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Abstract. A detailed microphysical analysis of ice particles in a cirrus anvil is presented, using
a combination of observational data and model simulations for missions flown during the Central
Equatorial Pacific Experiment (CEPEX). The observational data are obtained mainly from the
two-dimensional cloud probe, measuring particles as small as 100 pm in diameter; the model
simulations are done with a detailed microphysical model that categorizes cloud particles accord-
ing to their size, shape, and solute content. Detailed analyses of the simulated particle size
spectra are made for the size range of 1 pm to several millimeters, which are then compared with
the observational results. The evolution of the cirrus anvil is divided into four stages: the deep
convection, the precipitating anvil, the extended anvil and the detached anvil. Discussions on
the properties of the simulated cloud systems are given in detail for each stage. Model results
show that the number concentration of ice particles in the anvils can reach over 1000 per liter.
Frozen cloud droplets and interstitial aerosol particles are the main sources of these ice particles.
In the precipitating anvils, a trimodal size distribution is prevalent at the upper portion, whereas
bimodal or unimodal distributions are more common at the lower levels. The size distributions
in the extended anvils exhibit a bimodal shape at the upper levels and a unimodal shape at the
lower levels. The properties of the extended anvil compare fairly well with the observational
results for one case but not as well for the other two cases. Nevertheless, both the observations
and simulations show that smaller particles (diameter < 100 pm) are fractionally more important

to the total number concentration and ice water content at higher altitudes in the anvil, whereas

larger particles (diameter > 100 pm) are more abundant in the middle to lower sections.

Sedi-

mentation sorting plays a significant role in determining the structures and evolution of the cir-

rus anvils.

A sensitivity test indicates that the amount of condensation nuclei in the convective

inflow may have a strong influence on the number concentration of ice particles, as well as the

structure and lifetime of tropical cirrus anvils.

1. Introduction

Tropical cirrus clouds have a major influence on the global
energy budget through their effects on shortwave and longwave
radiation [Liou, 1986; Ramanathan and Collins, 1991]. Nu-
merous studies have demonstrated that these radiative effects are
strongly controlled by the microphysical properties of the clouds,
such as the ice water path, effective diameter, ice particle shapes
and size distribution [e.g., Platt, 1989; Stephens et al., 1990;
Takano et al., 1992; Ou and Liou, 1995]. The spatial and tem-
poral variations of these microphysical properties are important
for the calculation of radiative transfer in climate models. Un-
fortunately, present knowledge of the microphysical and radiative
properties of tropical cirrus clouds is still quite poor. Cirrus
cloud parameterizations for use in global climate models [e.g.,
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Heymsfield and Platt, 1984; Ebert and Curry, 1992; Moss and
Johnson, 1994; Krueger et al., 1995] were developed from ob-
servational data for the midlatitude regions, and are thus not nec-
essarily applicable to the tropics. To better understand the cli-
mate feedback effects of cirrus clouds, more observations to-
gether with numerical simulations of the detailed microphysical
structures of cirrus clouds are needed.

Although direct measurements of cirrus microphysics exist
[e.g., Platt et al., 1989; Heymsfield et al., 1990], few have been
made in anvils forming from deep convections in tropical regions.
Among the few, Griffith et al. [1980] used data collected by a
one-dimensional optical array particle spectrometer during the
Global Atmospheric Research Program (GARP) Atlantic Tropi-
cal Experiment to derive ice water contents (IWC). They found
that there exist large variations in the vertical structures of IWC
between cases. The maximum IWC ranged from a few hun-
dredths to a few tenths grams per cubic meter. Knollenberg et
al. [1982] studied the microphysical properties of Panamanian
anvils using a two-dimensional grey imaging probe and an active
cavity aerosol spectrometer during the Water Vapor Exchange
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Experiment. They found that large crystals up to 1 mm in size
are injected into the stratosphere during cumulonimbus activity,
and then return to lower altitudes before evaporating. IWC
were of a few thousandths to a few hundreds grams per cubic
meter. Bimodal crystal mass distributions were also noticed.
Recently, more detailed microphysical measurements have been
done by Knollenberg et al. [1993] at Darwin, Australia, during
the Stratosphere-Troposphere Exchange Project. They meas-
ured the size distributions and shapes of ice crystals in the tops of
convective anvils using a combination of a two-dimensional grey
optical array imaging probe and two light-scattering instruments.
Their measurements made in tropical cirrus anvils revealed sur-
prisingly high concentrations of ice crystals that are typically
greater than 10000 L. The size distributions generally show
mass modes at sizes of 20 to 40 pm, with few particles larger
than 100 um when near the cloud top. Takahashi and Kuhara
[1993] used videosondes to probe the upper convective clouds
over Micronesia and obtained images of the precipitation-sized
ice particles. They found crystal number concentrations are in
the order of tens to 100 L™, but occasionally up to 1000 L.

Among the few numerical studies on the detailed microphys-
ics of cirrus clouds, Starr and Cox [1985a] applied a two-
dimensional cloud model with parameterized particle size distri-
butions to investigate the role of various physical (e.g., micro-
physical and radiative) processes involved in the formation and
maintenance of thin cirrus clouds. Sassen and Dodd [1988], on
the other hand, studied the formation of cirrus particles by homo-
geneous nucleation in uniformly cooled air using a one-
dimensional model with a size-resolved microphysical scheme.
A similar modeling study was done by Jensen et al. [1994a] with
vertical wind speeds taken from a mesoscale model. In an at-
tempt to study the ice-forming mechanisms in cirrus clouds,
Heymsfield and Sabin [1989] developed a parcel model with de-
tailed microphysics. Since a constant updraft speed of 1 m s™
was used, their simulations are not applicable to strong convec-
tion. Hence, studies specifically designed for simulating tropi-
cal convective anvils and comparing their results with observa-
tions are needed.

In this study, three cases of the detailed microphysical struc-
ture of tropical anvils are presented by comparing modeling and
observational results for the missions conducted during the Cen-
tral Equatorial Pacific Experiment (CEPEX).

