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Environmental conditions required for contrail
formation and persistence
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Abstract. The ambient temperatures and humidities required for contrail for-
mation and persistence are determined from in situ measurements during the
Subsonic Aircraft: Contrail and Cloud Effects Special Study (SUCCESS) exper-
iment. Ambient temperatures and water vapor concentrations were measured
with the meteorological measurement system, a laser hygrometer, and a cryogenic
hygrometer (all onboard the DC-8). The threshold temperatures are compared
with theoretical estimates based on simple models of plume evolution. Observed
contrail onset temperatures for contrail formation are shown to be 0-2 K below
the liquid-saturation threshold temperature, implying that saturation with respect
to liquid water must be reached at some point in the plume evolution. Visible
contrails observed during SUCCESS persisted longer than a few minutes only when
substantial ambient supersaturations with respect to ice existed over large regions.
On some occasions, contrails formed at relatively high temperatures (> -50°C) due
to very high ambient supersaturations with respect to ice (of the order of 150%).
These warm contrails usually formed in the presence of diffuse cirrus. Water vapor

from sublimated ice crystals that entered the engine was probably necessary for
contrail formation in some of these cases. At temperatures above about —50°C,
contrails can only form if the ambient air is supersaturated with respect to ice, so

these contrails should persist and grow.

1. Introduction

During recent years, considerable attention has been
focused on the climatic impact of clouds. Of particu-
lar interest is the possibility that as anthropogenic in-
fluences alter the atmosphere and climate, cloud prop-
erties may change, resulting in a cloud-climate feed-
back [Twomey, 1974; Ackerman et al., 1997]. Contrails
formed by jet aircraft in the upper troposphere are ice
clouds formed directly by anthropogenic injections into
the atmosphere. Hence, contrails represent a direct an-
thropogenic influence on clouds and possibly on climate.
Past studies have analyzed the effect of contrails on cli-
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mate in particular regions by compiling climatologies of
contrails based on ground-based observations [Liou et
al., 1990]. Evaluation of the contrail influence on global
climate will require use of satellite observations. Assess-
ment of potential future contrail climate impacts based
on projected air traffic requires a knowledge of the en-
vironmental conditions required for contrail formation.
The contrail threshold conditions also provide informa-
tion about how effective aircraft exhaust particles are
as ice nuclei.

Numerous theoretical studies of the thermodynamics
of contrail formation have been conducted during the
past several decades (see Schumann [1996] for a detailed
review). Appleman [1953] used simple arguments about
the evolution of temperature and water vapor in aircraft
exhaust plumes to predict threshold temperatures and
pressures at which contrails could form. Attempts have
been made to validate the predicted threshold temper-
atures using ground-based observations of contrails and
nearly colocated radiosonde measurements of tempera-
ture and humidity [Peters, 1993; Busen and Schumann,
1995]. However, the inaccuracy of radiosonde humid-
ity measurements and the separation between humidity
measurements and the contrails have limited the useful-
ness of these studies. Recently, Schumann et al. [1996]
reported in situ measurements of temperature and hu-
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midity at contrail onset times for a flight following a
moderate-sized research aircraft. Their results were in
aggreement with the theoretical predictions of threshold
temperatures assuming liquid saturation in the plume
is required for contrail formation.

In addition to determination of how frequently con-
trails form, it is also important to distinguish between
transient and persistent contrails. The vast majority of
visible contrails dissipate within a few minutes. Such
contrails have little potential for affecting the radiation
balance or climate. Occasionally, contrails are observed
to persist and even grow. Sometimes, the contrails last
for hours and spread into sheets. The persistence and
spreading of contrails will determine their impact on
the radiation balance. Hence, we need to determine
the relationship between contrail lifetime and ambient
conditions.

