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ABSTRACT

Cloud radar data collected at the Atmospheric Radiation Measurement (ARM) Program’s Southern Great
Plains site were used to evaluate the properties of cirrus clouds that occurred in a cloud-resolving model (CRM)
simulation of the 29-day summer 1997 intensive observation period (IOP). The simulation was ‘‘forced’’ by the
large-scale advective temperature and water vapor tendencies, horizontal wind velocity, and turbulent surface
fluxes observed at the Southern Great Plains site. The large-scale advective condensate tendency was not
observed. The correlation of CRM cirrus amount with Geostationary Operational Environmental Satellite (GOES)
high cloud amount was 0.70 for the subperiods during which cirrus formation and decay occurred primarily
locally, but only 0.30 for the entire IOP. This suggests that neglecting condensate advection has a detrimental
impact on the ability of a model (CRM or single-column model) to properly simulate cirrus cloud occurrence.

The occurrence, vertical location, and thickness of cirrus cloud layers, as well as the bulk microphysical
properties of thin cirrus cloud layers, were determined from the cloud radar measurements for June, July, and
August 1997. The composite characteristics of cirrus clouds derived from this dataset are well suited for evaluating
CRMs because of the close correspondence between the timescales and space scales resolved by the cloud radar
measurements and by CRMs. The CRM results were sampled at eight grid columns spaced 64 km apart using
the same definitions of cirrus and thin cirrus as the cloud radar dataset. The composite characteristics of cirrus
clouds obtained from the CRM were then compared to those obtained from the cloud radar.

Compared with the cloud radar observations, the CRM cirrus clouds occur at lower heights and with larger
physical thicknesses. The ice water paths in the CRM’s thin cirrus clouds are similar to those observed. However,
the corresponding cloud-layer-mean ice water contents are significantly less than observed due to the CRM’s
larger cloud-layer thicknesses. The strong dependence of cirrus microphysical properties on layer-mean tem-
perature and layer thickness as revealed by the observations is reproduced by the CRM. In addition, both the
CRM and the observations show that the thin cirrus ice water path during large-scale ascent is only slightly
greater than during no ascent or descent.

1. Introduction

Cirrus clouds, because of their frequent occurrence
and large coverage globally, strongly influence weather
and climate processes through their effects on the ra-
diation budget of the earth and the atmosphere (Liou
1986). Located high in the troposphere and composed
of nonspherical ice crystals of various shapes, their rep-
resentation in numerical weather prediction models and
general circulation models (GCMs) has been identified
as one of the greatest uncertainties in weather and cli-
mate research.

A cloud-resolving model (CRM) is a numerical model
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that resolves cloud-scale (and mesoscale) circulations
in either two or three spatial dimensions. CRMs have
been widely used in cloud system research to investigate
the formation, maintenance, structure, and dissipation
of cloud systems (e.g., Xu et al. 1992; Krueger et al.
1995a,b), to test and develop cloud parameterizations
(e.g., Xu and Krueger 1991; Xu and Arakawa 1992; Xu
and Randall 1996; Köhler 1999), and to evaluate the
sensitivity of model results to parameter changes. In
addition to the observations and single-column models
(SCMs), CRMs are the primary tools of the Global En-
ergy and Water Cycle Experiment (GEWEX) Cloud
Systems Study (GCSS; Browning 1993) and the At-
mospheric Radiation Measurement (ARM; Stokes and
Schwartz 1994) Program. CRMs may be increasingly
used in GCMs to replace the cumulus and stratiform
cloud parameterizations (e.g., Khairoutdinov and Rand-
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all 2001). Thus, evaluating the representation of cirrus
clouds in a CRM will soon be considered part of eval-
uating GCMs.

A few studies have been made to evaluate the rep-
resentation of tropical cirrus clouds in CRMs (Brown
and Heymsfield 2001; Krueger et al. 1995c; Fu et al.
1995), mainly due to the limited number of suitable
observational datasets. Brown and Heymsfield (2001)
statistically evaluated the microphysical properties of
tropical convective anvil cirrus simulated by a 2D CRM
by comparing with aircraft-measured data. The model
was found to represent the distribution of total ice water
content (IWC) quite well and, for temperatures warmer
than 2408C, to correctly predict the dominant contri-
bution of large particles to the IWC. At colder temper-
atures, the model overestimated the fraction of IWC in
large particles and the predicted maximum crystal
length exceeded the observed values in this temperature
range. Sensitivity tests suggested that the excessive rates
of autoconversion and aggregation of cloud ice partly
caused the discrepancies found. Krueger et al. (1995c)
increased the amount of cloud ice and the extent of
tropical anvil clouds simulated by a CRM by improving
its microphysics. Fu et al. (1995) showed that these
modifications improved the microphysics parameteri-
zation by comparing the predicted steady-state IWC as
a function of vertical velocity and temperature to the
measurements used by Heymsfield and Donner (1990)
to evaluate their IWC parameterization.

Evaluation of midlatitude cirrus clouds in CRMs is
very limited due to, again, lack of observations. Re-
cently, the continuous cloud radar measurements at the
ARM Southern Great Plains (SGP) site have produced
extensive datasets. Based on these data, Mace et al.
(2001, MCA hereafter) examined the statistical prop-
erties of cirrus clouds. These are very new statistics
about midlatitude cirrus clouds and make CRM evalu-
ation possible. During the ARM summer 1997 single-
column model intensive observation period (IOP), many
high clouds were observed over the SGP site. This pe-
riod offers a good opportunity to evaluate the cirrus
physics in CRMs.

It is increasingly recognized in the numerical weather
prediction and the global climate modeling communities
that compositing techniques allow evaluation of cloud
physical processes while removing the impact of pos-
sible errors in the large-scale circulation (e.g., Bony et
al. 1997; Lau and Crane 1997; Klein and Jakob 1999;
Tselioudis et al. 2000; Norris and Weaver 2001).

The compositing approach has most commonly been
based on satellite cloud observations over a large area.
Ground-based cloud radar observations are similar to
geostationary satellite observations for a single location,
with some important differences. Whereas a satellite can
retrieve quantities such as cloud-top pressure and optical
depth at cloud-scale resolution (0.5 h, 4 km), the ARM
SGP cloud radar can determine the vertical location and
extent of cloud layers with an accuracy of 90 m every

36 s within a vertical beam that is 33 m in diameter at
10 km above the surface. In addition, methods have been
developed to use cloud radar measurements to retrieve
bulk microphysical properties of various cloud types,
including thin cirrus (e.g., MCA). A time series of such
measurements is able to characterize the subcloud-scale
variability that is produced by interacting cloud pro-
cesses (dynamics, microphysics, and radiative transfer).
Such cloud characteristics, when appropriately com-
posited, can aid the evaluation and improvement of cir-
rus parameterizations in large-scale models, as noted by
MCA. However, they are equally valuable, and perhaps
easier to utilize, for evaluating CRMs, because of the
close correspondence between the time and space scales
resolved by the cloud radar measurements and by a
CRM.