2. Methods

Tropical cumulonimbus systems often show great complexity.
To simplify, the convective system is generalized into four sec-
tions according to the macroscopic features of each. The first
section is the deep convective cell itself, which usually has the
coldest cloud top. The outflow of the deep convection is more
of a stratiform structure, generally called the anvil cloud. This
outflow portion of the cumulonimbus system is classified as ei-
ther precipitating, extended, or detached. Immediately away
from the deep convection is the thick nimbostratus that can be re-
sponsible for up to 50% of the total precipitation from the con-
vection system [Gamache and Houze, 1983; Houze and Rappa-
port, 1984]. Further downward is the extended anvil without
significant precipitation and becoming thinner with distance
away from the convection. After the deep convection dimin-
ishes, the remaining anvil cloud starts to dissipate but can still
persist for a long period of time and is called the detached anvil.
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Cirrus clouds often show two-dimensional structures as a re-
sult of interactions and feedbacks between dynamic, thermody-
namic and radiative processes [Starr and Cox, 1985b; Sassen et
al., 1989]. However, due to the computational constraints of
our complex microphysical scheme, we are limited to using a
one-dimensional approach similar to that of Jensen et al. [1994a].
Therefore, the model represents approximately a column of the
atmosphere that is advected horizontally. Unlike the approach
of Starr and Cox [1985a] who prescribed the initial thermody-
namic and microphysical profiles of the cirrus anvils, the numeri-
cal simulations presented here are performed in two steps.
Since most of the ice particles entering the anvils originate in the
deep convection, it is necessary to model the cumulus convection
in order to generate proper initial conditions for the outflow mak-
ing up the anvil clouds. In the first step, a one-dimensional,
time-dependent model simulates the deep convection. The dy-
namics and initial perturbation schemes used are the same as
those of Wisner et al. [1972]. A thermal bubble 3 K warmer
than the ambient air initiates the convection, and when the simu-
lated convection reaches a quasi-steady state, the convective out-
flow is isolated and then used as the input for a separate anvil
simulation. The effect of condensate loading on the vertical air
motion in the deep convection is included. The anvil simulation
1s also one-dimensional and time-dependent, but without dynam-
ics. Hence, only the effect of condensate loading is considered
in determining the vertical air motion. Judging from the macro-
scopic features, the first 2 hours of the separate anvil simulation
is taken to represent the precipitating anvil, the next 4 hours as
the extended anvil, and thereafter the detached anvil. Since the
dynamics of these simulations are relatively unsophisticated,
feedbacks such as dynamics-radiation are not considered.

The detailed cloud microphysical scheme for both the deep
convection and the anvil simulations is based on the multicom-
ponent microphysical model of Chen and Lamb [1994], which
categorizes liquid-phase particles according to their mass, solute
content, and shape. A method-of-moments type scheme is used
to conserve various physical and chemical properties of cloud
particles. Liquid-phase microphysical processes considered in
the model are the activation of condensation nuclei into cloud
drops, the subsequent condensational growth, and collision-
coalescence and breakup. According to Whitby [1978], a trimo-
dal distribution of condensation nuclei (CN) for the marine back-
ground atmosphere is used as the model input for all cases, with
a total number concentration of 400 cm™ at the surface. Ice-
phase processes included are heterogeneous deposition nuclea-
tion, heterogeneous freezing, contact freezing, homogeneous
freezing, diffusional growth, accretional growth, rime-splintering,
melting, shedding and aggregation. Following Chen and Lamb
[1994], the number concentration of ice nuclei that may be active
for deposition nucleation or contact nucleation is assumed to be
400 L™ at the surface.

The observational data is obtained from the three sampling
missions (March 17, April 1, and April 4, 1993) performed dur-
ing CEPEX with airborne microphysical measurements in anvils.
The data reported here are from the two-dimensional cloud probe
(2DC), measuring particles down to about 60 pum in diameter.
Sounding data acquired at Nandi, Fiji (17.39 °S, 177.24 °E) on
the three sampling dates are used to represent ambient vertical
profiles of temperature, pressure and humidity for the three simu-
lations. Details of the measurements and missions during
CEPEX can be found in the works of McFarquhar and Heyms-
field [1996] and Heymsfield and McFarquhar [1996].
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3. Results

In this section, modeling results for the deep convection and
the outflow anvils and observations from the three case studies
during CEPEX will be presented. However, since most of the
measurements were made away from deep convection, intercom-
parison between observational and model results will only be
given for the outflow anvils. In each case, the vertical profiles
of the macroscale properties (i.e., the condensed water content,
total number concentration, and effective diameter) and the mi-
croscale properties (i.e., the detailed size distributions) will be
successively discussed for the convective core, the precipitating
anvil, the extended anvil, and the detached anvil.

3.1. Case 1: April 4, 1993

Targeted on a well-defined and persistent thick cirrus anvil,
the April 4 case has the best microphysical measurements made
during CEPEX. Since significant dissipation did not occur dur-
ing the mission, and there were only a few particles in a precipi-
tation trail descending below the average cloud base, the April 4
case can be regarded as an early stage of the extended anvil.
Hence, comparisons between the simulations and observational
results will be focused on the precipitating and extended anvils.

The convective model produced deep convection with a cloud
top initially reaching 15 km. After the cloud top overshooting
has settled down, the convection reached a quasi-steady state in
about 20 min of simulation time, with a cloud top height of 14.5
km and cloud top temperature of 204 K. In comparison, the
minimum Geostationary Meteorological Satellite (GMS) bright-
ness temperature for this cloud system was approximately 210 K.
A maximum updraft speed of 35.4 m s™' occurs at 9.2 km.  As
will be discussed in the next section, this maximum updraft
speed is probably too high for the tropical region. -

Figure 1a shows the number concentration of liquid drops, in-
cluding interstitial aerosol particles and cloud droplets, as well as
ice particles, for the convective core. The drop number concen-
tration (dashed line) decreases with height as a result of air ex-
pansion, dilution by mixing, collection by precipitation particles,
and freezing. At above 10.5 km, only the interstitial aerosol
particles are present as liquid drops. Since the collection of
these interstitial particles by ice is rather insignificant, the de-
crease of their number concentration with height reflects largely
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the expansion of air.  Significant numbers of ice particles (solid
line) with a concentration greater than 1 L™ first appear at about
7 km via heterogeneous ice nucleation. This value then in-
creases to a maximum of 870 L™ at 11.2 km, mostly through the
freezing of cloud drops. At higher levels, the number concen-
tration decreases down to about 250 L™ near the cloud top. The
decrease in number concentration with height for ice particles is
somewhat faster than that for interstitial aerosol particles, reflect-
ing the effects of aggregation and sedimentation in addition to air
expansion.

Figure 1b shows the quasi-steady state vertical profiles of lig-
uid water and ice water content. The cloud base is about 700 m
above sea level as indicated by the sharp increase of condensed
water. For the lower part of the cloud, liquid water content
(dashed line) increases with height and reaches a maximum of 7
gm” at 7 km. At higher altitudes, liquid water is converted
gradually into ice, resulting in a maximum ice water content
(solid line) of 6.2 g m™ at 9.5 km. The total condensed water
(dotted line) has a maximum of 7 g m™ occurring at about the
same height as that of liquid water.

