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Ice nucleation processes in upper tropospheric

wave-clouds observed during SUCCESS
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Abstract. We have compared in situ measurements
near the leading-edges of wave-clouds observed dur-
ing the SUCCESS experiment with numerical simula-
tions. Observations of high supersaturations with re-
spect to ice (> 50%) near the leading edge of a very cold
wave cloud (T' < —60°C) are approximately consistent
with recent theoretical and laboratory studies suggest-
ing that large supersaturations are required to homoge-
neously freeze sulfate aerosols. Also, the peak ice crystal
number densities observed in this cloud (about 4 cm—3)
are consistent with the number densities calculated in
our model. In the warmer wave-cloud (T ~ -37°C) rel-
atively large ice number densities were observed (20-40
cm~3). Our model calculations suggest that these large
number densities are probably caused by activation of
sulfate aerosols into liquid droplets followed by subse-
quent homogeneous freezing. If moderate numbers of
effective heterogeneous freezing nuclei (0.5-1 cm—3) had
been present in either of these clouds, then the number
densities of ice crystals and the peak relative humidities
should have been lower than the observed values.

Introduction

Over the past few decades, several studies have shown
that cirrus clouds play an important role in the earth’s
radiation budget and climate [e.g., Liou, 1986]. Hence,
it is important to understand the processes responsi-
ble for their formation. In particular, the temperatures
and humidities required for ice nucleation may control
cirrus frequency. Theoretical analyses have been used
to predict the ice supersaturation required for homo-
geneous freezing of sulfate aerosols [Sassen and Dodd,
1989; Heymsfield and Sabin, 1989; Jensen et al., 1994],
and it has been suggested that this is probably the dom-
inant ice nucleation mechanism in cirrus clouds. How-
ever, these predictions have not been extensively con-
firmed with atmospheric observations. Nor is it clear
what role heterogeneous ice nucleation plays.

The processes responsible for cirrus cloud formation
g.e., ice nucleation and growth) are typically very dif-

cult to study with in situ observations. Midlatitude
continental cirrus clouds are usually highly structured
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with sporadic and localized nucleation [e.g., Sassen et
al., 1989]. It is often impossible to tell what stage of
evolution a sampled cloud element was in. Wave-clouds
that form at the cold crests of mountain waves are ideal
systems to study cloud physical processes because the
wind field is laminar and well defined, and the cloud
is stationary. Ice crystals nucleate at the leading (up-
wind) edge of the cloud, and grow as they are advected
downwind. Heymsfield and Miloshevich [1993, 1995] ex-
ploited observations in wave-clouds to explore ice nucle-
ation mechanisms at temperatures ranging from -31°C
to —-56°C. Although updraft velocities in wave-clouds
may be larger than in typical cirrus, the wave-clouds
are still useful to study cloud processes.

In this study we have combined observations from the
SUCCESS mission with numerical modeling to evaluate
ice nucleation processes in two wave clouds at very dif-
ferent temperatures (—~64°C and -37°C). We will show
that the observed critical humidities for jce nucleation
and ice crystal number densities are consistent with cal-
culations assuming that homogeneous freezing of sulfate
aerosols is the dominant nucleation mechanism. The
first section of the paper briefly summarizes the SUC-
CESS wave-cloud observations used in this study. Next,
we describes the wave-cloud formation simulations. Fi-
nally, we compare the model results with observations
and evaluate the implications for ice nucleation pro-
cesses.

SUCCESS Wave-cloud Measurements

For comparison with nucleation simulations, we re-
quire measurements of peak relative humidities and
ice crystal number densities at the wave-cloud lead-
ing edges. Relative humidities are calculated from the
laser hygrometer water vapor measurements [Collins et
al., 1995], and the meteorological measurement system
(MMS) temperature measurements on board the NASA
DC-8. Given the uncertainties in these measurements,
the uncertainty in the derived relative humidity with
respect to ice (RHI) is about 10%. During the flight
on May 2, the leading edge of a wave-cloud system over
Colorado was crossed several times. In this study, we
will focus on the leading-edge crossings at 20:18:28 UT
and 20:29 UT, when the dynamics seemed to approxi-
mately match the idealized wave-cloud model. At these
times, the DC-8 flew approximately downwind into the
leading-edge of the wave-cloud (20:18:28 UT crossing)
and upwind out of the leading-edge (20:29 UT crossing%.
The measured temperature, relative humidity, and ice
crystal number density are plotted versus time for the
first crossing in Figure 1. The peak number densities
of ice crystals larger than about 3 ym radius measured
by both the counterflow virtual impactor (CVI) and
the video ice particle sampler (VIPS) were about 2-

7 cm™3, and the peak RHI was about 150-160%. Ice
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Figure 1. DC-8 measurements for the leading-edge
crossing at 20:18:28 UT, May 2 are plotted versus time.
At this time, the DC-8 flew downwind into the leading-
edge of the wave-cloud at 11.9 km. The measured tem-
perature (MMS), relative humidity (laser hygrometer),
and ice crystal number density (CVI and VIPS) are
plotted versus time. The magenta asterisks and trian-
gles are the VIPS data from the low resolution and high
resolution cameras, respectively.

number densities larger than about 10 cm™3 were never
observed in this wave-cloud.