To fully utilize cloud radar–derived or satellite-de-
rived composite cloud characteristics when evaluating
a GCM or an SCM, one must first create a synthetic
cloud field from the model’s large-scale cloud variables
(cloud water/ice mixing ratio and cloud fraction) based
on the model’s assumptions about subgrid-scale cloud
variability and overlap (e.g., Klein and Jakob 1999). We
have used this approach to evaluate the cirrus properties
simulated by an SCM (Luo et al. 2002).

In this paper, we compare the composite character-
istics of cirrus clouds that occurred in a CRM simula-
tion, which was driven by the ARM analysis for the
summer 1997 SCM IOP, with radar observations and
results from a retrieval of cirrus properties using com-
bined radar and interferometer data (MCA). The per-
formance of CRMs, including the CRM used, driven by
the same dataset was analyzed by Xu and Randall (2000)
and Xu et al. (2002). Many aspects of the simulation,
such as surface precipitation, precipitable water, and
profiles of temperature, specific humidity, cloud mass
flux, condensate mixing ratio, and hydrometer fraction
were studied. However, they did not look at the simu-
lated cirrus physics, particularly in a statistical way. To
avoid duplication, we will focus on the simulated cirrus
cloud information in our analysis. Section 2 is a brief
description of the CRM that we used and the simulation
we analyzed. In section 3, we first describe the cirrus
retrieval used for comparison. This is followed by an
explanation of the method used to sample cirrus clouds
in the CRM simulations. In section 4, we present a
statistical comparison of the simulated and retrieved cir-
rus properties. Various properties are compared includ-
ing cirrus cloud occurrence frequency (COF), cirrus
cloud base and top height, cloud thickness, layer mean
temperature, ice water content (IWC), ice water path
(IWP), and equivalent spherical effective radius of ice
crystals (re), which is defined as the ratio of the third
and second moments of the size distribution. The de-
pendence of cirrus microphysical properties on temper-
ature, cloud thickness, and large-scale vertical velocity
is also examined. Section 5 contains our conclusions.
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2. CRM simulations

a. UCLA–CSU cloud-resolving model

The cloud resolving model used in this study is the
2D University of California at Los Angeles–Colorado
State University (UCLA–CSU) CRM. The details of the
CRM have been described by Krueger (1988), Xu and
Krueger (1991), and Xu and Randall (1995). The dy-
namics of the CRM are based on the anelastic system.
The physical parameterizations in the model consist of
a third-moment turbulence closure, a bulk three-phase
microphysics, and an interactive solar and IR radiative
transfer scheme. Turbulent surface fluxes are diagnosed
using flux–profile relationships based on Monin–Obu-
khov surface-layer similarity theory (Businger et al.
1971). The radiation parameterization is based on the
Harshvardhan et al. broadband radiative transfer model
(Harshvardhan et al. 1987; Xu and Randall 1995) with
cloud optical properties as formulated by Stephens et
al. (1990).

The description of the bulk microphysics of the CRM
can be found in Fu et al. (1995), Krueger et al. (1995c),
Lord et al. (1984), Lin et al. (1983), and Hsie et al.
(1980). The bulk microphysics includes five species:
cloud water, cloud ice, snow, graupel, and rain. In the
CRM, cirrus clouds contain small ice crystals (‘‘cloud
ice’’) and large ice crystals (‘‘snow’’). The cloud ice in
the model increases due to nucleation and depositional
growth and decreases due to sublimation, conversion to
snow, and accretion by snow and graupel. Within the
model, the processes that generate snow are the collision
and aggregation of the smaller cloud ice particles, con-
tact freezing of small raindrops, and depositional growth
and riming of small ice crystals. Once generated, the
snow continues to grow by accretion and deposition.
Sublimation and melting reduce the snow content. The
ice microphysics scheme produces IWC values as a
function of temperature and vertical velocity that are
comparable to measurements presented by Heymsfield
and Donner (1990; Fu et al. 1995).

According to numerical cirrus model results (Starr
and Cox 1985), the vertical transport of ice due to sed-
imentation is very significant in cirrus. In the CRM,
cloud water and cloud ice have zero fall speed, and
snow, rain, and graupel have mass-weighted mean ter-
minal velocities that depend on the mixing ratio and
size distribution assumed. For snow, an exponential size
distribution is hypothesized:

n (D) 5 n exp(2l D ),S 0S S S (1)

where n0S is the intercept parameter of the snow size
distribution, DS is diameter of the snow particles, and
lS is the slope parameter of the snow size distribution.
According to the measurements of Gunn and Marshall
(1958), n0S is given as 3 3 1022 cm24. By multiplying
(1) by particle mass and integrating over all diameters
and equating the resulting quantity to the snow content,

lS is determined. In the CRM, the terminal velocity of
a snow particle of diameter DS is

1/2
r 0dU 5 cD . (2)DS S1 2r

Fu et al. (1995) based this on the relation suggested by
Locatelli and Hobbs (1974). Specifically, UDS is appro-
priate for graupel-like snow of hexagonal type, with the
constants c and d being 152.93 cm12d s21 and 0.25, re-
spectively. The square root factor involving air density
r allows for increasing fall speeds with increasing alti-
tude. The mass-weighted terminal velocity is defined as

U 5 U q(D ) dD /q , (3)S E DS S S S

where q(DS)dDS is the mixing ratio of snow particles
with diameters DS, and qS is the total mixing ratio of
snow. Combining (1), (2), and (3), we obtain the mass-
weighted mean terminal velocity of snow:

1/2cG(4 1 d) r 0U 5 . (4)S d 1 26l rS

In (4), G is the gamma function. We will discuss the
effects of using this method of determining fall speed
of snow on cirrus properties in the CRM in later sec-
tions.

b. Simulation description

We analyzed a 29-day simulation based on the large-
scale dataset of the ARM summer 1997 single-column
model intensive observation period at the SGP Cloud
and Radiation Testbed (CART) site produced by the
variational analysis method (Xu and Randall 2000). The
domain size is 512 km by 18 km, with a horizontal grid
size of 2 km and a variable vertical grid size that is
about 800 m at cirrus levels. ARM analyses used by the
simulation consist of initial atmospheric state, time-
varying large-scale advective tendencies of potential
temperature and water vapor, time-varying large-scale
horizontal winds, time-varying surface turbulent fluxes,
and time-varying surface pressure.