Figure 1c shows the effective diameter Deg [cf. McFarquhar
and Heymsfield, 1996] of cloud particles. Above the cloud base,
Degr of cloud droplets (dashed curve) increases with height from
20 pm to a maximum of 127 pm at 7.7 km.  The Deg of droplets
then decreases with height due to the conversion of liquid mass
into ice. At above 10.5 km, the D is less than 0.01 um, re-
flecting the presence of only the very small interstitial aerosol
particles. Note that the effective diameter Des is very sensitive
to the existence of larger particles. The relatively large Des be-
low the cloud base indicates the presence of some large precipita-
tion particles (see Figure 2 for detailed size distributions). The
effective diameter of ice particles (solid curve) increases steadily
from 220 pum at 6 km to 800 um at 14.5 km, showing some
growth processes occurring at these altitudes. The details of the
growth processes will be discussed by examining the evolution of
particle size distributions given in Figures 3 and 4.

Figures 2 and 3 show the detailed size distributions of liquid
and ice particles as a function of diameter for selected height lev-
els. To simplify the presentation, the size distribution in each
panel has been averaged over levels within the indicated height
range. Also, the first size category in each panel covers all par-
ticles less than 1 pm in diameter, whereas the last category cov-
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Figure 1. Simulated vertical profiles of (a) number concentration, (b) water content, and (c) effective diameter
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ers all particles larger than 8 mm. The bottom panel (1 ~ 2 km)
of Figure 2 is for the size distribution not too far above the cloud
base, showing a distinctive gap between the populations of cloud
droplets and the interstitial particles (which is in the first size
category with diameters D < 1 pm). The size distribution of
cloud droplets exhibits two modes. The first mode, which has a
modal value of about 40 pm, represents the cloud drop popula-
tion. The second mode, with D > 100 um, represents the pre-
cipitation particles formed by coalescence. For heights above 3
km, there exists a population of newly formed cloud drops with
smaller sizes (10 pm < D < 40 pm). The existence of these
smaller cloud drops is an indication of secondary cloud drop acti-
vation [cf. Paluch and Knight, 1984; Chen, 1994]. However,
this mode gradually blends in with the main cloud drop popula-
tion as the air moves further up. Thus, the cloud drop popula-
tion appears to be a broad single mode at the higher levels. The
drop size spectrum becomes broader as the coalescence process
has occurred more at higher levels. At the 7 ~ 8 km level, drops
with diameters as large as 1 mm develop. Because of the strong
updraft, these particles cannot fall to the cloud base as precipita-
tion particles. So, this simulation can only represent the core
region of the convective system, which is a common deficiency of
such one-dimensional models. At altitudes higher than 9 km,
collection by ice particles becomes appreciable. In addition, as
cloud glaciation begins, the saturation ratio in the air eventually
becomes subsaturated with respect to water, causing the droplets
to evaporate. At temperatures lower than about -30°C, hetero-
geneous freezing and then homogeneous freezing also become ef-
fective. All these processes work together to cause the rapid
diminishing of the drop population. As a result, all drops ex-
cept the interstitial aerosol particles have disappeared above 11
km.

The size distribution of ice particles as a function of their
maximum dimension Dy, is shown in Figure 3. Ice particles
first appeared at the 6 to 7 km levels with a bimodal size spec-
trum. These two modes represent particles from quite different
origins. The model of Chen and Lamb [1994] keeps track of the
solute content in all cloud particles, so it is possible to judge the
origin of ice crystals by checking their solute concentration.
The particles in the smaller size mode (centered between 10 and
100 pm) are characterized by solute concentrations less than 0.1
pmol kg™, indicating that they are mainly vapor-grown crystals.
Particles in the larger size mode (centered around 500 pm) have
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distinctly higher solute concentrations of 10 to 5000 pmol kg™,
which are concentrations typical in cloud droplets. Thus, these
large ice particles are mainly rimed ice. At higher levels, the
size spectra are broader and show significant amounts of milli-
meter-sized particles. Riming and aggregation are the mecha-
nisms responsible for the formation of these large particles.
Above 10 km, the number of ice particles increases steadily as
the cloud drops turn into ice due to heterogeneous and homoge-
neous freezing. In the top panel, many new ice crystals with
sizes less than about 30 pum appear when there are no cloud drops
available for freezing. Because of the very low temperatures,
even the interstitial aerosol particles start to freeze homogene-
ously, thus creating a third mode (with Dy, < 30 pm) in the size
spectra.

After the deep convection produces an anvil, the cloud contin-
ues to evolve. Figure 4 shows vertical profiles of the total num-
ber concentration, condensed water content, and effective diame-
ter in the outflow anvil. The vertical profiles at 1 hour (thick
line) and 2 hours (thin line) correspond to the precipitating anvil,
the 4 hours (dashed line) and 6 hours (dash-dotted line) profiles
correspond to the extended anvil, and the 12 hours profile (dotted
line) represents the detached anvil. The glaciation of the out-
flow anvil occurs rather rapidly such that all cloud droplets dis-
appeared within the first 30 min of the anvil simulation, hence
only the properties of ice particles are presented in Figure 4. In
the precipitating anvil (thick and thin lines in Figure 4a), the
number concentration exceeds 1100 L™ in the upper portions (~
14 km) of the anvil. Compared with the maximum number con-
centration of 870 L™ in the convective core (Figure 1a), evidently
new ice particles are formed by the freezing of interstitial aerosol
particles. Precipitation particles with concentrations of 0.1 to
10 L™ can also be seen below the anvil base (which is at about 10
km), hence justifying the identification of a precipitation anvil.
Cloud settling is evident with the progress of time, as can be seen
from the lowering of the cloud top. In the extended anvil
(dashed and dash-dotted lines), the maximum particle concentra-
tions are still around 1000 L but now occur near the bottom of
the anvil. On the other hand, the number concentrations at the
anvil tops have been reduced to 10 L',  Essentially no precipita-
tion particle falls below the cloud base at this time. In the de-
tached anvil (dotted line), the cloud sinks down further, with a
maximum number concentration of about 400 L™ near the bottom
of the cloud. Note that besides the settlement of the particles
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themselves, the only process considered in the model that can
cause the cloud layer to move downward is the loading effect.
Large-scale subsidence motion, which may also cause ice parti-
cles to evaporate and hence reduce the number concentration, is
not considered.

