = 9.7 X 10" c¢m™
(see section 2a), n, = 10°cm™, r; = 20 nm, and the
upper limit for N3 = g = 8.2 X 10" cm™>. The re-
sults are given in Table 2 for various values of § and
M, ranging from contact angles 180° (M = —1) to 0°
(M = 1), including the angles 64° (M = 0.44) and 55°
(M = 0.57) determined experimentally for graphite be-
fore and after activation, respectively (see section
44.1). Table 2 suggests that heterogeneous nucleation
rates are several orders of magnitude smaller than ho-

TaBLE 2. Heterogeneous vs homogeneous nucleation rates. Ratio
¢ of maximum heterogeneous vs homogeneous H,SO,/H,O
nucleation rates according to the classical theory (10) at various
values for the contact angle 8 and M = cos(§) for the ATTAS jet
plume with different kerosene sulfur emission indices. Read 4(—7)
as4 x 107"

[’ 180° 90° 64° 55° 0°
M = cos(f) -1 0 0.44 0.57 1
1 — f(N) 0 0.5 0.81 0.88 1
& 4=7) 2(—4) 1(=2) 3(=2) 1(-1)
£ 4=7) 3(=5) 2(-3) 5(-3) 2(-2)
£° 4(=7) 6(-5) 1(-3) 2(-3) 8(-3)

a EJ = 0.002 g S/kg fuel. AG/(kgT) = 12.6.
b El = 0.26 g S/kg fuel. AG/(kgT) = 10.6.
©EI = 5.5 g S/kg fuel. AG/(kyT) = 9.9.
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mogeneous gas-to-particle conversion. Both rates be-
come comparable only for a substrate with a much
higher compatibility than our experiment suggests.

The result that heterogeneous nucleation does not
play a much stronger role is at first sight surprising.
From atmospheric considerations one would expect
heterogeneous nucleation to dominate homogeneous
nucleation under all conceivable circumstances. How-
ever, in the young plume conditions are very extreme:
supersaturations reach much higher values than in the
unperturbed atmosphere and this in turn leads to a very
small free energy AG of embryo formation. Hence,
during nucleation the system does not gain very much
energy even if a perfectly suitable surface is available.

We now compute the surface area per soot particle
occupied by the total number of nucleated droplets.
Upon nucleation, each H,SO,/H,0 germ occupies a
surface area of roughly ﬂré, with r, = 0.35 nm. The
rate of increase of the area AA occupied by germs is
given by 7r 2J,..; hence, the occupied area per soot par-
ticle relative to A, = 47r? reads

_ [(AA RYEIAS
®nuc = < AS >nuc - 4 <rs> JhelAta (11)

with the time interval At ~ 0.2 s until the gas phase
reservoir of sulfuric acid will be depleted by concom-
itant homogeneous nucleation, which shuts off further
gas-to-particle conversion. Table 3 presents the results
of (11) for a contact angle of 55°, together with the
peak values for Jy,, needed to compute J,, by means
of (10). Clearly, for kerosene sulfur levels below av-
erage, classical nucleation theory predicts only a small
fraction of the surface to be covered with embryonic
droplets. In principle, once nucleated, each individual
droplet on the surface will grow due to condensation
of sulfuric acid and water in the cooling aircraft plume
and will reduce the soot surface area available for fur-
ther nucleation processes. If the growth is fast enough,
smaller isolated droplets could merge and eventually
the total surface may be covered by a film of liquid
sulfuric acid solution. However, guided by our previous
study on the condensational growth of volatile solution
droplets in the jet plume (Kircher et al. 1995), we
believe that within fractions of a second, this growth
mechanism cannot significantly increase the surface
coverage (in a plume always subsaturated with respect
to water). Especially in the case of low sulfur emission
index the majority of droplets stays at subnanometer
radii due to the Kelvin barrier and remain highly acidic
with typical sulfuric acid weight fractions W > 0.4. In
contrast, for very high sulfur levels the total area of
the soot particles will be covered rapidly by a liquid
coating.