Balloon-borne soundings of winds, temperature, and
dewpoint temperature were obtained every 3 h from the
SGP CART central facility located near Lamont,
Oklahoma (36.618N, 97.498W) and from four boundary
facilities, which form a rectangle of approximately 300
km 3 370 km. The sounding data, combined with the
surface and the top-of-atmosphere flux observations, are
analyzed over such a horizontal domain by Zhang and
colleagues, using a constrained variational objective
analysis method (Zhang and Lin 1997; Zhang et al.
2001). The variational analysis method forces the at-
mospheric state variables to satisfy conservations of
mass, moisture, energy, and momentum by making
small adjustments to the original soundings of winds,
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FIG. 1. Time series of GOES observed cloud amounts over ARM
SGP CART site for summer 1997 IOP where A, B, and C denote
three subperiods of the IOP. The solid line represents the total cloud
amount. The shaded area represents the high-cloud amount.

temperature, and water vapor mixing ratio. The large-
scale advective tendencies used to drive the CRM were
obtained by averaging the constraining surface and the
top-of-atmosphere flux observations over 9 h. This may
produce some errors in the forcing. The averaged flux
observations and the large-scale forcing obtained by us-
ing them are called version 1 here, and those that were
not averaged are called version 2. We used both for our
analysis of results in this study, but the simulation was
based upon the version 1 dataset.

Observed surface turbulent fluxes from the ARM en-
ergy balance/Bowen ratio measurements were used in
the CRM. The CRM surface fluxes are first calculated
from surface turbulent flux formulations using the pre-
scribed ground temperature and soil wetness. Then the
difference between the observed flux and the CRM do-
main-averaged flux is added to the calculated flux, at
each grid point, to get a new surface flux that is used
in other parts of the model. By doing this, only the
domain-averaged fluxes are constrained to the observed
values and horizontal variations of the surface fluxes
are allowed.

Also, the observed horizontal wind components are
nudged with a nudging time of 1 h so that the domain-
averaged horizontal wind components are approximate-
ly equal to the observed. The horizontal inhomogeneity
of u and y components inside the CRM domain is pre-
served by the nudging procedure. Unfortunately, the
large-scale horizontal advection of condensate is not
included due to lack of measurements. In the upper tro-
posphere, values of the divergence of hydrometers due
to horizontal advection can be a similar order of mag-
nitude as the divergence of water vapor, that is, 0.1 g
kg21 h21 (Petch and Dudhia 1998). Periodic lateral
boundary conditions are used. This is consistent with
imposing horizontally uniform large-scale forcing. In
the CRM, convection is initiated by introducing small
random perturbations in the temperature field in the sub-
cloud layer for the first hour or so. The interactions
between clouds and radiation are included in the sim-
ulation.

During this IOP, clouds over SGP CART site were
mainly high clouds as revealed by the time series of
Geostationary Operational Environmental Satellite
(GOES) total cloud amount and high-cloud amount (Fig.
1). By watching the animation of clouds observed by
GOES,1 we chose the subperiods A, B, and C during
which cloud systems were mostly formed locally, and
precipitation occurred most of the time. When we com-
pare the CRM-simulated cirrus occurrence with GOES
and radar-observed cirrus occurrence in section 4, we
will look at both the entire IOP and the subset consisting
of these three subperiods.

It was found that the evolution of convective activity,
temperature, and specific humidity are reasonably sim-

1 The video tape of the animation of GOES IR imagery is available
from ARM.

ulated (Xu et al. 2002; Xu and Randall 2000). As a
supplement, we provide a comparison of simulated rel-
ative humidity with the observed values (Fig. 2). At
upper troposphere, the root-mean-square (rms) errors for
the selected subperiods and the entire IOP are about
15% and 20%, respectively, the biases are about 3% and
10%, the correlation coefficients are about 0.6 and 0.4,
and the normalized standard deviations are about 1.2.
These results suggest that the relative humidity is pre-
dicted relatively well by the model. By comparison,
Emanuel and Zivkovic-Rothman (1999) optimized a cu-
mulus parameterization’s parameters in an SCM by min-
imizing the rms error of relative humidity. After opti-
mization, the rms error was about 15%.

3. Method to use cirrus retrievals to evaluate
CRM results

a. Cirrus retrievals

MCA determined the properties of cirrus clouds de-
rived from 1 yr (December 1996–November 1997) of
35-GHz radar (MMCR) data collected at the SGP ARM
site in Oklahoma. They also used additional measure-
ments to retrieve the bulk microphysical properties of
thin cirrus.

According to MCA, to qualify as a cirrus cloud layer,
the temperature at cloud top must be less than 2358C
and the temperature at the level of maximum ice water
content must be less than 2208C. This definition ensures
that ice microphysical processes are dominant in the
generation region near cloud top, but excludes deep
cloud layers that are capped by ice-phase clouds. MCA
used a version of this definition based on radar reflec-
tivity. They required the radar echo top to occur at a
temperature less than 2358C and the level of maximum
dBZe to occur at a temperature less than 2208C. At
cirrus cloud levels, the minimum detectable reflectivity
of the SGP cloud radar is 240 to 235 dBZe. The tem-
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FIG. 2. Statistics of relative humidity for the entire simulation period (solid lines) and the
selected subperiods A, B, and C (dashed lines). (a) Rms error. (b) Bias. (c) Temporal correlation
coefficient. (d) Normalized std dev.

poral and vertical resolution of the cloud radar is 30 s
and 90 m, respectively.

MCA retrieved the ice water path, layer-mean effec-
tive radius (re), and the layer-mean ice particle concen-
tration (n) using the method described by Mace et al.
(1998). The method assumes that the cirrus ice particle
size distribution can be described by a first-order mod-
ified gamma distribution. The particular size distribution
is determined by requiring that its sixth moment match
the observed radar reflectivity factor, and that its radi-
ative properties, as parameterized by Fu and Liou
(1993), match the radiance measured by the atmospheric
emitted radiance interferometer (AERI) at a wavelength
between 10.2 to 12.5 mm. This retrieval algorithm re-
quires that the cirrus layer be optically thin, with a layer
emissivity less than 0.85. It is also necessary that no
lower clouds obscure the cirrus layer from the AERI.
The temporal resolution of the retrieved properties is
determined by the AERI: 3-min averages are generated
every 8 min, so these numbers represent the individual
retrievals that are 3-min-averaged layer means. Obser-
vational and theoretical studies cited by MCA indicate
that the IWP and effective size can be determined within
uncertainties of 30% and 20%, respectively.

For a retrieval to be considered reliable, we required
that 1) the fractional difference of the retrieved radiance

compared to that measured by the AERI be less than
0.1, 2) the IWP be less than 1000 g m22, and 3) the
layer-mean IWC be less than 100 mg m23. For the sum-
mer 1997 (June, July, August) there were 1276 reliable
retrievals, which is about 76% of the total retrievals.

b. Simulated cirrus

We sampled the CRM results at 16 grid columns (32
km apart) every 5 min for all 29 days of the simulation
using nearly the same definitions of cirrus and ‘‘thin
cirrus’’ as MCA. To qualify as a cirrus cloud layer in
the simulation, we required the radar echo top to occur
at a temperature less than 2358C. To be consistent with
the SGP cloud radar’s sensitivity, we defined a radar
echo to exist when dBZe $ 240. The CRM performs
microphysical calculations for a hydrometeor species
only if its mixing ratio is greater than 1026 kg kg21.
This restricts the snow reflectivity to values greater than
about 230 dBZe at cirrus cloud levels. We also required
the maximum dBZe in a cirrus cloud layer to occur at
a temperature less than 2208C. To qualify as thin cirrus,
we also require the cirrus layer to have an IR emissivity
less than 0.85, and for there to be no lower clouds.