To compare with the model results shown in Figure 4, vertical
profiles of macroscopic quantities estimated from the micro-
physical measurements are shown in Figure 5. The observed
number concentrations, which are averaged over one flight leg,
range from several tens to over 100 L', which are less than those
from the simulation. However, since the 2-D probes do not ac-
curately measure particles smaller than about 100 pm in diame-
ter, the actual number concentration could be higher. The video
particle sampler data [see McFarquhar and Heymsfield, 1996]
indicate that there exist a significant number of ice particles that
may not be detected by the 2DC. In general, the observed data
show that the number concentration in the extended anvil de-
creases with increasing altitude, a trend similar to that in the
simulated results.

As shown by the thick and thin solid lines in Figure 4b, the
simulated ice water contents for the precipitating anvil have
maximums of just over 0.1 g m™ in the upper part of the anvil.
The ice water contents below the anvil base are rather high, indi-
cating significant precipitation. In the extended anvil (dashed
and dash-dotted lines), ice water content decreases with increas-
ing altitude, with their maximums of about 0.1 g m™ now occur-
ring at the bottom of the anvil. The observational results shown
in Figure Sb exhibit a similar trend, with a maximum value of
about 0.08 g m™ near the bottom of the anvil. In the detached
anvil (dotted line in Figure 4b), the ice water content has a simi-
lar profile, but the values are one order of magnitude less than
those in the extended anvil. It should be noted that there were
substantial variations in the quantities measured by the 2DC oc-
curring over the whole flight leg. However, the trends for the
decrease with increasing altitude are clearly seen in the averages.

Figure 4c shows the simulated vertical profiles of the effective
diameter D.s. In the precipitating anvil (thick and thin solid
lines), Deg ranges from 20 pum at the cloud top to several hundred
micrometers near the cloud base. Below the cloud base, which
is at about 10 km, millimeter-sized particles are present during
the first hour. In the second hour, the Des decreases to around
100 pm. The large particles at heights below 10 km are charac-
terized by low number densities and high ice water content,
which are indications of precipitation particles. The effective
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diameter generally decreases with time and height. In the ex-
tended anvil, Des is typically about 20 pm at the top and around
100 pm near the bottom. Compared with Figure 5c, the ob-
served Degr shows a similar decreasing trend with increasing alti-
tude and has values ranging from 30 pm near the top to 200 pm
at the bottom. Note that these observed values should be
somewhat lower if particles smaller than the detection limit are
considered. In the detached anvil, Deg decreases to about 15 pm
at the top and less than 40 pm at the bottom.

The simulated particle size spectra in the precipitating anvil
(averaged over the first hour) and the extended anvil (averaged
from 4 to 6 hours) are shown in Figures 6a and 6b, respectively.
For comparison, those measured by the 2-D probes are shown in
Figure 6¢c.  Since temperature is a common surrogate for height
in cirrus parameterization for global models, these figures are
presented for temperatures (with corresponding heights given in
the opposite vertical ordinate). Note that the height levels for
the simulation and observation correspond only roughly. The
lower size bins of the model results are shaded to indicate they
are not detectable by the 2-D probes. Note that the size resolu-
tion for Dy, <10 pm is only one half of that for Dy, > 10 pm.

The top 2 frames in Figure 6a show that the simulated size
spectra in the upper part of the precipitating anvil are trimodal.
Particles in the first mode (with a modal value of around 10 pum)
originate mostly from frozen interstitial haze drops. These
drops normally do not freeze until the temperature becomes
lower than about 40 °C because of the depression of freezing
point by solutes [cf. Heymsfield and Sabin, 1989]. Therefore,
this mode is not significant at lower levels. Particles of the sec-
ond mode (with a modal value of about 100 pum) are mostly from
frozen cloud drops because they are the expected size and be-
cause the number concentrations are too high to be accounted for
by other ice nucleation processes. The last mode (with a modal
value around 1 mm) is mostly composed of graupel and crystal
aggregates. The second and third modes become broader at
lower levels, showing the effect of sedimentation sorting. Large
millimeter-sized particles are present throughout the cloud,
showing significant precipitation activity. The levels lower
than those of the bottom panel are below the cloud base and
without a prominent mode in the size distribution.

The number of precipitation-sized particles decreases dra-
matically at all levels in the extended anvil. As shown in Fig-
ure 6b, particles larger than 1 mm are no longer present. The
number of smaller particles also decreases because of sedimenta-

>

15
a ] b | c
| @] ®] (©) 60
g L * o
1 i 4 =40
0“ =~
< 10 - - : 2
£ ] =
= ] - . | _
< | 20 g
| ] ] &
5 — . — ' , » . . ] : : : -0
102 10" 10° 10" 10% 10° 10* 10° 10* 10° 102 10" 10° 107 10% 107  10° 10°

Number Concentration, L’!

Ice Water Content, g m™

Effective Diameter, mm

Figure 5. Same as Figure 4, but for the observed results.



CHEN ET AL: MICROPHYSICS OF TROPICAL CIRRUS ANVILS

(a) precipitating anvil

16
10

6643

(b) extended anvil

(c) observation

-50 ~ -60°C

-50 ~ -60°C

-59.5°C
13.2 km

-1

-48.7°C

Number Density, L mm

-40 ~-50°C -40 ~-50°C
12.3 km
L o
-30 ~-40°C -30 ~-40°C -38.9°C
109 km

-20~-30°C | |

10

10

16°

2 3

10° 10’ 10

10

10' 10° 10’

20 ~-30°C 31.0°C
9.9 km |
[
"1
\
|
|
10° 100 1010 10* 100 10
Diameter, pm
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tion, aggregation, and evaporation. Thus, the trimodal feature
in the upper part of the precipitating anvil is no longer obvious.
The most prominent mode occurs at about 100 pm. Such a
unimodal spectrum becomes more common with the advance of
time, especially at the lower levels. Particles below the cloud
base have disappeared almost entirely. Figure 6¢ shows parti-
cle size spectra observed during CEPEX for the April 4 case for
four selected levels. Compared with the simulated extended
anvil, the observed number distributions are similar in shape and
magnitude, with somewhat more large particles and fewer me-
dium size particles. The precipitation mode is not seen in this
case. Note that the unimodal shape pertains only to the number
distributions. An additional mode would appear at the size of
about a few hundred micrometers in both the extended anvil and
the observed results if the mass distribution was plotted
[McFarquhar and Heymsfield, 1996]. The importance of small
and medium sized ice particles (D < 100 pm) is often neglected
in many studies. These particles may contribute significantly to
the total number concentrations and even ice water contents es-
pecially in the upper anvils, where the particles are generally

smaller. Although data from the 2DC do not provide reliable
information for particles smaller than about 100 pum, preliminary
results from the video ice particle sampler (VIPS) measurements
[McFarquhar and Heymsfield, 1996] do indicate the existence of
a significant number of small particles. The relative importance
of small crystals, however, can be highly variable. Nevertheless,
the concentrations of the small particles detected by the VIPS are
in general higher than the model results. The reason for the
discrepancy between the model results and observational data for
the smallest particles is still under investigation.

