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ABSTRACT

Cloud radar data collected at the Atmospheric Radiation Measurement (ARM) Progr

Southern Great Plains site were used to evaluate the properties of cirrus clouds that occurr

cloud-resolving model (CRM) simulation of the 29-day Summer 1997 Intensive Observa

Period (IOP). The simulation was "forced" by the large-scale advective temperature and

vapor tendencies, horizontal wind velocity, and turbulent surface fluxes observed at the So

Great Plains site. The large-scale advective condensate tendency was not observe

correlation of CRM cirrus amount with GOES1 high cloud amount was 0.70 for the subperiod

during which cirrus formation and decay occured primarily locally, but only 0.30 for the en

IOP. This suggests that neglecting condensate advection has a detrimental impact on the a

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

microphysical properties of thin cirrus cloud layers were determined from the cloud r

measurements for June, July, and August 1997. The composite characteristics of cirrus

derived from this dataset are well-suited for evaluating CRMs because of the c

correspondence between the time and space scales resolved by the cloud radar measurem

by CRMs. The CRM results were sampled at 8 grid columns spaced 64 km apart using the

definitions of cirrus and thin cirrus as the cloud radar dataset. The composite charateris

cirrus clouds obtained from the CRM were then compared to those obtained from the cloud

1. GOES (Geostationary Operational Environmental Satellite)
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Compared with the cloud radar observations, the CRM cirrus clouds occur at lo

heights and with larger physical thicknesses. The ice water paths in the CRM’s thin cirrus c

are similar to those observed. However, the corresponding cloud-layer-mean ice water co

are significantly less than observed due to the CRM’s larger cloud-layer thicknesses. The

dependence of cirrus microphysical properties on layer-mean temperature and layer thickn

revealed by the observations is reproduced by the CRM. In addition, both the CRM an

observations show that the thin cirrus ice water path during large-scale ascent is only sl

greater than during no ascent or descent.
3
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1. Introduction

Cirrus clouds, because of their frequent occurrence and large coverage globally, str

influence weather and climate processes through their effects on the radiation budget of th

and the atmosphere (Liou 1986). Located high in the troposphere and composed of nonsp

ice crystals of various shapes, their representation in Numerical Weather Prediction (N

models and General Circulation Models (GCMs) has been identified as one of the gr

uncertainties in weather and climate research.

A cloud-resolving model (CRM) is a numerical model that resolves cloud-scale (

mesoscale) circulations in either two or three spatial dimensions. CRMs have been widely u

cloud system research to investigate the formation, maintenance, structure, and dissipa

cloud systems (e.g., Xu et al. 1992; Krueger et al. 1995 a, b), to test and develop

parameterizations (e.g., Xu and Krueger 1991; Xu and Arakawa 1992; Xu and Randall

K hler 1999), and to evaluate the sensitivity of model results to parameter changes. In addi

the observations and single-column models (SCMs), CRMs are the primary tools of the G

Energy and Water Cycle Experiment (GEWEX) Cloud Systems Study (GCSS; Browning 1

and the Atmospheric Radiation Measurement (ARM; Stokes and Schwartz 1994) Program.

may be increasingly used in GCMs to replace the cumulus and stratiform cloud parameteriz

(e.g., Khairoutdinov and Randall 2001). Thus, evaluating the representation of cirrus cloud

CRM will soon be considered part of evaluating GCMs.

A few studies have been made to evaluate the representation of tropical cirrus clou

CRMs (Brown and Heymsfield 2001; Krueger et al. 1995 c; Fu et al. 1995), mainly due to

ȯ̇
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limited number of suitable observational datasets. Brown and Heymsfield (2001) statist

evaluated the microphysical properties of tropical convective anvil cirrus simulated by a 2D C

by comparing with aircraft-measured data. The model was found to represent the distribut

total ice water content (IWC) quite well and, for temperatures warmer than -40oC, to correctly

predict the dominant contribution of large particles to the IWC. At colder temperatures, the m

over-estimated the fraction of IWC in large particles and the predicted maximum crystal le

exceeded the observed values in this temperature range. Sensitivity tests suggested t

excessive rates of autoconversion and aggregation of cloud ice partly caused the discrep

found. Krueger et al. (1995 c) increased the amount of cloud ice and the extent of tropical

clouds simulated by a CRM by improving its microphysics. Fu et al. (1995) showed that t

modifications improved the microphysics parameterization by comparing the predicted st

state IWC as a function of vertical velocity and temperature to the measurements us

Heymsfield and Donner (1990) to evaluate their IWC parameterization.