We calculated the reflectivity from the mixing ratios
of rain, graupel, cloud water, cloud ice, and snow. For
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rain and graupel, the reflectivity depends on the intercept
and density of each species, as well as the mixing ratio.
For cloud water, cloud ice, and snow, the reflectivity
depends on the effective radius of the cloud particles
and the mixing ratio. The reflectivity for these species
is estimated using the following equation suggested by
S. Matrosov (Beesley et al. 2000):

3Z 5 aWr ,e e (5)

where a is a coefficient (49.6 3 1026 for liquid, 9.4 3
1026 for ice), W is liquid or ice water content in g m23,
and re is an assumed effective radius of the cloud par-
ticles in micrometers (Beesley et al. 2000). For ice par-
ticles, re is the equivalent spherical effective radius de-
fined as the ratio of the third and second moments of
the size distribution. The units of the coefficient a are
such that W is g m23, re is in micrometers, and Ze is in
mm6 m23. The coefficient a depends on the details of
the particle size distribution. The suggested values are
for the lognormal distribution with width parameter s
5 0.44 (liquid clouds) and the first-order gamma func-
tion distribution (ice clouds) (Matrosov 1999). The co-
efficient recommended by Matrosov for ice is valid up
to about re , 40–45 mm. For larger re it decreases with
re (this is the effect of the particle bulk density, which
diminishes with size). We used re 5 10 mm for cloud
water, 25 mm for cloud ice, and 75 mm for snow (Q.
Fu 2000, personal communication) to estimate radar re-
flectivity and IR emissivity. The re parameterization was
not used in the CRM simulation. It was used only in
the analysis to diagnose radiative properties of cirrus.

We calculated the IR emissivity of a cirrus layer from
the mixing ratios and effective sizes of cloud ice and
snow. The cloud layer IR emissivity « at a particular
wavelength is defined as

z2

« 5 1 2 exp 2 s (z) dz , (6)E a[ ]
z1

where

s (z) 5 [1 2 ṽ(z)]b(z),a (7)

is the infrared absorption coefficient, z1 is the cloud-
base height, z2 is the cloud-top height, is the single-ṽ
scattering albedo, and b is the extinction coefficient. As
parameterized by Fu and Liou (1993), b and can beṽ
obtained in terms of the mean effective size and ice
water content:

2

nb 5 IWC a /D (8)O n e
n50

3

n1 2 ṽ 5 b D , (9)O n e
n50

where an and bn are wavelength-dependent coefficients,
and De is the mean effective size of ice crystals. Fu and
Liou gave the coefficients for 18 spectral bands with

central wavelengths ranging from 0.55 to 70.0 mm. In
order to match the radiance used by MCA (wavelength
between 10.2 and 12.5 mm), those coefficients for the
spectral band with 11.3-mm central wave length are used
in our calculation. To include the emittance of large ice
particles (snow) in addition to small ice particles (ice)
in cirrus clouds, we used the following equation to cal-
culate sa:

s 5 [1 2 ṽ(z)] b (z) 1 [1 2 ṽ(z)] b (z).a i i s s (10)

The layer mean De is obtained from

IWP 1 SWP
D 5 , (11)e IWP SWP

1
D Dei es

where IWP and SWP are ice water path and snow water
path, and Dei and Des are effective sizes of cloud ice
and snow, respectively. From the formula, we can see
that the cirrus layer mean effective size is determined
by the specified values of Dei and Des, and the parti-
tioning of ice mass between small (cloud ice) and large
(snow) particles in the cirrus clouds. We set De 5 2re

by assuming a quasi-spherical shape of ice crystal so
that De is 50 and 150 mm for ice and snow, respectively.
The layer-mean effective radius is then simply

r 5 D /2.e e (12)

For the CRM-simulated cirrus cloud layers, we cal-
culated frequency distributions of IWP, IWC, effective
radius (re), layer thickness, midcloud height, and mid-
cloud temperature using the same criteria as MCA for
‘‘all cirrus’’ clouds, thin cirrus clouds, cold thin cirrus,
and warm thin cirrus. The cloud type definitions are
analogous to those used by MCA. Note that the obser-
vational statistics used in our comparison are based on
3 months of cloud property retrievals, from June to Au-
gust 1997, while the period of our simulation is 29 days
starting 2330 UTC 18 June 1997. When cirrus occur-
rence frequency is examined however, only observations
during the SCM IOP, that is, the same period as the
CRM simulation, are used.

4. Comparison of cirrus properties between CRM
and observation

a. Cirrus cloud occurrence frequency

We calculated the CRM all cirrus and thin cirrus 3-
hourly COF for each of the 16 single columns (32 km
apart). Here the COF is the fraction of time when cirrus
are ‘‘observed’’ in the CRM column. The COFs aver-
aged over all 16 columns are calculated as well. The all
cirrus and thin cirrus COFs from MCA’s results are ob-
tained similarly, but for one column only.

We compared the CRM COF and MCA’s COF with
the GOES high cloud amount (Minnis et al. 1995). The
GOES high cloud amount is area averaged over the
SCM domain. The GOES cloud height is based on the
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FIG. 3. (a) Taylor diagram for 3-hourly cirrus COF over the entire
simulation period. (b) Similar to (a) but for subperiods A, B, and C
of the IOP. The reference field is the smoothed GOES high-cloud
amount. G: the reference field and the unsmoothed GOES high-cloud
amount; R and r: MCA’s all and thin cirrus COF. C and c: CRM all
cirrus and thin cirrus COF averaged over 16 columns. S and s: CRM
all cirrus and thin cirrus COF at 16 single columns.

TABLE 1. Cirrus occurrence frequency (values without brakets or
parentheses) from the CRM simulation, Mace et al. (2001), and GOES
observation at ARM SGP CART site; correlation coefficients (values
in brackets) and normalized standard deviation (values in parentheses)
with respect to GOES high-cloud amount (version 1).

Period CRM MMCR GOES

Summer 1997 SCM IOP

Subperiods A, B, C

0.37 [0.30]
(1.250)

0.30 [0.70]
(1.011)

0.30 [0.63]
(1.523)

0.37 [0.63]
(1.476)

0.27 [1.00]
(1.00)

0.34 [1.00]
(1.00)

cloud-center temperature, which is defined as the equiv-
alent radiating temperature of the cloud, assuming the
cloud radiates as a blackbody. For optically thin clouds,
the cloud-center temperature generally corresponds to
some temperature between the physical center and top
of the cloud. The cloud-center temperature approaches
the cloud-top temperature as the cloud becomes opti-

cally thick. A sounding is used to get the cloud-center
altitude. High clouds are those with cloud-center alti-
tudes higher than 6 km.