Note that the size spectra shown in Figure 6¢ are averages for
the whole flight leg at each height level. By examining the
variation along the flight trajectory, McFarquhar and Heymsfield
[1996] showed that more large crystals are present as the convec-
tive core is approached. Thus, the progress from the precipitat-
ing anvil (Figure 6a) to the extended anvil (Figure 6b) does com-
ply with the observed horizontal evolution of the size spectra.
Clearly, size sorting has at least some importance in determining
the structure of the anvil cloud. This result is also in accor-
dance with the findings of Starr and Cox [1985b], who showed in
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their numerical experiment that precipitation fallout has impor-
tant effects on the evolution of cirrus clouds.

The relative importance of large and small particles is shown
in the next two figures. Figure 7 shows the simulated number
fraction f (dashed lines) and mass fraction fix (solid lines) of
particles with diameter smaller than 40 pm (detection limit of
2DC) or 100 pm (accuracy limit of 2DC). In the upper portion
of the precipitating anvil (Figure 7a), medium sized particles
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Figure 7. Number (Nx, dashed lines) and mass (Mx, solid
lines) fractions of particles with diameters less than x
micrometers, where x = 40 or 100, for the April 4 simulation for
(a) the precipitating anvil, and (b) the extended anvil. The
mass of particles with diameters less than 40 pm in the
precipitating anvil is insignificant, so the curve M40 is off the
scale.
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(40 pm <D <100 um) contribute most of the numbers, but about

80% of the total mass is from large particles (D > 100 pm). At

the lower portion of the cloud and below cloud base, large parti-

cles are fractionally more important in both their number and

mass, with 1- fxi0 > 80% and 1- fui00 > 99%, where fio0 and

oo are the number and mass fractions of particles with D <100

pm. Small ice particles (D < 40 pum) are not significant at all

levels of the cloud, contributing less than 20% of the total num-

ber (fu4o) and less than 0.1% of the total mass (fuo, values off the

scale). In the extended anvil (Figure 7b), medium-sized parti-

cles become dominant in both their number and mass at all levels

except near the bottom of the cloud where large particles still

contribute more than half of the total mass. Small particles now

become more significant, and can account for up to 30% of the to-
tal number and 10% of the total mass at the upper portion of the

anvil where the ice water content is low. These findings are

consistent with the observational results of McFarquhar and

Heymsfield [1996] in that small particles (D <40 pum) do not con-
tribute significantly to the total mass except when the ice water

content is lower than about 0.001 to 0.01 g m™.  Also, medium

sized particles (D < 100 pm) can make a substantial contribution

to the total number, total mass, and other physical properties of
cirrus anvils.

Figure 8 shows the number median diameter Dy (size cut of
50% total number) and mass median diameter Dy (size cut of
50% total mass). In the precipitating anvil, Dy (thick-dashed
line) is 45 pm at the top, 200 pm at the -30° ~ -40°C levels, and
> 600 pm at the bottom; whereas Dy (thick solid line) varies
from 1.5 mm at the top to over 5 mm at the cloud base. In the
extended anvil, Dy (thin solid line) decreases significantly, with
values ranging from 65 pm at the top to 130 pm at the bottom.
The number median diameter Dy (thin dashed line), however, in-
creases slightly at the upper portion of the cloud, indicating the
increased significance of smaller particles. As represented by
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Figure 8. Number median diameter Dy (dashed lines) and
mass median diameter Dy (solid lines) of ice particles for the
April 4 simulation. In the subscripts of Dy and Dy, “ppt” and
“ext” indicate precipitating and extended anvils, respectively.
Solid circles are observed mass median diameters from 2DC and
VIPS.
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the solid circles, a few observed values of Dy currently available
for one height level are also included in Figure 8 for comparison.
In obtaining these data, a combination of VIPS (for smaller parti-
cles) and 2DC (for larger particles) measurements is applied,
with 90 pm dividing the two data sets.  Although a large varia-
tion exists, the observed values lie mostly in between those of the
simulated precipitating anvil and extended anvil but much closer
to the latter.

The size spectra in the detached anvil are shown in Figure 9.
Compared with Figure 6b, the detached anvil has significantly
fewer large particles and lower number concentrations than in
the extended anvil. The number of particles decreases signifi-
cantly with increasing height. The size distributions are basi-
cally unimodal at all levels. Although most particles are
smaller than 100 pm, larger particles can still be found.

In this section, details about the structures of an anvil and the
microphysical mechanisms controlling its evolution were dis-
cussed. Such detail will not be repeated for the next two cases.
Discussions will focus on the macroscale and microscale proper-
ties of precipitating and extended anvils and the comparison with
observational results. Only brief descriptions will be given for
the simulated deep convection.

3.2. Case2: April 1, 1993

The April 1 case sampled an anvil associated with a dissipat-
ing nocturnal thunderstorm. Substantial dissipation occurred
during the final legs of the measurements, and hence the ob-
served structure was not as clear as in the previous case. The
model simulation produced deep convection reaching a height of
15 km, similar to that in case 1. However, the cloud top tem-
perature is somewhat lower, with a minimum value of 200 K as
the convection reached a quasi-steady state. In comparison, the
minimum GMS brightness temperature for this system was
somewhat less than 210 K.

Figure 10 shows the evolution of the number concentration,
water content, and effective diameter of ice particles in the simu-
lated outflow anvils. This anvil differs most significantly from
that of case 1 in its greater depth. Also noticeable is the more
uniform middle section of the precipitating (1 and 2 hours) and
extended anvil (4 and 6 hours). The maximum number concen-
trations (Figure 10a) and ice water contents (Figure 10b) of the
simulated anvil are similar to those in the previous case. Evi-
dently a result of sedimentation sorting, the profiles of the effec-
tive diameter again show a decreasing trend in size with decreas-
ing altitudes. Cloud settlement with the progress of time is also
obvious. Note that the detached anvil (12 hours from the simu-
lation) appears to leave some residuals at the upper level during
the settlement of the cloud. This residual is very low in ice wa-
ter content and number concentration, with effective diameters
less than 10 um.