In this study, we have used measurements made dur-
ing the Subsonic Aircraft: Contrail and Cloud Effects
Special Study (SUCCESS) to correlate environmen-
tal conditions with contrail formation and persistence.
Very precise in situ measurements of temperature and
water vapor concentration were made with various in-
struments on the NASA DC-8 aircraft during SUC-
CESS. Contrails from the DC-8 were identified by chase
aircraft, ground observers, DC-8 aft video, ER-2 nadir
imaging, and satellite images. Below, we briefly re-
view the standard theoretical treatment for predicting
threshold conditions for contrail formation [Appleman,
1953]. Next, we describe the SUCCESS temperature,
humidity, and contrail observations. Then we compare
the theoretical predictions and observed threshold con-
ditions. Finally, we discuss the implications of these
results for current theories of contrail formation pro-
cesses.

2. Theoretical Prediction of Contrail
Threshold Temperatures

The first detailed analysis of the environmental con-
ditions required for contrail formation was conducted by
Appleman [1953], and the topic was recently reviewed in
detail by Schumann [1996]. These analyses were based
primarily on the assumption that the temperature and
water vapor mixing ratio in the plume are both con-
trolled by entrainment of ambient air into the plume.
Using this assumption we can calculate the water vapor
concentration and temperature in the plume given the
ambient temperature and water vapor concentration as
well as the emission indices for heat and water vapor
(heat and water vapor mass per gram of fuel burned).

Appleman [1953] argued that whenever the available
moisture was greater than that required to reach sat-
uration in the plume, a contrail could form. He thus
calculated threshold temperatures for contrail forma-
tion graphically. The threshold temperature turns out
to be a function of both the ambient relative humid-
ity and the ambient pressure. Using the U.S. Standard
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Atmosphere (40°N) temperature and pressure profiles,
Appleman showed that contrails should typically form
under ambient ice-saturated conditions at pressures be-
low about 300 mbar. This analysis also indicated that
formation of contrails in dry ambient air should typi-
cally only be possible near 220 mbar.

In situ investigations of cirrus clouds over the past
several years have indicated that ice nucleation can oc-
cur in air that is subsaturated with respect to liquid
water but saturated with respect to ice. This distinc-
tion is particularly important in the very cold upper
troposphere. For example, at 65°C, liquid saturation
is not achieved until the saturation with respect to ice
(RHI) reaches 185%. Measurements in wave clouds over
the Rocky Mountains during SUCCESS showed clear
evidence of ice crystal formation in air at relative hu-
midity with respect to liquid water (RH) < 90% [Jensen
et al., 1997]. These results suggest that the most basic
requirement for ice crystal formation in aircraft plumes
might be that ice saturation be achieved at some time
during the plume cooling. Hence, we should attempt
to distinguish whether liquid saturation is actually re-
quired for contrail formation.

To calculate the threshold temperature numerically,
we must derive an expression for the evolution of the the
saturation with respect to ice (S;) in the plume. We
begin by writing the plume water vapor mixing ratio
in terms of the change in temperature (see Schumann
[1996] for a more detailed derivation):

cpATEIp,o0

1
EIheat ( )

Wplm = Wamb
where w,mp is the ambient water vapor mixing ratio,
¢cp is the specific heat capacity of air, AT is the differ-
ence between the plume temperature and the ambient
temperature, Ely,o is the emission index for water va-
por, and El}jeq; is the emission index for heat. Next,
we convert from mixing ratio to water vapor number
density:

NairCpEIH,0ATR,,
EIheat Rd

Ty, plm = Nw,amb + (2)
where n,;- is the ambient air number density, 1y, amb
and ny pim are the ambient and plume water vapor
number densities, and R4 and R,, are the gas constants
for dry air and water vapor. Then the ice saturation in
the plume is given by
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where 1,4 ; is the saturation water vapor number den-
sity. The saturation with respect to liquid water can
be calculated in an analogous manner. The plume sat-
uration depends upon the ambient air density and hu-
midity. As pointed out by Busen and Schumann [1995],
not all of the energy liberated by the engine combus-
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Plate 1. Plume saturation ratios (ice and liquid water) are plotted versus plume temperature
enhancement for various ambient temperatures and an ambient RHI of 0.7. Axes below the
plot indicate the plume dilution, age, and distance behind the aircraft (assuming air speed of
240 m/s) corresponding to the temperature enhancement. The plume age was estimated on
the basis of results from a detailed fluid dynamics model of plume evolution [Miake-Lye et al.,
1993]. For the ambient pressure and RHI assumed in this calculation, the plume never reaches
water saturation for ambient temperatures above about —48°C. The dotted curve corresponds to
ambient conditions that are just barely supersaturated with respect to liquid water.