A Taylor diagram can concisely summarize the degree
of correspondence between simulated and observed
fields or time series (Taylor 2001). It is used here to
describe the performance of the CRM in simulating the
occurrence of cirrus clouds (Fig. 3). Only observations
during the SCM IOP are used here in the comparison.
The 3-hourly GOES high-cloud amount observed at the
ARM SGP CART site (averaged over 9 h) is used as
the reference field. It is represented by a symbol G lo-
cated at the point where the correlation is 1.0 and the
normalized standard deviation is 1.0 in Fig. 3. The other
symbol G in Fig. 3 represents the unsmoothed GOES
high-cloud amount. Since the large-scale forcing used
to drive the CRM was obtained by averaging the con-
straining surface and top-of-atmosphere (TOA) fluxes
over 9 h, we compare the CRM results with the
smoothed GOES high-cloud amount. To be consistent,
we should compare MCA’s results with the unsmoothed
GOES high-cloud amount. As shown by Fig. 3, how-
ever, there is little difference between the statistics of
the two GOES high-cloud amounts: their correlation
coefficient is 0.99 and the ratio of their standard devi-
ations is 1.08, so it is reasonable to use the smoothed
high-cloud amount as the reference field for MCA’s re-
sults, too.

Table 1 gives the cirrus COFs as well as the corre-
sponding correlation coefficients and standard devia-
tions with respect to the GOES high-cloud amount (av-
eraged over 9 h). Over the entire simulation period, the
CRM cirrus COF is 0.37, the radar-observed cirrus COF
is 0.30, and the GOES high cloud amount is 0.27. The
cirrus occurrence during the subperiods A, B, and C
from the CRM-simulated and radar observations are
0.30 and 0.37, respectively, while the high cloud amount
from GOES is 0.34. For both the entire IOP and the
subperiods, the GOES high-cloud amount is 0.03 less
than the cloud radar cirrus COF. The fact that GOES
can fail to detect or properly classify optically thin high
clouds may partly explain the difference between GOES
high cloud and radar cirrus amounts. The CRM cirrus
COF during the three subperiods is 0.30, which is slight-
ly less than the cloud radar cirrus COF and the GOES
high-cloud amount. The cloud radar cirrus COF and the
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TABLE 2. Cirrus macroscale statistics derived from the CRM sim-
ulation over summer 1997 SCM IOP and from Mace et al. (2001)
summer 1997 (Jun, Jul, Aug) data at the SGP ARM site. The values
outside of brackets or parentheses are mean quantities. Values in
parentheses denote std devs of the mean quantities. Values in brackets
denote means derived from the optically thin single-layer subset of
cloud events. The CRM results are based on samples at eight columns
(64 km apart).

CRM MCA

Freq. (%)

Base height (km)

Top height (km)

37
[19]

8.8 (2.0)
[8.9]

12.0 (1.3)
[11.7]

30*
[16*]

10.3 (1.8)
[10.8]

12.1 (1.4)
[12.4]

Midcloud height (km)

Thickness (km)

Midcloud temperature (K)

10.5 (1.3)
[10.3]

3.4 (2.0)
[2.8]

228 (9.4)
[228]

11.2 (1.5)
[11.6]

2.0 (1.5)
[1.5]

225 (10.5)
[223]

* The cirrus cloud frequency is obtained using data during the SCM
summer IOP.

GOES high-cloud amount were 0.07 greater during the
subperiods than during the entire IOP, while the CRM
cirrus COF was 0.07 less during the subperiods than
during the entire IOP. The anomalously large CRM cir-
rus COF for the IOP appears to be primarily due to
large-scale forcing errors, as described below.

Barnett et al. (1998) found that a 3-h time average
of solar radiation (with diurnal cycle removed) on
cloudy days at a single point has a correlation of 0.6
with the average over a region 180 km in diameter. We
found the same correlation (0.63) between the cirrus
COF observed by the cloud radar and the GOES high-
cloud amount averaged over the 300-km diameter SCM
domain (both averaged over 3 h), as shown in Table 1
and Fig. 3.

The correlation with GOES high-cloud amount for
the CRM all cirrus and thin cirrus COF for the entire
IOP averaged over 16 columns, symbols C and c in Fig.
3a, are 0.30 and 0.03, respectively, which are lower than
the corresponding values for the radar observations and
retrievals, 0.63 and 0.15 (symbols R and r). The CRM
cirrus COFs, when averaged over 8 columns (64 km
apart) are almost the same as those averaged over 16
columns, so the CRM cirrus cloud occurrence frequency
averaged over 8 or more columns can represent the
large-scale, or CART-averaged value. For the entire IOP,
the CRM all cirrus and thin cirrus COFs at 16 single
columns (symbols S and s) are correlated less with the
GOES high clouds amount than are MCA’s results.
There are some possible reasons for the poor correlation
between CRM cirrus occurrence and GOES observation.
The lack of estimates of large-scale condensate advec-
tion is probably the main reason. Sampling from a single
CRM simulation is another reason due to the variability
in the convective systems in different simulations. Mod-
el deficiencies in the presentation of physical processes,
particularly ice microphysics, are of course also a pos-
sible reason. Errors in the large-scale forcing used to
drive the CRM contribute to the poor correlation be-
tween CRM and GOES observation, when the whole
period is considered. We compared the time series of
CRM simulated cirrus COF, cloud radar observed cirrus
COF, and GOES high-cloud amount during the entire
simulation period to identify periods of disagreement.
We also compared the time series of the upper-tropo-
spheric large-scale vertical velocity used to determine
the large-scale advective tendencies used in the CRM
simulation (which was obtained by averaging the con-
straining surface and TOA fluxes over 9 h in the vari-
ational analysis), with the unsmoothed time series to
determine periods of disagreement that may indicate
errors due to averaging. The CRM overestimates cirrus
occurrence on 2 and 3 July when strong upward motion
occurs in the smoothed analysis (compared with the
unsmoothed version), and the overestimation on 5 July
is possibly related to the unrealistic weak downward
motion.

To largely exclude the effects of no condensate ad-

vection estimates, we calculated the statistics for sub-
periods A, B, and C of the simulation (14 days), during
which cloud systems formed and decayed mostly within
the CART. The results are shown in Fig. 3b and Table
1. The correlation coefficients for CRM all cirrus and
thin cirrus cloud occurrence with respect to GOES high-
cloud amount increase to 0.70 and 0.52, respectively,
while those for the radar observations and retrievals
remain unchanged: 0.63 and 0.15. Apparently the CRM
can simulate the occurrence of locally formed cirrus
reasonably well in these subperiods. Our analysis of the
National Centers for Environmental Prediction SCM cir-
rus properties also shows that the correlation of the SCM
cirrus COF increases significantly when only these sub-
periods are considered (from 0.47 to 0.68) (Luo et al.
2002). Since the CRM and the SCM contain very dif-
ferent physics, this suggests that lack of cloud water/
ice advection is a major reason for the poor temporal
correlation between simulated cirrus occurrence and ob-
servations over the entire IOP, and that including such
advection in numerical models will increase their ability
to predict cirrus occurrence.