The classical rates could be drastically enhanced due
to preferred nucleation on chemically activated surface
sites (see, e.g., Pruppacher and Klett 1978, 271) and
at morphological surface inhomogeneities such as sur-
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TaBLE 3. Fractional coverage of soot particles. Maximum binary
homogeneous nucleation rates Ji (in cm™ s™'), corresponding
number of droplets nj (in cm™2), and fractional coverages with
droplets either nucleated heterogeneously (O,,.) using M = 0.6 or
collected by Brownian coagulation (O.,) per unit surface area of the
soot particles for the ATTAS with different sulfur emission indices

(in g S per kg fuel).

EI(S) Jhom Mhom Onic, %o Ocar, %
0.002 3 % 10° 4% 10 0.014 0.012
0.26 6 x 10" 2 % 10" 5.5 6.1

5.5 4x 10" 4 % 10" -100 —100

face discontinuities or capillaries (characterized by
very small contact angles or negative curvatures in the
classical model) (Fletcher 1969; Gorbunov and Kakut-
kina 1982). Moreover, the embryos as well as the al-
ready nucleated droplets could grow faster by surface
migration of adsorbed molecules or by H,SO, produc-
tion from heterogeneous processing of SO,. Another
activation path could be collection of homogeneously
nucleated droplets by thermal coagulation. Every soot
particle scavenges droplets (essentially critical clusters

present at peak number densities of nijy; see Table 3)

at a rate of Knjsm per particle, with the coagulation
coefficient K ~ 1077 cm® s ™! for soot particles with
radii r; = 20 nm (Fuchs 1964, 288). The peak abun-
dance can be maintained during As ~ 0.4 s and is then
reduced by plume dispersion. With the droplet area of
7rr§ on the substrate, the total surface area occupied by
collected droplets AA relative to the soot surface area

is given by

AA 1/r\
=(=—) =53] knima,
®col <As >COI 4<rs> Ny,

the larger droplets giving no significant contribution
because they are much less abundant. The results of
(12) are also given in Table 3, showing similar cov-
erages as a function of the sulfur levels as for the case
of heterogeneous nucleation. Also this process has a
great potential of activating the soot particles by cre-
ating a liquid coating, even when they are considered
to be hydrophobic, for fuel sulfur contents well above
average.

A detailed modeling study of the various soot acti-
vation processes must take into account that multiple
heterogeneous nucleation events, subsequent hetero-
molecular growth of the droplets, and the collection of
homogeneously nucleated droplets by coagulation ter-
minate further heterogeneous nucleation as soon as the
individual droplets merge and cover the available sur-
face area of the substrate. The availability of gaseous
H,SO, for heterogeneous nucleation will be limited by
rapid depletion of the sulfuric acid vapor due to ho-
mogeneous gas-to-particle conversion.

(12)
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| Heterogeneous freezing nucleation

The last section of this paper deals with the hetero-
geneous freezing process leading to the ice particles,
whose growth we treated in section 2. In contrast to
heterogeneous gas-to-particle conversion (see section
4e), we will show that freezing nucleation gains con-
siderably from the presence of a surface. Being aware
of the well-known uncertainties of the classical nucle-
ation theory for freezing, we use our findings as a qual-
itative indication that heterogeneous freezing of di-
luted, nonideal solution droplets containing soot inclu-
sions dominates over direct formation of ice germs
from the vapor on the soot surface, rather than as a
quantitative estimate. We will apply a modified clas-
sical approach to compute the number of nucleated ice
germs per unit area of the substrate per second (J5z),
which is slightly adjusted such that it matches other
recent calculations (e.g., Jensen et al. 1991; Pruppacher

1995) as well as experimental data and molecular the- -

ory results concerning the homogeneous freezing rates
all cited by Pruppacher (1995). The overall depend-
ences of the rates on temperature contact angle, and
supercooling, however, remain ‘‘classical.”

We will assume that soot particles of radii 20 nm are
covered either with a liquid film of supercooled water
droplets or with an aqueous H,SO, solution and inves-
tigate the sensitivity of the freezing timescales 7/
= 1/(47r2J) on the contact angle § between the ice
germ and the soot particle. The sulfuric acid weight
fraction W of the solution coating is variable and de-
pends on the relative humidity of the cooling jet plume,
as discussed by Kércher et al. (1995), and determines
together with the plume temperature 7 the water activ-
ity a,,(W, T') in the acidic solution. Vapor pressures are
computed using the model of Luo et al. (1995). Similar
to the calculation leading to Fig. 6, in the simulation
we do not allow the droplets to deplete the gas phase
after freezing.