tion is converted to heat in the exhaust plume. Hence,
the heat emission index, Elp.q:, must by replaced by
El}eq:(1—1n) where 5 is the efficiency of the engine. For
modern commercial jet engines, the efficiency should be
about 0.3. This is an important correction: the thresh-
old temperature calculated by assuming 7 = 0.3 is about
2 K higher than that for n = 0.

The plume saturation is plotted versus AT for vari-
ous ambient temperatures in Plate 1. Parameter values
used (typical for modern jet engines) were Elpeq: =
4.2 x 10" erg/g fuel, n = 0.3, EIg,0 = 1.25 g HyO/g
fuel. The temperature difference AT is inversely pro-
portional to the plume dilution N. Using a dynami-
cal model of the plume evolution [Miake-Lye, 1993], we
have also related the plume dilution to distance behind
the aircraft. Just behind the engine, the plume gas is

very hot and hence the saturation ratio is near 0. As the
gas cools due to entrainment of ambient air, the satura-
tion vapor density decreases rapidly, so the saturation
ratio increases rapidly. Eventually, the detrainment of
water vapor takes over, and the saturation ratio de-
creases again. The peak saturation ratio increases with
decreasing ambient temperature.

It is important to note that the plume saturation ver-
sus AT, calculated with this method, should be very re-
alistic in spite of the simplicity of the model. The result
does not depend upon the detailed three-dimensional
structure of the plume. The only assumption made is
that the water vapor and temperature in the plume are
controlled by entrainment of ambient air. At a given
position behind the aircraft, the plume dilution may be
very different at different distances and directions from



3932

Theoretical Contrail Critical Temperatures
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Figure 1. Threshold temperatures based on Appleman [1953] theory are plotted versus ambient
pressure for ambient RHIs of 0, 50, 100, and 140%. Contrail formation is predicted to occur
whenever the ambient temperature is to the left of the solid curves (corresponding to the ambient
RHI and pressure). Solid curves are based on the assumption that liquid saturation in the plume
is required for contrail formation. Dashed curves correspond to the assumption that only ice
saturation is required. Threshold temperatures are also shown for an engine efficiency of 0.2.

the plume axis. However, at any given point, the di-
lution should control the temperature, the water vapor
mixing ratio, and the RHI.

Appleman [1953] defined the threshold temperature
for contrail formation as the ambient temperature such
that the maximum plume RH would just exceed 1. We
shall refer to this temperature as the liquid-saturation
threshold temperature (7j.). As discussed above, an-
other logical threshold temperature is that such that
saturation with respect to ice is just barely achieved
within the plume (Tj;). These threshold temperatures
are functions of the ambient pressure and humidity.
Given the ambient environmental conditions, the thresh-
old temperatures can be calculated by finding the high-
est ambient temperature for which the peak plume sat-
uration ratio is just above 1.0. We have written a simple
FORTRAN code for this calculation. The code can be
obtained from the authors on request.

Figure 1 shows the threshold temperatures plotted
versus pressure for various assumed relative humidities
with respect to ice. A curve is included for a lower
engine efficiency (0.2) to indicate the relatively large

sensitivity to this parameter. Schumann [1996] used a
slightly different method to calculate the threshold tem-
peratures. He used the fact that under threshold con-
ditions the curve of partial pressure of water vapor in
the plume versus plume temperature will be tangent to
the saturation vapor pressure versus temperature. The
threshold temperatures calculated here agree well with
those reported by Schumann. Coleman [1996] devel-
oped an analytic expression for the threshold tempera-
ture as a function of pressure and water vapor mixing
ratio. The threshold temperatures calculated here dif-
fered from the analytic expression by no more than 0.5
K.