Evaluation of mid-latitude cirrus clouds in CRMs is very limited due to, again, lack

observations. Recently, the continuous cloud radar measurements at the ARM Southern

Plains (SGP) site have produced extensive data sets. Based on these data, Mace et al. (200

hereafter) examined the statistical properties of cirrus clouds. These are very new statistics

mid-latitude cirrus clouds and make CRM evaluation possible. During the ARM summer 1

single-column model Intensive Observation Period (IOP), many high clouds were observed

the SGP site. This period offers a good opportunity to evaluate the cirrus physics in CRMs.

It is increasingly recognized in the numerical weather prediction and the global clim

modeling communities that compositing techniques allow evaluation of cloud physical proc
5
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while removing the impact of possible errors in the large-scale circulation (e.g., Bony et al. 1

Lau and Crane 1997, Klein and Jakob 1999, Tselioudis et al. 2000, Norris and Weaver 200

The compositing approach has most commonly been based on satellite cloud observ

over a large area. Ground-based cloud radar observations are similar to geostationary s

observations for a single location, with some important differences. Whereas a satellit

retrieve quantities such as cloud top pressure and optical depth at cloud-scale resolution (0

km), the ARM SGP cloud radar can determine the vertical location and extent of cloud layers

an accuracy of 90 m every 36 s within a vertical beam that is 33 m in diameter at 10 km abov

surface. In addition, methods have been developed to use cloud radar measurements to

bulk microphysical properties of various cloud types, including thin cirrus (e.g., MCA). A ti

series of such measurements is able to characterize the sub-cloud-scale variability t

produced by interacting cloud processes (dynamics, microphysics, and radiative transfer)

cloud characteristics, when appropriately composited, can aid the evaluation and improvem

cirrus parameterizations in large-scale models, as noted by MCA. However, they are e

valuable, and perhaps easier to utilize, for evaluating CRMs, because of the close correspo

between the time and space scales resolved by the cloud radar measurements and by a C

To fully utilize cloud radar-derived or satellite-derived composite cloud characeris

when evaluating a GCM or a SCM, one must first create a synthetic cloud field from the mo

large-scale cloud variables (cloud water/ice mixing ratio and cloud fraction) based on the mo

assumptions about subgrid-scale cloud variability and overlap (e.g., Klein and Jakob 1999

have used this approach to evaluate the cirrus properties simulated by a SCM (Luo et al. 2
6



d in a

dar

and

the

of the

ecific

died.

. To

tion

3, we

f the

tistical

pared

loud

valent

nd

s on

tion 5
In this paper, we compare the composite characteristics of cirrus clouds that occurre

CRM simulation, which was driven by the ARM analyse for summer 1997 SCM IOP, with ra

observations and results from a retrieval of cirrus properties using combined radar

interferometer data (MCA). The performance of CRMs, including the CRM used, driven by

same data set was analyzed by Xu and Randall (2000) and Xu et al. (2002). Many aspects

simulation, such as surface precipitation, precipitable water, and profiles of temperature, sp

humidity, cloud mass flux, condensate mixing ratio, and hydrometer fraction were stu

However, they did not look at the simulated cirrus physics, particularly in a statistical way

avoid duplication, we will focus on the simulated cirrus cloud information in our analysis. Sec

2 is a brief description of the CRM that we used and the simulation we analyzed. In section

first describe the cirrus retrieval used for comparison. This is followed by an explanation o

method used to sample cirrus clouds in the CRM simulations. In section 4, we present a sta

comparison of the simulated and retrieved cirrus properties. Various properties are com

including cirrus cloud occurrence frequency (COF), cirrus cloud base and top height, c

thickness, layer mean temperature, ice water content (IWC), ice water path (IWP), and equi

spherical effective radius of ice crystals (re) which is defined as the ratio of the third and seco

moments of the size distribution. The dependence of cirrus microphysical propertie

temperature, cloud thickness, and large-scale vertical velocity is also examined. Sec

contains our conclusions.