Figure 9 shows various heterogeneous freezmg time-
scales as a function of the distance past exit for on-axis
conditions. The dotted line represents freezing of a
droplet with a perfectly wettable nucleus (i.e., for 6
= 0°) and gives the highest freezing rates. In this lim-
iting case 7 does not depend on a,, and the activation
energy for diffusion of molecules across the liquid-ice
phase boundary constitutes the only barrier to nucle-
ation. The dashed and solid lines give the timescales
for contact angles of 50° and 90°, respectively, for a
pure water coating (lower lines) and for an aqueous
H,SO, coating (upper lines). The nucleation rates of
the solution droplets are lower (similar to the freezing
point depression determined by the water activity). As
expected, freezing is more rapid for smaller contact an-
gles. All freezing times decrease with increasing x be-
cause the plume temperature decreases and the droplets
become strongly supercooled. In addition, the solution
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FIG. 9. Heterogeneous freezing timescales 7i= for soot particles
with 20-nm radius vs x at y = 0. The lowermost dotted line represents
freezing induced by a perfectly wettable, insoluble nucleus. The
dashed and solid lines depict 7{% for contact angles of 50° and 90°,
respectively, for a supercooled water (lower lines) and an H,SO,/H,0O
coating (upper lines) covering the soot particle. The sulfuric acid
weight fraction is variable and adjusts to the changing humidity in
the cooling plume of the ATTAS.

droplets become more and more diluted due to water
uptake, thus increasing a,,. Their values 7fz increase
at later stages, when the temperature and humidity ap-
proaches ambient undersaturated conditions and these
droplets become again more acidic. Keeping in mind
that the freezing rates evolve similarly in the jet mixing
region, but merely shifted to approximately three times
shorter axial distances, Fig. 9 clearly reveals that for r;
= 20 nm, the heterogeneous freezing timescales are
sufficiently short for contact angles < 50°, even for the
solution droplets, being two orders of magnitude
shorter than the homogeneous freezing timescales for
50-nm droplets as shown in Fig. 6. Hence, the bulk of
all the soot aerosols present can induce freezing, as

frz

required by the visibility analysis. Comparing 7o and
7 from both figures, we also find that heterogeneous .
freezing will set in somewhat earlier, possibly reducing
the available water vapor rapidly enough to prevent
most of the volatile solution droplets from freezing.
We should finally like to note that previous studies
have shown the direct nucleation of ice germs from
gaseous H,O on soot particles to be negligible unless
ambient temperatures decrease below 210 K (Kiércher
1994). This is easily explained by considering the
equation that determines the ice germ radius 7, = 20/
vapv[RT In(1 + s)]7'. Inserting the values g1ven in
section 2b, Gicevap = 100 erg cm™, v &~ 18 cm’ mol ™',
T=T,=22345K, and 5 = 5o = 2, it follows r, = 2
nm, or ~1000 water molecules per germ. In contrast,
the radius of ice embryos in a strongly diluted aqueous
solution droplet With ice/soltion = Cicervap/4 is only
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about 0.5 nm, with correspondingly lower free energies
for germ formation and much higher nucleation rates.
In agreement with the results discussed above, hetero-
geneous freezing of solution droplets is clearly favored
over the direct gas-to-solid phase transition.

g. Summary

Under conditions above ice but below water satura-
tion, we conclude that at least 20% of the surface area
of pure, homogeneous carbon aerosols can be wetted
due to adsorption of H,O molecules under jet exhaust
plume conditions. Alternatively, also classical nucle-
ation models predict that the soot particles may acquire
a liquid coating, but only for very high fuel sulfur con-
tents. For normal sulfur levels, keeping in mind the
time constraint from the visibility analysis, the pre-
dicted activation is too small. Besides the possibility
that soot might acquire a certain sulfur mass fraction
already in the combustor, estimates of various activa-
tion pathways operative in the jet regime reveal a great
potential for heterogeneous chemical processing of the
soot surface, possibly with synergistic effects among
the exhaust trace gases. However, it remains unclear
whether the emitted HNO; or heterogeneously oxidized
SO, is responsible for the initialization of the observed
rapid contrail formation. It is further unclear, due to a
lack of knowledge of the surface morphology, to what
extent surface effects might enhance the nucleation
rates. Assuming the soot particles to be coated by a
supercooled liquid, heterogeneous freezing theory pre-
dicts sufficiently short timescales for the nucleation of
ice germs for contact angles below 50°-60°. The time
at which a full or partial coating is established decides
upon the liquid growth (which we did not consider
here) and final size of the droplets containing soot in-
clusions prior to freezing.