3. SUCCESS Measurements of
Environmental Conditions and Contrails

The environmental conditions that determine whether
contrail formation is possible are temperature, rela-
tive humidity, and total atmospheric pressure. As part
of the meteorological measurement system (MMS) on-
board the NASA DC-8, temperature was measured with
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three different Rosemount probes. Special maneuvers
were conducted on most flights to calibrate the tem-
perature measurements and to allow correction for air-
craft speed and attitude. The uncertainty of the MMS
temperature measurement has been estimated to be no
more than 0.3 K.

Water vapor concentration was measured with a laser
hygrometer [Collins et al., 1995] on the DC-8. The ac-
curacy of the laser hygrometer dew point measurement
is estimated to be about 0.2 K. Along with the tem-
perature uncertainty discussed above, this gives an ab-
solute uncertainty in RHI of about 5-10%, depending
on the temperature. On April 24 the laser hygrom-
eter data was affected by a voltage offset, so we have
used results from the cryogenic hygrometer on the DC-8
[Heymsfield and Miloshevich, 1993]. During time peri-
ods when both water vapor instruments were operating
at temperatures above about —50°C, the results were
in good agreement (Anderson, B. E., private commu-
nication, 1997). The combination of uncertainties in
measured pressure (about 5-10%) and RHI lead to un-
certainties in the calculated threshold temperatures of
1-2 K. Uncertainty in engine efficiency (about 25%) also
contributes substantially to the uncertainty in Tj,.

In several cases, contrails were generated in the pres-
ence of ambient cirrus clouds. As discussed below, it is
possible that water vapor from ice crystals ingested into
the engines may have been partly responsible for con-
trail formation in some cases. To estimate the ambient
ice water content, we used the Counterflow Virtual Im-
pactor (CVI) measurements. This instrument samples
all particles with radii larger than about 3 ym and mea-
sures their water content with a downstream Lyman-o
hygrometer [Twohy et al., 1997].

Times when the DC-8 was (or was not) generating
contrails were identified several ways: on some of the
flights, the NASA T-39 trailed the DC-8 with a for-
ward video camera; an aft directed video camera was
mounted on the DC-8; on flights over the Department
of Energy (DOE) Atmospheric Radiation Testbed Site
(CART) in northern Oklahoma, ground observers pho-
tographed and recorded DC-8 contrails; nadir imaging
from the ER-2 (flying above the DC-8) occasionally
showed the presence of a DC-8 contrail. In some cases
the lifetime of the DC-8 contrail could be estimated by
observations from the DC-8 (when the aircraft was cir-
cling), from the T-39 when it was trailing the DC-8, or
by ground observers.

4. Results

A list of contrail cases identified is given in Table
1, along with the temperatures, pressures, and relative
humidities with respect to ice measured by the DC-8 in-
strumentation. The liquid saturation contrail threshold
temperatures (7}.) corresponding to the ambient pres-
sure and RHI are also given. For some of the cases,
estimates of the contrail lifetime are given. Most of the
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contrails identified lasted no longer than a few minutes.
A few cases of persistent contrails are included. Also,
several “threshold” cases are included when the DC-8
had just begun to generate a contrail. Finally, we iden-
tified a few cases when the environment was near the
threshold temperature, but contrails were not visible.

The difference between the observed temperatures
and the threshold temperatures corresponding to the
observed pressure and RHI are plotted versus temper-
ature for the DC-8 contrail cases in Figure 2. Within
the uncertainties in the measurements, visible contrails
from the DC-8 were observed only when the ambient
temperature was below Tj., suggesting that liquid sat-
uration in the plume is indeed required for contrail for-
mation. For the threshold cases (shown as squares in
Figure 2) the ambient temperature ranged from 0 to
2 K below Tj.. The only cases with ambient tempera-
tures slightly above T;. were the relatively warm con-
trail cases. In these cases the ambient air was very near
liquid water saturation (see discussion below). If only
ice saturation were required for contrail formation, then
contrails should have been observed at temperatures 4
5 K higher than indicated by the threshold cases in Ta-
ble 1. Even if the engine efficiency were as high as 0.4,
the observed threshold temperatures would still be more
consistent with the liquid saturation threshold than the
ice saturation threshold.