The observed vertical profiles shown in Figure 11 exhibit
rather large vertical variations. This is caused by the rapid dis-
sipation of the system that occurred during the last couple of
hours. The flight penetrations listed in the order in which they
were taken are at altitudes of 4.5, 9.9, 12.5,13.9, 12.0, 11.5, 9.8,
9.2, and 8.5 km. Thus, although measured at almost the same
altitude, the number concentrations and ice water contents at the
heights of 9.9 km and 9.8 km are rather different. Cloud set-
tlement and evolution are other factors that need to be considered.
The maximum number concentration and ice water content are
similar to those of the April 4 measurements and are notably
lower than the simulated values.
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Figure 9. Same as Figure 6a, but for the detached anvil.

Comparisons of the detailed size spectra are shown in Figure
12a for the precipitating anvil, Figure 12b for the extended anvil,
and Figure 12c for observational results. The general features
of the simulated size distributions are quite similar to those in
case 1. At the upper portion of the precipitating anvil, the size
spectra still exhibit a trimodal shape, which becomes less promi-
nent at the lower levels. In the extended anvil, the precipitation
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Figure 10. Simulated vertical profiles of (a) number concentration, (b) water content, and (c) effective diameter

in the outflow anvil for the April 1 case.

mode is no longer present. The size spectra then appear to be
bimodal at higher levels and unimodal at lower levels. Again,
shading for Dy, < 40 pm in Figures 12a and 12b highlights those
particles that cannot be detected by the 2-D probes. The ob-
served size spectra at the lower levels reveal some very large par-
ticles (Dm > 1 mm) that are not present in the extended anvil, but
the amounts are much less than those in the precipitating anvil.
The simulated number fractions (fxso, fi00) and mass fractions
(fm40, f100) shown in Figure 13 are quite similar to those in Fig-
ure 7 for the April 4 case, except near the cloud top. In the top
of the precipitating anvil (Figure 13a), medium sized (40 pm <
Dy, <100 pm) particles are now responsible for more than 50%
of the total mass, compared with the fuioo0 - fmao = 20% in the
previous case. The number fraction of medium sized particles
(fx100 - fiao) 1s still near 100% in the upper portion of the cloud
and much less at the bottom. In the extended anvil (Figure 13b),
small particles (D <40 pm) now contribute over 80% of the total
‘number and total mass at the cloud top, compared with fns ~
20% and fuo ~ 2% in the April 4 case. However, medium sized
particles still dominate in both total number and mass at the up-
per and middle portions of the cloud, whereas large particles
dominate at the bottom.
The simulated profiles of median diameters for the April 1
case shown in Figure 14 are quite similar to those of the April 4
case shown in Figure 8, except that Dyt at the top of the pre-

cipitating anvil is much smaller. The value of Dyppt (thick-
dashed line) varies from 70 pm at the top to > 700 pm at the bot-
tom; whereas Dy ppt (thick solid line) is about 100 pum at the top,
then increases rapidly to 2.5 mm in the middle and over 5 mm at
the bottom. In the extended anvil, Dyext (thin solid line) de-
creases significantly, with values ranging from 35 pm at the top
to 350 pum at the bottom. The number median diameter Dy ext
(thin dashed line) is slightly smaller than that in the precipitating
anvil, with values of 20 um at the top and 200 pm at the bottom.
The observed Dy (solid circles) for two flight legs again show
large variations, but the mean values are close to the model re-
sults for the extended anvil.

3.3. Case 3: March 17, 1993

A more vigorous convective disturbance with persistent cirrus
anvil was sampled on March 17. The simulation produced deep
convection reaching a height of 16.5 km (which is 1.5 km greater
than that in the previous cases), with a minimum cloud top tem-
perature of 184 K. In comparison, the GMS brightness tem-
peratures for this system show regions of 190 K minimums.
The maximum updraft speed in this case is 31 m s”! occurring at
the height of 12 km.

Figure 15 shows the evolution of the number concentration,
water content, and effective diameter of ice particles in the simu-

] @} (C)N . ©1
| 1 .60
E S
E 40 g
3 10 . _
s 2
< ~ E
] ] ) =
5 [ ] -0
102 10" 10° 10' 10% 10° 10* 10°% 10®* 10® 107 107 10° 10° 1027 10"  10° 10!

Number Concentration, L

Figure 11.

Ice Water Content, g m

Effective Diameter, mm

Same as Figure 10, but for the observed results.



CHEN ET AL: MICROPHYSICS OF TROPICAL CIRRUS ANVILS
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(b) extended anvil
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Figure 12. Intercomparison of particle size distributions for the April 1 case for (a) simulated precipitating an-

vil, (b) simulated extended anvil, and (c) observed results.

ure 6.

lated outflow anvils. This anvil has the greatest thickness
among the three cases. The time evolution clearly shows the
settlement of the anvil. Its macroscopic structures are quite
similar to those in case 2, with similar maximum number concen-
trations and ice water contents. However, the observational
data (Figure 16) again show lower values. The observed profile
of number concentration is rather uniform in the vertical,
whereas the simulation shows a maximum in the middle of the
anvil. Nevertheless, the simulated and observed effective di-
ameters are similar in magnitude, and both show a decreasing
trend with height.

Comparisons of the detailed size spectra are shown in Figure
17a for the precipitating anvil, Figure 17b for the extended anvil,
and Figure 17c for observational results. The general features
of the simulated anvil differ little from those in the previous
cases, with the trimodal distribution in the upper portion of the
precipitating anvil and bimodal distribution in the upper portion
of the extended anvil. Ample amounts of millimeter-sized par-
ticles exist in the precipitating anvil but not in the extended anvil.
Marked by the large gap between the two modes, the upper por-
tion of the extended anvil shows clearly two particle populations

The units of the coordinates are the same as in Fig-

of different origins. In Figure 17c, the observed size spectra
show the existence of some large particles with Dy, > 1 mm at all
levels, indicating the anvil probably was still precipitating.
Thus, the observed anvil represents the transition from a precipi-
tating anvil to an extended anvil. Note that measurements for
this case were made much closer to the active convection. Un-
like the previous cases, the observed size spectra in the upper
portion of the anvil are as broad as those at the lower levels.
Such a vertical homogeneity is also reflected in the observed ver-
tical profiles shown in Figure 16. However, the simulation
failed to catch this phenomenon.

The simulated profiles of number and mass fractions for this
case are quite similar to those for the April 1 case (Figure 13).
As shown in Figure 18a, median-sized particles contribute most
of the total number in the upper part of the precipitating anvil,
while large particles dominate in lower levels. However, large
particles contribute most to the total mass at all levels, with over
70% at the top and over 99% at the bottom. In the extended an-
vil (Figure 18b), medium-sized particles contribute to over 90%
of the total number and mass at the top of the cloud. Large par-
ticles become dominant in mass at the middle portion, but not in
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Figure 13. Same as Figure 7, but for the number and mass
fractions of the April 1 case.

number until further down near the bottom of the cloud. Small
particles are not significant at all levels.