We should mention that although the temporal cor-
relation between CRM cirrus and the observations over
the entire simulation period is low, this should not affect
the statistical properties of CRM cirrus clouds since the
properties should be determined by the physical pro-
cesses in the model and the large-scale advective ten-
dencies used to drive the model.

b. Cirrus macroscale statistics

The macroscale statistics of the simulated and ob-
served cirrus clouds are shown in Table 2. Figures 4
and 5 give frequency distributions of the cirrus macro-
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FIG. 6. Frequency distributions of thin cirrus microphysical prop-
erties from CRM (solid line) and MCA (dashed line). (a) Ice water
path. (b) Layer-mean ice water content. (c) Layer-mean effective
radius.

TABLE 3. Thin cirrus microphysical and radiative properties. Val-
ues without brackets are the CRM results for summer 1997 SCM IOP
while those in brackets denote results from Mace et al. (2001) for
summer 1997 (Jun, Jul, Aug). The CRM results are based on samples
at eight columns (64 km apart).

Mean
Standard
deviation Mode Median

IWP (gm22)

IWC (mgm23)

r e (mm)

19.8
[13.9]

5.9
[8.7]
40.3

[43.9]

21.4
[29.5]

4.9
[9.7]
17.1

[50.0]

2.5
[4.0]
4.6

[4.1]
30.0

[30.1]

11.4
[6.0]
4.4

[5.6]
33.5

[32.1]
IR emissivity

Visible optical depth

0.305
[0.276]
0.877

[0.554]

0.257
[0.220]
0.923

[0.667]

0.054
[0.001]
0.009

[0.202]

0.235
[0.226]
0.510

[0.324]

scale statistics for all cirrus and thin cirrus clouds, re-
spectively. The CRM results are based on samples at
eight columns (64 km apart) every 5 min for the entire
simulation period. For all cirrus we found 24 581 sam-
ples in total. For thin cirrus we found 13 062 samples.
The MCA dataset of summer 1997 (June, July, and Au-
gust) are used.

We found that CRM-simulated cirrus tend to have
lower base and are thicker. The mean cloud-top and
cloud-base heights of CRM all cirrus clouds are 12.0
and 8.8 km, that is, 0.1 and 1.5 km lower, respectively,
than the radar observations. The mean thickness is 3.4
and 2.8 km for all cirrus and thin cirrus, respectively,
which is larger than radar observations (2.0 and 1.5 km).
Comparing the frequency distributions of cloud thick-
ness of CRM cirrus and observed cirrus (Figs. 4a and

5a), we can find that the modal values of the CRM cirrus
cloud thickness distribution are both larger than the ra-
dar observations. Some of this discrepancy can be ex-
plained by the large vertical grid interval of the CRM,
which is about 800 m at cirrus levels and about 8 times
the cloud radar’s vertical grid interval. Since the dis-
crepancies in the CRM’s mean cloud base are 21.5 and
21.9 km for all and thin cirrus, respectively, while those
of the mean cloud top are smaller, 20.1 and 20.7 km,
we expect that one possible reason for too large depths
is that the large ice crystals in the CRM cirrus fall too
far before evaporating. This could be due to the fall
speed of the large-crystal component of the size distri-
bution being too great.

The radar-observed and CRM-simulated midcloud
height distributions have similar shapes but again the
simulated cirrus cloud heights are lower (Figs. 4b and
5b). Given the above results, CRM cirrus clouds tend
to be warmer than the observations (Figs. 4c and 5c).
Therefore, we can say that, compared with the obser-
vations, the CRM cirrus clouds occur at lower heights
(higher temperatures) with thicknesses that are too large.

c. Thin cirrus microphysical properties

The radiative properties of cirrus clouds depend on
the macroscale and microphysical properties. Frequency
distributions of thin cirrus microphysical properties, in-
cluding ice water path, layer-mean ice water content,
and layer-mean effective radius (re) are shown in Fig.
6. Table 3 gives the statistics of these properties as well
as those of IR emissivity and visible optical depth. We
can evaluate these properties for CRM thin cirrus only
since the microphysical properties of optically thick cir-
rus cannot be determined using the retrieval technique
of MCA.

Both the observations and the CRM show that most
thin cirrus clouds have relatively low IWP and layer-
mean IWC. The simulated mean IWP is 19.8 g m22,
which is comparable to the retrieval (13.9 g m22). The
mean layer-mean IWC from the CRM and retrieval are
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5.9 and 8.7 mg m23, respectively. The maxima of both
the IWP and IWC distributions show agreement between
the simulation and observations. Basically, the distri-
butions of CRM IWP and IWC match those of obser-
vations fairly well. The agreement suggests that the
CRM produces about the correct amount of ice in its
thin cirrus cloud cover. One disagreement here is that
some thin cirrus clouds with large IWC (larger than 30
mg m23) are observed but not simulated by the CRM.

The frequency distribution of layer-mean re for the
CRM cirrus clouds is unrealistic compared with obser-
vation. This occurs because of the simple method we
used to specify the effective radius. As noted in section
3b, the effective size in the CRM cirrus clouds is de-
termined by the specified sizes of small ice crystals (25
mm) and large ice crystals (75 mm) as well as the IWP
and SWP values in the cirrus cloud. As a result, re cannot
be smaller than 25 mm, nor larger than 75 mm. A more
physically based method for specifying the effective size
is needed in order to diagnose the radiative properties
of CRM cirrus clouds more realistically. Table 3 also
shows that the statistics of layer IR emissivity and vis-
ible optical depth of CRM thin cirrus clouds are com-
parable to those of the observations.

d. Thin cirrus physical relationships

The properties of cirrus clouds that form as a result
of large-scale ascent are the result of an approximate
balance between ice production by deposition and ice
loss due to sedimentation and sublimation (Heymsfield
and Donner 1990; Donner et al. 1997). In such circum-
stances, ice production, P, depends primarily on tem-
perature and large-scale vertical velocity, while sedi-
mentation and sublimation loss, L, depends on the ice
mixing ratio, qi, and the residence time of ice in the
layer, t. The residence time is related to the layer thick-
ness, h, and the ice fall speed, Vi. This process can be
represented by the following equation:

dq q q Vi i i i5 P 2 L 5 P 2 5 P 2 ø 0. (13)
dt t h

The steady-state ice mixing ratio is qi 5 P(h/Vi), and
therefore depends on several large-scale parameters
(temperature, vertical velocity, and cloud thickness) as
well as a microphysical parameter (the ice fall speed).
We therefore evaluate the CRM’s ability to reproduce
the observed relationships between IWC, T, v, and
cloud thickness in thin cirrus.