We have also identified times when T}, < T < Tj. us-
ing the DC-8 in situ data and examined the T-39 video
during these times. No visible contrails were apparent.
It is possible that some ice crystals do nucleate under
these conditions but not enough to generate a visible
contrail. When the ambient temperature is between T},
and T;., the plume is ice supersaturated for less than a
second (see Plate 1). Hence, under these conditions, ice
crystals would have very little time to grow, and a rel-
atively small number density of ice crystals would not
generate a visible contrail.

If the ambient air is not supersaturated with respect
to ice, then contrail formation should not be possible at
temperatures above about —45°C to —50°C, for a typi-
cal range of pressures at commercial aircraft cruise al-
titudes (see the 100% RHI T, curve in Figure 1). How-
ever, several DC-8 contrails were observed at higher
temperatures; as an extreme example, on April 20,
1996, the DC-8 generated a contrail at an ambient tem-
perature of —36.2°C. In all of these warm contrail cases
the ambient air was strongly supersaturated with re-
spect to ice (RHI > 140%). In the warmest cases (events
number 5, 8, 9, and 10 in Table 1) the ambient air was
very nearly supersaturated with respect to liquid water.
Even though the RHIs in these cases were very large,
the temperatures were slightly above the calculated T,
(see Figure 2). Patchy, diffuse cirrus were also present
when these warm contrails were generated.

The occurrence of these warm contrails can be ex-
plained two ways. First, within the limits of mea-
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Table 1. Contrail Events From SUCCESS
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# Date® Time, UT Temp, °C° p, mb°® RHI, %° RH, %° Lifetime Tic T;:c®
1 4/15* 18.4222 -50.9 277 26 16 < 2 min -49.0 -45.3
2 4/16 17.9417 -49.0 278 135 84 < 2 min -44.6 NAf
3 4/16 18.4833 -57.2 240 105 60 2-3 min —48.3 NA
4 4/16 21.4483 -56.0 242 114 66 <2 min —47.7 NA
5 4/20 17.0193 -36.2 367 143 99 >15 min -38.3 NA
6 4/20 19.7890 -55.3 265 125 73 5-10 min -46.3 NA
7 4/20 20.3489 -54.9 267 128 75 5-10 min -46.1 NA
8 4/24 17.2496 -39.9 303 146 99 threshold -40.3 NA
9 4/24 17.9894 -39.5 307 146 929 <5 min -40.2 NA
10 4/24 18.0017 —40.2 303 144 97 <5 min -41.3 NA
11 4/24 18.0494 -43.1 287 146 96 <5 min -42.2 NA
12 4/24 18.1706 -51.0 250 125 76 <5 min —-46.6 NA
13 4/29 19.4025 -53.7 180 5 3 threshold -53.6 —49.8
14 4/30 18.1714 -50.1 272 58 36 threshold -48.4 -44.0
15 5/3 18.2417 -50.3 257 55 34 threshold —49.0 —44.6
16 5/8 17.5722 -49.5 261 138 85 2-3 min -45.2 NA
17 5/12 22.9500 -52.4 - 239 160 96 3 hours -44.1 NA
18 4/15 18.3131 —49.0 277 18 11 No contrail -49.1 -45.5
19 4/29 18.4475 -44.0 375.4 83 54 No contrail -44.2 -39.1
20 4/29 19.4164 -53.3 179.9 5 3 No contrail -53.6 -49.8

8Read 4/15 as April 15.
bAll dates are 1996.
cAmbient.

dLiquid-saturation threshold temperature: Ambient temperature required such that saturation with respect to water

will be reached in the plume.
¢Jce-saturation threshold temperature.

fNot Applicable: Ambient RHI is > 100%, so T < Tj. always, by definition.

surement uncertainty, the ambient air may have been
slightly supersaturated with respect to liquid water.
The plume saturation would then have evolved as in-
dicated by the magenta dotted curve in Plate 1. As
the plume diluted sufficiently, water saturation would
be reached. In this case, the contrail formation would
have essentially been driven by the presence of numer-
ous ice nuclei from the exhaust as the plume. That
is, the only reason the contrail would be visible is that
within the plume far more ice nuclei and ice crystals
were present than in the ambient air.