In Figure 19, the simulated profiles of median diameters show
only minor variations from those in the April 1 case (Figure 14).
The value of Dy ppt varies from 65 pum at the top to > 700 pm at
the bottom, whereas Dyt is about 300 pum at the top and over 5
mm at the bottom. In the extended anvil, the mass median di-
ameter Dy ext ranges from 55 um at the top to 400 pm at the bot-
tom, and the number median diameter Dy ex ranges from 35 pm
at the top to 300 um at the bottom. Observational data for Dy
are currently not available for this case.
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the April 1 case.

3.4. Sensitivity Test

In order to see how strongly the number concentration of cir-
rus ice particles is affected by the number concentration of CN, a
sensitivity test is done with 5 times the initial CN for the April 4
case. As shown in Figure 20, the resulting number concentra-
tions of ice particles in the anvil are about 10 times higher than
those of the original simulation (cf. Figure 4). Since the major-
ity of the ice particles in the anvil are from frozen drops, an in-
crease in CN leads to an increase in the number of cloud drops
and interstitial aerosol particles, and hence the number of ice par-
ticles in the anvils. As indicated by the smaller effective diame-
ters shown in Figure 20c, this also lead to a reduction in particle
sizes. As a consequence, cloud settling becomes less significant
such that the anvil appears to be thicker and lasts longer. In ad-
dition, the ice water contents (Figure 20b) are higher than before
because of the reduced sedimentation. A large portion of the
anvil now appears to be vertically uniform, likely due to the re-
duced sedimentation-sorting effect. The result shown here is
different from that of Jensen et al. [1994b], who showed that the
number concentration of ice particles in slow-lifting cirrus clouds
is not very sensitive to the increase of CN, although in both cases
the ice particles form mainly by the freezing mechanism.

The sensitivity test demonstrated that the number concentra-
tion of CN has strong effects on the microphysical structure of
cirrus anvils. In fact, Knollenberg et al. [1993] noticed a possi-
ble continental tropospheric influence of CN that might contrib-
ute to the high ice number concentrations found during their ex-
periment. Unfortunately, measurement on CN in the convective
inflow was not performed during CEPEX. Whether the lack of
CN is responsible for the relatively low ice concentrations found
during CEPEX requires further investigation.

4. Discussion

The simulations presented in the previous section compared
fairly well with observations in one case and not as well in the
others. Many factors may contribute to the discrepancies.
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in the outflow anvil for the March 17 case.

First, the one-dimensional model we applied tends to oversim-
plify the deep convections that have three-dimensional structures.
In addition, the convective activity in cumulonimbus clouds is
usually violent and constantly changing. The properties of the
convective outflow should thus vary with time. Yet, the anvil
simulation takes a snapshot of the convective outflow as its input.
Thus, it only represents a Largrangian evolution of a particular
cross-section of the anvil. On the other hand, the observational
data are collected at different times and places, and often exhibit
nonuniform structures that are not captured by the simulations.
In addition, large cirrus anvils are sometimes observed to be
composed of small-scale convective cells as a result of dynam-
ics-radiation feedback [Sassen ef al., 1989]. Such small-scale
convections tend to create vertical mixing and may contribute to
a vertically more homogeneous anvil (averaged over a certain
horizontal distance) like the one in case 3. Other factors that
may affect the macroscopic structure of the cirrus anvil are the
mesoscale lifting or large-scale subsidence motion [Lilly, 1988;
Sassen et al., 1989]. These factors are not considered in the
simulation, but may provide extra forcing to the growth or decay
of the anvil.

Besides the macroscopic features, some discrepancies also ex-
ist in the microphysical structures between the simulated and ob-
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Simulated vertical profiles of (a) number concentration, (b) water content, and (c) effective diameter

served results. The maximum particle number concentrations
in the anvil for the three simulations are all around 1000 L.
Knollenberg et al. [1993] showed that ice particle number con-
centrations in tropical cirrus anvils may exceed 1000 L.  Yet,
the observed number concentrations for the three CEPEX cases
are significantly lower. McFarquhar and Heymsfield [1996]
and Heymsfield and McFarquhar [1996] discussed several in-
strumental deficiencies in quantifying the complete size spectra.
On the other hand, there exist potential problems with FSSP-type
spectrometers used by Knollenberg et al. [1993]. Nevertheless,
at least for the April 1 and March 17 cases, such large differences
in the total number concentration cannot be fully explained by
the limitations of instruments. One possible explanation would
be the aforementioned subsidence motion that may cause subli-
mation of the anvil and a reduction in the number concentrations.
Significant dissipation was indeed observed during the time of
measurements for the April 1 case, but not in the other two cases.
Other dynamical and microphysical mechanisms that are not fully
considered in the model might have been responsible for the dis-
crepancies.

The mechanisms for the formation of ice particles in tropical
cirrus anvils are the condensation-deposition nucleation and con-
tact nucleation at the lower altitudes and the freezing of droplets
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Same as Figure 15, but for the observed results of the March 17 case.
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Figure 17. Intercomparison of particle size distributions between the simulated anvils and the observational
results for the March 17 case. The ordinate is the number density in L™ mm™ and the abscissa is the maximum

dimension in micrometers.

at the upper levels. As mentioned in section 2, the total number
of ice nuclei applied in the model is 400 L' at the surface.
Considering the expansion of air and other microphysical effects,
these ice nuclei can at best account for about 10% of the 1000 L™
number concentrations obtained in the simulations. Therefore,
the main mechanism for the formation of ice particles in the
simulated anvils is the freezing of cloud droplets and interstitial
aerosol particles. The number concentrations of these cloud
droplets and interstitial aerosol particles are directly affected by
the initial CN size distribution applied in the model. Thus, as
demonstrated by the sensitivity test presented in the previous sec-
tion, a change in the number concentration of CN can signifi-
cantly affect the structures of cirrus anvils. Although the CN
size distribution normally has large spatial and temporal varia-
tions, we applied the same size distribution for all cases due to a
lack of in situ measurements, which is another important factor
that may affect the model results.

