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ABSTRACT

This paper presents a detailed study of a single thunderstorm anvil cirrus cloud measured on 21 July 2002
near southern Florida during the Cirrus Regional Study of Tropical Anvils and Cirrus Layers–Florida Area
Cirrus Experiment (CRYSTAL-FACE). NASA WB-57F and University of North Dakota Citation aircraft
tracked the microphysical and radiative development of the anvil for 3 h. Measurements showed that the
cloud mass that was advected downwind from the thunderstorm was separated vertically into two layers: a
cirrus anvil with cloud-top temperatures of �45°C lay below a second, thin tropopause cirrus (TTC) layer
with the same horizontal dimensions as the anvil and temperatures near �70°C. In both cloud layers, ice
crystals smaller than 50 �m across dominated the size distributions and cloud radiative properties. In the
anvil, ice crystals larger than 50 �m aggregated and precipitated while small ice crystals increasingly
dominated the size distributions; as a consequence, measured ice water contents and ice crystal effective
radii decreased with time. Meanwhile, the anvil thinned vertically and maintained a stratification similar to
its environment. Because effective radii were small, radiative heating and cooling were concentrated in
layers approximately 100 m thick at the anvil top and base. A simple analysis suggests that the anvil cirrus
spread laterally because mixing in these radiatively driven layers created horizontal pressure gradients
between the cloud and its stratified environment. The TTC layer also spread but, unlike the anvil, did not
dissipate—perhaps because the anvil shielded the TTC from terrestrial infrared heating. Calculations of
top-of-troposphere radiative forcing above the anvil and TTC showed strong cooling that tapered as the
anvil evolved.

1. Introduction

The anvil cirrus outflow from low-latitude cumulo-
nimbus clouds is an important component of the earth’s

climate for its role in moistening the upper troposphere
and its perturbation to atmospheric fields of solar and
terrestrial radiative fluxes. There is an increasing
realization that numerical simulations of low-latitude
climate require implementation of detailed cloud mi-
crophysics schemes (e.g., Iacobellis and Somerville
2000). However, there have been relatively few in
situ measurements that can be used to guide these
computations. This is largely due to the logistic dif-
ficulties associated with flying aircraft in low-latitude
anvil cirrus: these clouds are high, cold, and often re-
mote.
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The few airborne studies of low-latitude cirrus an-
vils (Griffith et al. 1980; Knollenberg et al. 1982; 1993;
McFarquhar and Heymsfield 1997; Heymsfield et al.
1998) have shown, for example, that low-latitude cirrus
anvil ice water content (IWC) is horizontally variable,
decreases with increasing height, and can range from a
few hundredths of a gram per cubic meter to over a
tenth of a gram per cubic meter; due to ice crystal sedi-
mentation and aggregation, large ice crystals are most
common near the base of an anvil, where sizes larger
than 1000 �m are not uncommon; near the anvil top,
concentrations of ice crystals with sizes smaller than
�100 �m might exceed 100 cm�3; and large precipitat-
ing crystals near cloud base contribute most highly to
the solar albedo of the cloud.

However, these early studies had several limitations.
In most, fields of cloud mass and optical extinction were
not measured directly but rather estimated from inte-
gration of ice crystal size distributions. Although this
was unavoidable given the available instrumentation,
such integration required some simplistic assumptions
about crystal habit and density. Also, either instrument
uncertainty or lack of instrumentation limited confident
measurement of the concentrations of ice crystals
smaller than approximately 50-�m diameter. And air-
craft were often unable to reach the extreme upper
portions of low-latitude anvils where ice crystals tend to
be smallest, and where they are most radiatively impor-
tant due to their more direct exposure to outer space.
Finally, anvils clearly develop as they detrain from con-
vection, but in none of these studies was this evolution
probed in detail.

This paper attempts to address these limitations us-
ing data obtained during the Cirrus Regional Study of
Tropical Anvils and Cirrus Layers-Florida Area Cirrus
Experiment (CRYSTAL-FACE), which focused on an-
vil cirrus over southern Florida. The dataset allowed a
detailed case study of the evolution of a single low-
latitude cirrus anvil sampled over 3 h on 21 July 2002.
The anvil was chosen from others studied during
CRYSTAL-FACE because it was isolated from sur-
rounding convection and it was well characterized by
two aircraft in situ. The aircraft were outfitted with an
unusually wide range of microphysical, meteorological,
and radiation probes, many of which were flown in an-
vil cirrus for the first time.

2. Meteorological overview

A thunderstorm formed over the west coast of
Florida in the afternoon of 21 July 2002. No significant
synoptic systems were in the storm development re-

gion. Instead, diurnal heating over the peninsula and
general light southerly low-level flow enabled a north
to south sea-breeze front to develop over the west
coast of Florida by early afternoon. This sea-breeze
front is evident on satellite images centered on the
storm development region (Fig. 1a). Nearby soundings
showed values of convective available potential energy
(CAPE) near 1000 J kg�1. This CAPE value is only
about half the mean value of 2500 J kg�1 found in the
region during the latter half of CRYSTAL-FACE.
However, it is within 15% of mean values observed
during other low-latitude field campaigns such as the
Tropical Ocean and Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA
COARE), which took place over the western Pacific
Ocean warm pool, and within the range of 660–1190 J
kg�1 measured for GATE, which took place over the
tropical Atlantic (Li 2003). Low-level convergence
along the sea-breeze front combined with the con-
vective instability to initiate storm development over
the southwest Florida peninsula at about 1700 UTC,
with anvil development occurring subsequently at
about 1815 UTC (Fig. 1b). A sounding was taken on
Florida’s west coast at 25°53�N, 81°19�W, �12 km west
of the sea-breeze front and �35 km southeast of the
storm development location. The sounding indicates
the region was characterized by 15 to 20 m s�1 north-
easterly winds at 200 hPa (Fig. 2). Consequently, the
anvil trajectory at this level was to the southwest over
the open waters of the Gulf of Mexico and in the op-
posite direction of the movement of the storm (Fig. 1c).
The storm reached a peak intensity at 1750 UTC, with
radar reflectivities near 50 dBZ, and remained near
peak intensity until 1840 UTC when it began to
weaken. Most of the resulting cloud mass then relaxed
to what was presumably its level of neutral buoyancy
at about 11-km altitude. National Aeronautics and
Space Administration (NASA) S-band polarimetric ra-
dar (N-POL) imagery showed an outflow boundary
nearer the surface that propagated to the east away
from the storm, and peak reflectivities decreased to less
than 40 dBZ. Meanwhile, the anvil spread southwest
over the gulf, and, by 1945 UTC, it separated from the
dissipating storm.

3. Measurement techniques

a. Airborne platforms

The majority of the aircraft measurements were car-
ried out during the dissipating stages of the storm be-
tween 1945 and 2145 UTC, with a few measurements
taken while the anvil was still developing between 1845
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