The fact that we have no detailed knowledge of the
surface morphology of fresh soot particulates under
plume conditions and that there is no precise informa-
tion on which heterogeneous chemical reaction path-
ways (constrained by the short timescales of the jet
plume chemistry) lead to active site production at the
surfaces of the combustion aerosols will render future
applications of nucleation models to describe the acti-
vation processes more difficult. It is essential to obtain
more experimental data on heterogeneous freezing
rates of solution droplets with soot inclusions.

5. Conclusions and outlook

The basic conclusions have already been summa-
rized at the end of each section. The main resuits of
this study are

¢ Visible contrails behind jet aircraft most likely
form below ambient water but above ice saturation, just
like natural cirrus clouds. Regions in the atmosphere
with conditions supporting contrail formation are larger
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than predicted with the criterion given by Appleman
(1953).

e Around 10* cm™ particles with radii greater than -
~20 nm must take up the available water vapor and
freeze to produce a visible contrail sufficiently close to
the airplane. After ice saturation is reached, ice crystals
have typical radii around 1 pm. Their further evolution
will depend on plume dispersion and background con-
ditions, especially on relative humidity.

¢ Homogeneous binary nucleation for gas-to-parti-
cle conversion and homogeneous ice freezing is not an
efficient process and cannot satisfy the visibility crite-
rion under threshold contrail formation conditions.

e The most likely candidate for heterogeneous ice
formation is soot. A large fraction of these combustion
aerosols must be activated (e.g., by acquiring a liquid
coating) and freeze heterogeneously. Under water-su-
persaturated conditions, homogeneous freezing be-
comes competitive. Background aerosols are not ex-
pected to play an important role in contrail formation.

e Only ~1/s5 of the surface of a pure carbon particle
(Graphon) can be wetted by adsorption of water, point-
ing toward the need for chemical processing and/or
transformation of nucleation-related surface features of
the soot particles.

¢ Our laboratory experiments suggest that even OH-
treated carbon surfaces do not show good compatibil-
ities with H,SO,/H,O droplets, although the chemical
processing with OH rendered the surfaces slightly more
hydrophilic. Freezing of SAT is found to be completely
negligible under plume conditions.

¢ Classical heterogeneous nucleation theory fails to
give an explanation of how the soot aerosols acquire
full or partial liquid coatings for jet fuel sulfur contents
below ~0.2 g S per-kg fuel, suggesting that processes
are at work that are not considered by the standard ap-
proach (like activation after adsorption).

¢ Assuming the soot particles to be coated by a su-
percooled liquid solution, heterogeneous freezing the-
ory predicts sufficiently rapid ice germ formation in
diluted H,SO, solutions for contact angles below 60°.
Above water saturation, the coating may grow by con-
densation and this liquid phase may become visible
prior to freezing.

In view of the potential importance of these pro-
cesses regarding possible modifications of natural aero-
sols and their implications for ice nucleation, cloud for-
mation, and subsequent heterogeneous chemical reac-
tions in the upper troposphere and lower stratosphere,
there is a strong need for more detailed measurements
of particle characteristics and chemical composition in
jet aircraft plumes. Certainly, aircraft-related labora-
tory and field measurements are required to acquire
knowledge on both, possible soot activation pathways
in the presence of sulfur and other trace gases, and on
the capability of soot particles to act as ice forming
nuclei under plume conditions. Such measurements
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might lead to important implications for the far-field
behavior of aging combustion aerosols and could sup-
port future modeling work, which currently has to rely
on classical nucleation theory with its well-known de-
ficiencies. In addition, numerical modeling of the com-
petitive aerosol interaction processes in aircraft plumes
is needed to investigate the physico chemical compo-
sition of contrails, to study their sensitivity on ambient
conditions, and to support the interpretation of particle
measurements.
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