With other initial conditions being equal, the differences be-
tween the three simulations are mainly due to variations in the
sounding profiles that determine the atmospheric stability and

the dynamic structure of the convection. Since cloud drop acti-
vation and ice nucleation processes have a strong dependence on
the degree of supersaturation, which in turn depends on the up-
draft speeds, the dynamic structure of the cloud certainly has
strong influences on the number concentrations of various cloud
particles [Ochs, 1978, Chen, 1994]. Yet, one-dimensional
models, such as the one applied here, can only account crudely
for dynamics, especially in the presence of shearing winds and
strong interaction with the environment [Reuter and Yau, 1987,
Curi¢ and Janc, 1993]. For instance, the updrafts in the three
case simulations have maximums of 25 to 35 m s™. These mag-
nitudes could be too high for the tropical region. Although se-
vere midlatitude cumulonimbi over land frequently develop up-
drafts over 40 m s [Musil et al., 1986; Miller et al., 1988],
updrafts in cumulonimbi near the tropical region are normally
lower. The highest maximum updraft speeds found off the west
coast of Africa during the GARP Atlantic Tropical Experiment
[LeMone and Zipser, 1980], in the vicinity of the Indian subcon-
tinent during the Summer Monsoon Experiment [Gamache,
1990], over the western Pacific warm pool during the Equatorial
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Figure 18. Same as Figure 7, but for the number and mass
fractions of the March 16 case.

Mesoscale Experiment [Lucas et al., 1994], as well as in the sub-
tropical ocean southeast of Taiwan during the Taiwan Area
Mesoscale Experiment [Jorgenson and LeMone, 1989; Jorgen-
son et al., 1991] are all between 10 to 15ms”.  Only the meas-
urements made during the Florida Area Cumulus Experiment for
the southern Florida region occasionally show comparable
maximum speeds of over 30 m s [Wiggert et al., 1982], which,
however, might be under continental influences. Unfortunately,
no verification is available from the CEPEX area. Besides the
inherent limitation of the one-dimensional model, the initializa-
tion of convection with a thermal bubble 3 K warmer than the
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Figure 19. Same as Figure 8, but for the median diameters of
the March 16 case.

ambient air might also influence the model outcomes. A test
with a 2 K thermal bubble produced similar updraft profiles in
two cases, and failed to develop mature convection in the other.
Thus, there is no clear indication that the extra buoyancy from
the thermal bubble is the cause of the strong updrafts. Due to
the high computational demands of the microphysical scheme,
we are limited to using the one-dimensional model at this stage.
Considering all the limitations discussed above, the results dem-
onstrated here should only be regarded as a means of assessing
the relative importance of various microphysical mechanisms un-
der simplified conditions.

5. Conclusions

By using a one-dimensional microphysical model, the detailed
microphysical structures of tropical cirrus anvils are simulated
and compared with observations for three cases during CEPEX.
The convective system is partitioned into four sections (the deep
convection, precipitating anvil, extended anvil, and detached an-
vil) according to its macroscopic characteristics. The three
simulated deep convections, with cloud tops reaching over 15 km,
are characterized by strong updrafts and high liquid and ice water
contents over 6 g m™. Conversion of the liquid water into ice
occurred between the -30°C and -40°C levels, producing a vast
amount of ice particles that are then carried by the convective
outflow into the cirrus anvils. The earlier stage of the outflow
anvils, i.e. the precipitating anvil, is characterized by ice water
contents of several tenths of a gram per cubic meter and abundant
precipitation particles below cloud base, which gradually vanish
in the extended anvil stage. The macroscopic features of the ex-
tended anvil from the simulations correspond fairly well with ob-
servations for the April 4 case. However, disagreements in the
macroscopic features are more significant for the other two cases.

The microphysical structures of the tropical cirrus anvils are
simulated in detail, with the important results summarized as fol-
lows.
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Figure 20. Simulated vertical profiles of (a) number concentration, (b) water content, and (c) effective diameter

in the outflow anvil for the April 4 sensitivity test.

1. Ice particles with number concentrations as high as 1000
L are present in the precipitating and extended anvils. These
ice particles are mostly formed by the freezing of cloud droplets
and interstitial aerosol particles.

2. Trimodal size distributions are prevalent in the upper por-
tion of the precipitating anvil with temperatures below about
-40°C. The smallest particles, with a modal value around 10
um, originate mainly from frozen interstitial aerosol particles; the

" medium sized particles, with a modal value around 100 um, are
mainly from frozen cloud drops, whereas the largest
(precipitation sized) particles with a modal value around 1 mm
are mainly from crystal aggregates and rimed ice.

3. Size sorting could be important in controlling the vertical
structure and time evolution of cirrus anvils. Significantly more
large particles exist in the lower portion of the precipitating anvil,
where the particle size spectra are typically broader and bimodal
or unimodal in shape. Millimeter-sized particles are not pres-
ent in the extended anvil due to earlier fallout. The total num-
ber concentration, ice water content, and effective diameter in the
extended anvil generally show a decreasing trend with altitude.

4. Smaller ice particles (D < 100 pm) are fractionally more
important in number at the upper part of the anvil, while larger
particles are more abundant at the lower levels of the precipitat-
ing anvil. For the total mass, large particles with D > 100 pm
contribute more in almost all levels of the precipitating anvil.
Smaller particles become more important in the extended anvils.
They dominate both the total number and mass at the upper part
of the cloud, as well as the total number at the lower part of the
cloud. Larger particles, however, still contribute more in total
mass near the cloud base.

5. A sensitivity test demonstrated that an increase in the
number concentration of condensation nuclei can dramatically
enhance the number of ice particles in the anvil. The change in
number concentrations also affects the vertical structures and the
lifetime of cirrus anvils.

Similar to the macroscopic properties, the microscopic fea-
tures of the simulated anvils also correspond fairly well to obser-
vations for the April 4 case, but not as well for the other two
cases. The discrepancies in the macroscopic and microscopic
properties between the simulations and observations may have
resulted from (1) the simplicity of the one-dimensional model,

and a lack of dynamic/radiative feedbacks; (2) the inability to de-
scribe the large-scale subsidence and small-scale turbulent mo-
tions; (3) the inadequacy of the initial conditions such as the CN
size distributions; (4) the limitations of observation and instru-
mentation, and (5) inconsistency in the time of observations.

This study presents some results that may contribute to the
understanding of the spatial and temporal evolution of tropical
cirrus anvils. Further studies are nevertheless needed in order
to have a comprehensive understanding of their general charac-
teristics and effects on climate. For instance, measurement of
the number concentration of CN in the convective inflow is im-
portant in establishing its relationship with the number concen-
tration of ice particles in the outflow anvils. The relative sig-
nificance of small particles requires further investigation in order
to understand their importance in cloud radiation. In addition,
the shapes of ice crystals and their effects on cirrus cloud micro-
physics and radiative properties are important topics that are not
discussed in this study. Further numerical and observational
studies are needed to examine the nonlinear interactions between
cloud dynamics and radiation.  Finally, a study such as this may
help in developing cirrus parameterization that is appropriate to
the tropical regions.
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