The problem with the above explanation is that no
optically thick cirrus clouds were present. If the ambi-
ent air were supersaturated with respect to liquid wa-
ter, then most of the ambient aerosols should have been
activated (and subsequently frozen), resulting in thick
cirrus. The ambient air was probably just below lig-
uid saturation, since optically thick cirrus clouds were
not present. An alternative explanation is that the am-
bient diffuse cirrus present was necessary for the con-
trail formation. Water vapor available for ice nucle-
ation in the plume will include ambient water vapor,
water vapor from the fuel combustion, and sublimated
ice crystals that entered the engine or were entrained
early in the plume evolution. Air entering the engine
and air entrained into the plume before the dilution
reaches 1000 would be heated to temperatures at least

30 K above ambient (see Plate 1), and the ice crystals
would sublimate rapidly. In our simple plume model,
this vapor source is equivalent to increasing the water
vapor emission index. Including this vapor source for
cases where ambient ice water content measurements
were available (cases 5, 9, and 10), we found that the
plumes would have reached water saturation. In other
words, in these cases the ambient air was very near lig-
uid water saturation, so only a slight addition of vapor
to the plume from the engine exhaust and entrained
ambient ice would have resulted in liquid saturation as
the plume approached the ambient temperature.

An obvious conclusion from this analysis is that when-
ever contrails form at temperatures above about —44°C
to —50°C, they will be forming in ice-supersaturated air
and should be able to grow and persist. It would be in-
teresting to examine the statistics of contrail heights us-
ing lidar observations. Contrail frequency at tempera-
tures above ~ ~50°C should correspond to the frequency
of saturation with respect to ice at these temperatures.

5. Contrail Persistence

The vast majority of contrails observed during the
SUCCESS experiment lasted no longer than a few min-
utes. The contrails typically dissipated rapidly when
the aircraft vortices became unstable and broke up. In
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SUCCESS contrail events
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Figure 2. Differences between the ambient temperature and the liquid saturation threshold
temperature (T;.) are shown for the SUCCESS contrail cases (see Table 1). The ambient relative
humidities with respect to ice are shown above each point. Within the range of uncertainty,
contrails were only observed when the ambient temperature was at or below 7)., such that the
plume would have reached saturation with respect to liquid water. Several threshold cases are
shown (squares) when the contrails had just begun forming. The crosses indicate cases when

contrails were definitely not visible.

all of the cases listed in Table 1 for which the contrails
persisted longer than a few minutes, the ambient air was
substantially supersaturated with respect to ice. This
result is reasonable since under subsaturated ambient
conditions, the plume will not remain saturated longer
than about 10 seconds, even without vapor depletion
due to crystal growth (see Plate 1), and ice crystals
in the contrails with sizes of a few microns or less will
sublimate in less than a minute after the plume is sub-
saturated.

On May 12, 1996, the DC-8 generated a contrail off
the coast of California which persisted for over 3 hours
[Minnis et al., 1997). The contrail generated by the DC-
8 racetrack flight pattern was clearly visible in GOES-
8 satellite images as the contrail advected over Cali-
fornia. The relative humidities with respect to ice in-
dicated by the laser hygrometer ranged from 110% to
170% throughout the racetrack flight path. Hence, the
DC-8 was flying in an extensive region with highly su-
persaturated air and patchy, diffuse cirrus. The persis-
tent contrails observed during SUCCESS often formed
in regions with patchy cirrus present.