During the wave-cloud sampling flight on April 30,
we were not able to fly legs directly upwind of the cloud
due to restricted air-space. However, several legs were
flown along the leading edge dipping in and out of the
cloud. The peak RHIs measured just upwind of this
cloud were on the order of 120-130%, and the peak ice
number densities indicated by the CVI ranged from 20
to 40 cm~3. The actual maximum RHI may not have
been detected due to the cross-wind flight path.

The temperature at the cloud leading edge for the
May 2 case was about —-64°C. For the April 30 case the
temperature was about —37°C. The slope of the poten-
tial temperature surfaces (measured by the microwave

temperature profiler (MTP)) on the upwind side of the
wave crest indicated a vertical wind speed of about 1.2
m-s~1 for the May 2 case. This estimate approximately
agrees with the vertical wind speed indicated by MMS.
The vertical wind speeds indicated by MMS in the April
30 wave-cloud were much stronger (updrafts up to 5 m-
s~1). These vertical wind speed measurements have
large uncertainties; the sensitivity of the model results
to vertical wind speed is discussed below. The temper-
atures, humidities, ice number densities, and plausible
ranges for vertical wind speeds for the two wave-cloud
cases are given in Table 1.

Wave-Cloud Ice Nucleation Simulations

To simulate ice nucleation at the wave-cloud leading
edges, we used a one-dimensional version of the detailed
ice cloud model described by Jensen et al. [1994]. Pre-
viously, we have used this model to evaluate the sensi-
tivity of cirrus clouds to sulfate aerosol number density,
temperature, and cooling rate [Jensen and Toon, 1994];
and heterogeneous ice nuclei [Jensen and Toon, 1997].
Three particle types are included: pure sulfate solution
aerosols (H2SO4/H,0), activated water droplets, and
ice crystals. For each particle type, 60 radius bins are
included spanning the ranges 0.005 — 100 zm for sulfate
aerosols and droplets, and 0.01 — 232 um for ice crys-
tals. For the sulfate aerosols, we assume a log-normal
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Figure 2. The model RHI, ice crystal number density,
and temperature are plotted versus time at 11.9 km
for the May 2 case. The total number density of ice
crystals (solid black curve) and the number density of
ice crystals with radii larger than about 3 um (dashed
curve) that would be detected by the CVI are shown.
The DC-8 RHI and CVI data from the pass at 20:29 UT
have also been plotted versus time (converted to parcel
time advected by the wind) for comparison.

size distribution with N = 100 cm™3, r, = 0.02 pm,
and o = 2.3.

Tabazadeh et al. [1997] used recent laboratory data
to develop new expressions for the physical quantities
that control homogeneous freezing of sulfate aerosols.
We have used the expressions recommended by Taba-
zadeh et al. to calculate aerosol freezing rates in this
work. In some of the simulations, we also included het-
erogeneous freezing nuclei (see Jensen and Toon [1997]
for details of the heterogeneous freezing calculations).

We initialized the model atmospheric temperature
profiles based on SUCCESS measurements (MTP and
MMS). We used an initial RHI vertical profile with a
Gaussian shape peaked where the wave-cloud was ob-
served (11.9 km). The peak RHI was initially set at
just below 100%. The updraft velocity in the model os-
cillated sinusoidally with time; however, over the short

Wave—cloud simulation: results ot 8.75 km
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Figure 3. Same as Figure 2, but for the April 30 wave-
cloud case. We also show the liquid droplet number
density versus time in this case.
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Table 1. Summary of SUCCESS Wave-Cloud Mea-
surements

Date May 2, 1996 April 30
Time (UT) 20:29:12 21:12:00
Temp -64°C -36.7°C
Updraft 0.8-1.6 m-s~! 3-5 m-s~*
Peak RHI 150-160% >130%
Peak Ice Conc. 2-7 cm™3 20-40 cm ™3

time-period during which nucleation occurred, the ver-
tical wind speed did not vary substantially.