1) TEMPERATURE AND THICKNESS DEPENDENCE

Due to the impact of adiabatic process on ice cloud
content, temperature has been shown to be strongly cor-
related with observed cirrus properties (e.g., Heymsfield
and Platt 1984). It is certainly important to represent
such temperature dependency correctly in a CRM. In
Fig. 7, we compare the frequency distributions of mi-

crophysical properties derived from the observations
and simulation, segregated by midcloud temperature
(Tm). The right-hand column of plots are for the warm
thin cirrus clouds (Tm . 230 K), while the left plots are
for the cold thin cirrus clouds (Tm , 220 K). We found
that the observed dependence of the distribution of each
property to temperature is qualitatively reproduced by
the CRM. The observations show that the mean and
median ice water contents tend to increase with mid-
cloud temperature while the modes of the distributions
remain near the minimum observation values. Similar
results are found in the CRM thin cirrus. Although the
distributions of CRM re have some unrealistic aspects,
the tendency for the CRM mean, median, and mode of
re to increase with temperature is obvious, and is con-
sistent with the observations.

A plot of thin cirrus IWPs and layer-mean IWCs ver-
sus midcloud temperature is given in Fig. 8, which com-
pares CRM results with the results from MCA. The
IWPs and layer-mean IWCs are averaged over temper-
ature bins of 5 K. The bar in each temperature bin shows
the 90% confidence interval for that temperature range.
Figure 8a shows good agreement between the CRM and
observed IWP temperature dependence. The rate of in-
crease with temperature and their magnitudes are quite
similar. Figure 8b shows that the IWCs generally in-
crease with temperature. The range of the 90% confi-
dence interval for the retrieved results is generally larger
than for the CRM results, especially at higher temper-
ature, due to fewer samples. The comparison of the
layer-mean IWC–temperature relationships shows that
although the CRM and observations have similar rates
of increase of IWC, their magnitudes are substantially
different with the CRM’s being lower. This is consistent
because the CRM thin cirrus IWP is about the same as
for the retrieved thin cirrus clouds but the CRM thick-
ness is greater (Fig. 5).

Cloud thickness is another important factor deter-
mining cirrus properties. Thicker cloud layers most of-
ten reach the warmest temperature, so the sensitivity of
clouds microphysics on layer-mean temperature implic-
itly includes a dependence on cloud-layer thickness.
However both variables contribute independent infor-
mation (MCA). The dependence of thin cirrus IWP and
layer-mean IWC on cloud thickness in the CRM results
is similar to the observed (Table 4). We segregated the
thin cirrus layer-mean IWCs and IWPs into three classes
(coldest, neutral, and warmest layers) first, and then
grouped them by cloud depth DZ: DZ , 1 km; 1 km
, DZ , 2 km; 2 km , DZ , 4 km. For all three classes
(coldest, neutral, and warmest layers), mean and median
IWC and IWP values increase significantly when the
cloud depth increases from , 1 km to 2–4 km. This
feature is found in both the CRM and radar datasets.

Figure 9 is a plot of thin cirrus layer-mean IWCs
versus temperature and cloud depth. The IWCs are seg-
regated as in Table 4. The mean value of IWC in each
class is represented by a symbol. The bars again indicate
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FIG. 7. Frequency distributions of thin cirrus microphysical properties for the warmest and coldest classes. Left
plots are for cold layers (T , 220 K) and right plots are for warm layers (T . 230 K). (top) Ice water path,
(middle) layer-mean IWC, (bottom) layer-mean effective radius.

the 90% confidence interval. There is a clear tendency
for observed and simulated IWCs to shift toward larger
values not only with higher temperature but also for
larger cloud thickness, as revealed by both the CRM
and retrieval results. The large confidence interval of
the retrieval results again from limited samples and also
shows the effects of factors other than temperature and
cloud depth on IWC.

2) SENSITIVITY TO LARGE-SCALE VERTICAL

VELOCITY

We examined the sensitivity of thin cirrus layer-mean
IWCs to large-scale vertical velocity for the SCM IOP
(Fig. 10). Here the IWCs are 3-hourly averaged values

in the thin cirrus cloud classification. The large-scale
vertical velocities are 3-hourly v 5 dp/dt at 265-mb
level produced by the variational analysis. We used the
version of the large-scale v, which was used to drive
the CRM (and was obtained by averaging the constrain-
ing flux observations over 9 h) for the CRM IWCs and
the unsmoothed version for the retrieved IWCs. The
IWCs were first segregated into three classes according
to the 265-mb v: strong subsidence (v . 1 mb h21),
weak vertical motion (21 mb h21 , v , 1 mb h21),
and strong ascent (v , 21 mb h21). Then the IWCs
were grouped by 3-hourly midcloud temperature into
cold layers (Tm , 220 K), neutral layers (220 K , Tm

, 230 K), and warm layers (Tm . 230 K). Similar to
Fig. 9, the mean value of IWC in each bin is represented
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FIG. 8. (a) Thin cirrus IWP vs temperature. (b) Thin cirrus layer-
mean IWC vs temperature. The solid line represents CRM results,
the dashed line represents MCA’s results for summer 1997. The bars
are confidence intervals of the mean values within which 90% of the
true values lie.

by a symbol (star, triangle, or square) in Fig. 10, and
the bar in each bin represents the 90% confidence in-
terval of the mean.

MCA found a weak dependence of thin cirrus IWP
on large-scale ascent: the IWP for the largest third of
the vertical velocities was significantly greater than that
for the smallest two-thirds. Figure 10 shows the ob-
served and CRM dependence of thin cirrus layer-mean
IWC on both temperature and large-scale vertical ve-
locity. The weak dependence of IWP on large-scale as-
cent found by MCA is less evident when the observed
thin cirrus properties are further separated into temper-
ature classes, as in Fig. 10. However, the CRM results
shown in Fig. 10 both confirm MCA’s conclusions and
extend them to each of the three temperature classes.

5. Summary and conclusions

CRM-simulated midlatitude cirrus clouds have been
little studied due to limited observations. Many cirrus
clouds occurred during the ARM summer 1997 IOP over

SGP CART. We examined cirrus properties in a CRM
simulation driven by the ARM SGP dataset for this
period. MCA examined the statistical properties of cir-
rus clouds based on ground-based cloud radar. We
showed that CRM results can be sampled in a way that
allows direct comparison to MCA’s high-frequency cir-
rus cloud property retrievals. Because such detailed
ground-based cloud radar datasets are now becoming
available, this approach allows for evaluation, in a sta-
tistical sense, of the CRM’s representation of cirrus
cloud physical processes.

The CRM results complement and extend the cloud
radar observations of cirrus properties. The CRM results
are spatially much more extensive than those from the
cloud radar. This increases the precision of the physical
relationships obtained from the CRM relative to those
from the cloud radar because the number of independent
atmospheric columns sampled from the CRM simulation
is about an order of magnitude greater than sampled by
the cloud radar, for a given time period. In addition, the
CRM provides coincident results over a large region,
so that the spatial variability of cloud properties as a
function of horizontal averaging scale can easily be
quantified. However, the cloud radar results are abso-
lutely essential because they are needed to evaluate the
realism of the CRM results.