For some of the cases listed in Table 1 (e.g., cases 2,
5, and 16), the ambient air was substantially supersatu-
rated with respect to ice, but the contrails still persisted
no longer than a few minutes. Closer analysis of the
in situ water vapor and temperature measurements for
these cases indicates that these contrails often formed in
narrow vertical layers or small patches of high humidity.
The vertical structure of the ambient relative humidity

may be very important for contrail persistence. If the
air just below the contrail formation level is very dry,
then the ice crystals will sublimate as soon as they grow
large enough to begin sedimenting. Relatively small ice
crystals could remain in the humid layer, resulting in a
persistent subvisible contrail. Aged, subvisible contrails
were often observed during the SUCCESS experiment
with ground-based lidar (Sassen, K., personal commu-
nication, 1997).

6. Discussion

We have used precise in situ measurements from the
SUCCESS experiment to evaluate the threshold tem-
peratures for visible contrail formation. The results of
this analysis are consistent with the theoretical calcula-
tions assuming that liquid saturation must be reached
in the plume for contrail formation. In several of the
contrail events listed in Table 1, large ambient supersat-
urations with respect to ice existed with either diffuse
cirrus present, or no cirrus present. These regions were
prime for contrail formation. The lack of optically thick
cirrus in these regions suggests that relatively few effec-
tive heterogeneous ice nuclei were present, and upper
tropospheric clouds may be very sensitive to introduc-
tion of effective heterogeneous nuclei.

Contrails are frequently visible at distances as close as
25-35 m behind the aircraft engines [Busen and Schu-
mann, 1995]. Using an analytical model of ice crys-
tal growth in the exhaust plume, [Kércher et al., 1996]
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showed that the number density of ice crystals nucleated
must be at least about 10* cm~2 in order for the contrail
to be visible this quickly. Simulations of aerosol and
ice crystal nucleation and growth in the exhaust plume
suggest that the most likely mechanism for nucleation
of the contrail crystals is heterogeneous freezing of sul-
fate coated soot particles [K&rcher et al., 1995, 1996;
Brown et al., 1996, 1997]. The simulations suggested
that freshly nucleated sulfuric acid/water aerosols could
not grow large enough to spontaneously freeze in the
time required.

The simulations reported by Karcher et al. [1995,
1996] and Brown et al. [1997] were run under ambient
conditions where saturation with respect to liquid water
was not quite reached within the plume. However, the
SUCCESS measurements reported here along with the
in situ observations reported by Schumann et al. [1996]
suggest that liquid saturation in the plume is indeed re-
quired for visible contrail formation. Future modeling
studies of contrail formation should attempt to explain
the sudden onset of visible contrails at Tj.. As suggested
by Kircher et al. [1996], the higher plume supersat-
uration may allow growth and freezing of freshly nu-
cleated H2SO4/H20 droplets (without internally mixed
soot particles) to play a substantial role in the contrail
formation process. Also, if contrails do not form until
the ambient temperatures drop below Tj., then the soot
particles are not necessarily very effective heterogeneous
freezing nuclei. Kéarcher et al. [1996] estimated that an
ice germ/soot contact angle less than about 60° was
required to explain contrail formation at temperatures
just above T}.. The results from this study suggest that
T must be below T}, for contrail formation, so the con-
tact angle may be larger (corresponding to less effective
freezing nuclei). The fact that the ambient temperature
needs to be below T;, may also indicate that liquid wa-
ter droplets must be activated (and subsequently freeze
in order to generate a sufficient number of ice crystals
for a visible contrail.

If some fraction of the aircraft exhaust particles are
effective ice nuclei, then some ice crystals should nucle-
ate in the exhaust plume even when only ice supersat-
uration is reached. Attempts were made to sample ex-
haust plumes without contrails during SUCCESS; how-
ever, the plumes were very difficult to find without a
visible contrail present, so relatively few clear plumes
were sampled. Apparently, no plumes were sampled
under ice-supersaturated and water-subsaturated con-
ditions. Hence, all we know for certain now is that
visible contrails do not form when Tj. < T < T}.. It is
possible that some ice crystals form under these condi-
tions but too few for a visible contrail. In future field
studies of exhaust plumes and contrails, it would be in-
teresting to investigate this regime to see whether ice
crystals are indeed formed under these conditions.
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