Results
May 2, 1996 Case

We are assuming here that our 1-D model represents
a column of air passing through the wave-cloud. For
comparison with aircraft data, we extracte the model
results versus time at the DC-8 flight level. Figure 2
shows the model RHI, ice crystal number density, and
effective radius versus time at 11.9 km for the May 2
case. Ice crystals do not begin nucleating in this simula-
tion until the RHI reaches 145-150%. In addition to the
total number of ice crystals, we also show the number
density of crystals with radii larger than about 3 pm
that would be detected by the CVI. The crystals take
about 28 seconds to grow to 3 pm, so the number of
detectable crystals does not rapidly increase until just
after the RHI reaches its maximum. Using the aircraft
speed and ambient wind speed, we have converted the
time-series data from the pass at 20:29 UT to a data
series versus time as an air parcel would have been en-
tering the leading edge and overlaid the data on Figure
2. The peak RHI and ice number density from the sim-
ulation agree reasonably well with the observed values.
The observed peak RHI was about 10% larger than pre-
dicted by our model, and ice crystals were detected by
the CVI further upwind that predicted by the model.

The sensitivity of the model results to key environ-
mental conditions assumed in the model is summarized
in Table 2. As discussed previously by Jensen and Toon
[1994], changes in the updraft velocity can substantially
change the peak ice crystal number density; whereas
changes in the sulfate aerosol number density and size
distribution have only moderate impact on the number
of ice crystals nucleated. A reduction of the updraft
speed to 0.8 m-s—! reduces the peak ice crystal number
density to less than 4 cm™3 and improves the agree-
ment with the observations. Ice crystal growth rates are
another important source of uncertainty in the model.
For our baseline simulation, we assumed that the depo-
sition coefficient (or mass accommodation coefficient)
was unity. Decreasing this parameter to 0.5 results in
an increase in the peak ice number density to 9.8 cm™3.

The peak ice saturation in these simulations is al-
most entirely controlled by the assumed freezing prop-
erties of the sulfate aerosols. Changes in cooling rate
or crystal growth rate do not affect the peak RHIL. We
have previously suggested that at temperatures below
—60°C the sulfate aerosols should freeze when the RHI
exceeds only about 125% (rather than about 150% in-
dicated by our current freezing parameterization). The
May 2 wave-cloud measurements suggest that the ice
supersaturation required for homogeneous freezing may
be as high as 160%. As indicated by the last entry in
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Table 1, if we use our old aerosol freezing parameteriza-
tion, then not only is the peak RHI decreased to about
126%, the peak ice crystal number density is 17 cm™3
(much higher than the observed values).

For the rapid cooling rate and low temperature of
this wave-cloud, the peak crystal number density is
probably controlled exclusively by homogeneous freez-
ing. However, heterogeneous nuclei could modify the
crystal number density in wave-clouds if a substantial
fraction of the sulfate aerosols contained effective het-
erogeneous freezing nuclei. Simulations including het-
erogeneous ice nuclei indicate that the number density
of ice crystals generated could be reduced compared to
the number generated by homogeneous freezing of pure
sulfate aerosols (see Table 2). Also, if substantial num-
bers of effective heterogeneous ice nuclei are included,
then the peak RHI at the cloud leading edge is much
lower than the observed values. The consistency be-
tween the observed peak ice number densities and RHIs
and the results from modeling with only homogeneous
freezing suggests that relatively large numbers of effec-
tive heterogeneous ice nuclei (> 0.5-1 cm™3) were not
present. However, this does not rule out the possibility
that fewer heterogeneous ice nuclei were present.

April 30, 1996 Case

The results of the simulation for the April 30 wave-
cloud case are shown in Figure 3. In this simulation,
the temperature is just high enough such that sulfate
aerosols are activated into water droplets before the sul-
fate aerosols can freeze directly. Large numbers of lig-
uid droplets are activated since there is no nucleation
barrier to overcome. The liquid droplets grow, dilute,
and freeze within 5-10 seconds. The droplets never get
larger than about 1-2 pm radius. The peak ice crys-
tal number density in the simulation (about 30 cm~3)
agrees well with the measurements for this case. The

Table 2. Wave-Cloud Sensitivity Tests (May 2 case)