When averaged over the entire simulation period, the
CRM cirrus COF is slightly larger than the radar ob-
servations and GOES high-cloud amount, and tempo-
rally poorly correlated with them. However, if we con-
sider only subperiods in which cirrus cloud generation
and decay was primarily local, the correlation between
CRM and GOES increases significantly and the CRM
cirrus occurrence is very close to GOES high-cloud
amount. This indicates that the CRM can simulate the
local formation and decay of cirrus clouds reasonably
well. While errors in the large-scale advective tenden-
cies of potential temperature and water vapor mixing
ratio appear to contribute to the inconsistency between
CRM cirrus occurrence and the observations, neglecting
condensate advection (due to lack of observations)
clearly has a detrimental impact on the ability of a model
(CRM or large scale) to properly simulate cirrus cloud
occurrence. This finding raises concerns for future sim-
ilar studies since the advective tendency of condensate
appears to be very difficult to determine accurately from
current available ARM observations. However, satellite
retrievals of cirrus properties, including IWP, are in-
creasingly available, and should be used to estimate
large-scale ice water advective tendencies. Also, we
showed that selecting periods with minimal condensate
advection greatly decreases the impact of condensate
advection on CRM simulations.

Compared with the cloud radar observations, the
CRM cirrus clouds occur at lower heights and with larg-
er thicknesses. One possible reason is that the large ice
crystals in the CRM cirrus fall too rapidly. In addition
the large CRM vertical grid interval at cirrus levels
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TABLE 4. Statistics of the bulk microphysical properties derived from the optically thin single-layer cirrus clouds and segregated by layer
depth for the warmest and coldest classes. The value in the upper left is the mean, in the upper right is the std dev, in the lower left is the
mode, and in the lower right is the median. Values without brackets are from the CRM simulation for summer 1997 SCM IOP, and
values inside the brackets are retrievals from MMCR summer 1997 dataset. The CRM results are based on samples at eight columns (64
km apart).

Dh IWC (mg m23) IWP (g m22) re (mm)

T , 220 K ,1 km

1–2 km

2–4 km

1.5
[5.3]
2.6

[4.3]
2.4

[7.8]
2.6

[4.3]
3.8

[9.9]
2.8

[4.3]

0.92
[5.4]
1.2

[4.4]
1.4

[6.7]
2.0

[6.1]
2.8

[9.6]
3.2

[6.1]

1.2
[3.0]
1.5

[4.0]
3.8

[11.9]
3.1

[4.3]
11.0

[23.2]
5.9

[8.7]

0.8
[2.7]
1.0

[2.6]
2.2

[11.2]
3.2

[8.9]
8.8

[22.1]
8.5

[15.7]

27
[19]
25

[15]
28

[30]
25

[27]
30

[37]
30

[38]

9
[8]
25

[18]
7

[11]
25

[28]
5

[9]
29

[37]
T . 230 K ,1 km

1–2 km

2–4 km

2.9
[12.6]

2.8
[4.2]
4.1

[13.4]
1.9

[2.3]
8.8

[11.1]
4.0

[5.6]

3.5
[9.9]
1.5

[5.8]
4.7

[10.5]
2.4

[11.8]
5.9

[8.4]
7.3

[9.6]

2.1
[5.4]
1.6

[2.0]
6.1

[17.8]
3.3

[4.2]
26.1

[31.6]
6.1

[9.7]

2.5
[7.4]
1.0

[2.6]
7.1

[16.0]
3.4

[15.5]
19.2
[26.8]
21.1

[28.7]

55
[37]
75

[30]
60

[49]
75

[34]
47

[62]
75

[42]

24
[16]
75

[35]
21

[18]
75

[47]
18

[22]
39

[58]

FIG. 9. Thin cirrus layer-mean IWC in terms of temperature and
thickness. Solid line: CRM results; dashed line: retrievals for summer
1997. The bars are confidence intervals of the mean values within
which 90% of the true values lie.

(about 800 m) partly contributes to the larger thickness.
Many observed cirrus cloud layers are thinner than 800
m. A smaller vertical grid interval space should be used
to simulate thin cirrus clouds. It would be interesting
to test the sensitivities of CRM cirrus properties on its
vertical resolution and ice fall speed. However, results
from such sensitivity experiments are not included since
the main goal of this study is to describe and use a new
method for using cloud radar data to evaluate a CRM.

Some obvious additional potential extensions of this
work include 1) determining how all cirrus microphys-
ical properties compare to the thin cirrus properties: are
the frequency distributions and physical relationships
similar and 2) determining to what extent the properties
of convectively generated cirrus differ from cirrus
formed in situ.

The frequency distributions of thin cirrus micro-
physical properties and statistics suggest that the CRM
produces about the correct amount of vertically inte-
grated ice in its thin cirrus cloud layers. However, the
simulated thin cirrus layers are thicker than observed.
As a result, the simulated layer-mean IWC is generally
smaller than observed. Although it would have been
interesting to do so, we did not use a more complicated
microphysical scheme (e.g., a multibin model) in the
CRM because one goal of the study is to evaluate the
bulk microphysical scheme’s performance. In addition,
the idealized intercomparison of CRMs made by GCSS
Working Group 2 (cirrus clouds) found significant dif-
ferences between various models, and the ones with
more complicated microphysical schemes show just as
much scatter as those that used bulk schemes (Starr et
al. 2000). At present, it does not appear that the more
complicated microphysical schemes give better results.

MCA’s results and previous studies indicate that IWP
and IWC in cirrus clouds increase with temperature and
layer depth. The CRM represents this aspect of cirrus
properties quite well. Both the CRM and the observa-
tions show that the thin cirrus ice water path during
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FIG. 10. Thin cirrus layer-mean IWC in terms of temperature and
upper-tropospheric large-scale vertical velocity (from the ARM var-
iational analysis). Solid line: CRM results; dashed line: retrievals.
The bars are confidence intervals of the mean values within which
90% of the true values lie.

large-scale ascent is only slightly greater than during
no ascent or descent.

In anvil cirrus clouds, there may be no ice production
due to large-scale vertical motion. Köhler (1999) per-
formed numerical experiments using the UCLA–Uni-
versity of Utah cloud-resolving model to study anvil
cloud maintenance and decay under these conditions.
Radiation and turbulence were found to have major ef-
fects on the lifetime of such cirrus clouds. The optically
thick ice clouds decayed significantly slower than would
be expected from microphysical crystal fallout alone
due to the upward turbulent flux of water that resulted
from IR destabilization. Aircraft measurements also in-
dicate that neglecting the cloud-scale circulations in cir-
rus clouds may underestimate the grid-averaged IWC
by a factor of 2 (Donner et al. 1997). The results of
these studies, along with MCA’s and ours, indicate that
further research is warranted to determine the relative
importance to cirrus clouds of various scales of vertical
motion.
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