# Test Uz Nen Npet 0cn Nice RHlpge
1  baseline 1.2 100 0 23 69 1504
2 low v, 08 100 0 23 4.0 1490
3  highv, 1.6 100 O 23 97 1513
4 highNe,, 12 300 O 23 82 1489
5 lowNs, 12 30 0 23 52 1511
6 highoe, 1.2 100 O 28 61 1491
7 low gcn 1.2 100 0 1.8 7.8 1519
8 low Seriz 1.2 100 0 23 17.0 1266
9*  high Serie 1.2 100 0 23 57 1600
10° slow grow 1.2 100 O 23 98 1511
11  het. IN 12 100 01 23 63 1499
12  het. IN 12 100 05 23 24 1471
13  het. IN 1.2 100 07 23 071 1407
14  het. IN 1.2 100 1 2.3 090 1368
15 het. IN 1.2 100 2 23 18 1317

The sensitivities of the peak ice crystal number densi-

ties, Nice (cm™3), and peak RHI (%) to updraft velocity, v;
(m-s~1), sulfate aerosol number density, Nyn (cm™2), het-
erogeneous freezing ice nuclei, Npe: (cm™3), and the width
of the aerosol size distribution, o.n, are given.

aThe aerosol freezing rate was increased (decreased) re-
sulting in a decrease (increase) in the peak RHI.

bThe deposition coefficient was decreased to 0.5, resulting
in a 30% reduction in crystal growth rates.
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Figure 4. The peak liquid droplet and ice crystal

number density are plotted versus minimum tempera-
ture for simulations with a range of initial temperatures.
The effective radius of ice crystals in the simulations are
also shown. The maximum number density of ice crys-
tals forms at temperatures just low enough for liquid
water droplets to form (near —37.5°C).

peak RHI in the simulation (147%) is somewhat larger
than the observed peak values of about 135%; however,
the locations where the peak RHIs occurred may not
have been sampled on this flight.

The peak number of ice crystals is very sensitive to
the formation of activated liquid droplets prior to ice
nucleation in our simulations. Figure 4 shows the peak
ice crystal and liquid droplet number densities versus
the minimum temperature. If the temperature is just
low enough such that the sulfate haze aerosols freeze be-
fore liquid drops form, then the peak ice number density
should be less than 10 cm™3; whereas the observations
on April 30 showed ice number densities of 20-40 cm—3.

The largest number of ice crystals is generated if the
temperature is just cold enough such that liquid drops
are activated. Above this temperature, the ice num-
ber density decreases with increasing temperature be-
cause the liquid droplets get larger before they freeze.
Hence, when the first few droplets freeze, the resulting
large ice crystals deplete the vapor rapidly, resulting
in rapid evaporation of the remaining droplets before
they can freeze. If the temperature drops just below
—37.5°C such that the sulfate aerosols freeze before lig-
uid droplets are activated, then the peak ice crystal
number density drops dramatically. This lower number
density results from the fact that the aerosol freezing
rate is strongly dependent on their size and composi-
tion, and the freezing temperature varies substantially
across the aerosol size range. Hence, the largest few
aerosols freeze first, and the resulting crystals deplete
the vapor before more aerosols can freeze.

The transition temperature of about —37.5°C pre-
dicted by our calculations is consistent with previous
wave-cloud measurements [Heymsfield and Miloshevich,
1995]. Their measurements indicated droplets with
radii up to a few pm in a cloud leading-edge with a
temperature of ~35°C. In a leading edge with a tem-
perature of —-37°C, droplets were marginally detectable
with radii of only 1-2 um. In a penetration at —44°C,
no droplets formed. Also, the earlier wave-cloud mea-
surements showed lower ice number densities (about 10
cm™3) in the penetration at —44°C than in the warmer
cases (about 20 cm™3).

Heterogeneous freezing nuclei could potentially cause
aerosol freezing before activation into droplets occurred,
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possibly resulting in a decrease in the ice crystal number
density. If a very large fraction of the sulfate aerosols
contained effective freezing nuclei, then the observed
high ice number densities could have been generated
without intermediate liquid droplet activation. How-
ever, given the high crystal number densities in this
case, it seems likely that homogeneous freezing domi-
nated the ice nucleation process.

Summary

Our model simulations including only homogeneous
freezing nucleation predict peak humidities and ice num-
ber densities that agree with the SUCCESS wave-cloud
observations (within the ranges of measurement and
model uncertainties). The observations support the
recent predictions that large supersaturations are re-
quired to initiate homogeneous freezing of sulfate aero-
sols. Sensitivity tests suggest that no more than about
0.5-1 cm—2 effective heterogeneous ice nuclei could have
been present given the observed high supersaturations
and ice number densities. We cannot rule out the possi-
bility that smaller numbers of heterogeneous ice nuclei
were present. In other types of cirrus clouds with lower
cooling rates, small numbers of effective ice nuclei could
dominate the ice nucleation process.
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