2. CRM Simulations

2.1 UCLA-CSU cloud resolving model
7
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The cloud resolving model used in this study is the 2-D UCLA/CSU (University

California at Los Angeles/Colorado State University) CRM. The details of the CRM have b

described by Krueger (1988), Xu and Krueger (1991), and Xu and Randall (1995). The dyn

of the CRM are based on the anelastic system. The physical parameterizations in the

consist of a third-moment turbulence closure, a bulk three-phase microphysics, and an inte

solar and IR radiative transfer scheme. Turbulent surface fluxes are diagnosed using flux-

relationships based on Monin-Obukhov surface layer similarity theory (Businger et al. 1971)

radiation parameterization is based on the Harshvardhan et al. broadband radiative transfe

(Harshvardhan et al. 1987; Xu and Randall 1995) with cloud optical properties as formulat

Stephens et al. (Stephens et al. 1990).

The description of the bulk microphysics of the CRM can be found in Fu et al. (19

Krueger et al. (1995 c), Lord et al. (1984), Lin et al. (1983), and Hsie et al. (1980). The

microphysics includes five species: cloud water, cloud ice, snow, graupel, and rain. In the

cirrus clouds contain small ice crystals ("cloud ice") and large ice crystals ("snow"). The clou

in the model increases due to nucleation and depositional growth and decreases d

sublimation, conversion to snow, and accretion by snow and graupel. Within the mode

processes that generate snow are the collision and aggregation of the smaller cloud ice pa

contact freezing of small raindrops, and depositional growth and riming of small ice crys

Once generated, the snow continues to grow by accretion and deposition. Sublimatio

melting reduce the snow content. The ice microphysics scheme produces IWC values

function of temperature and vertical velocity that are comparable to measurements presen

Heymsfield and Donner (1990) (Fu et al. 1995).
8
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According to numerical cirrus model results (Starr and Cox 1985), the vertical transpo

ice due to sedimentation is very significant in cirrus. In the CRM, cloud water and cloud ice

zero fall speed, and snow, rain, and graupel have mass-weighted mean terminal velocitie

depend on the mixing ratio and size distribution assumed. For snow, an exponentia

distribution is hypothesized:

, (1)

where is the intercept parameter of the snow size distribution, is diameter of the

particles, and is the slope parameter of the snow size distribution. According to

measurements of Gunn and Marshall (1958), is given as . By multiplying

by particle mass and integrating over all diameters and equating the resulting quantity to the

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

. (2)

Fu et al. (1995) based this on the relation suggested by Locatelli and Hobbs (1974). Speci

is appropriate for graupel-like snow of hexagonal type, with the constants and b

152.93 cm1-d s-1 and 0.25, respectively. The square root factor involving air density allows

increasing fallspeeds with increasing altitude. The mass-weighted terminal velocity is defin

, (3)

nS D( ) n0S λSDS–( )exp=

n0S DS

λS

n0S 3 10
2–× cm

4–

λS DS

UDS cDS
d ρ0

ρ
------ 

 
1 2⁄

=

UDS c d

US UDSq DS( ) DS qS⁄d∫=
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where is the mixing ratio of snow particles with diameters , and is the to

mixing ratio of snow. Combining (1), (2) and (3), we obtain the mass-weighted mean term

velocity of snow:

. (4)

We will discuss the effects of using this method of determining fall speed of snow on c

properties in the CRM in later sections.

2.2 Simulation description

We analyzed a 29-day simulation based on the large-scale data set of the ARM su

1997 single-column model (SCM) intensive observation period (IOP) at the SGP cloud

radiation testbed (CART) site produced by the variational analysis method (Xu and Ra

2000). The domain size is 512 km by 18 km, with a horizontal grid size of 2 km and a vari

vertical grid size which is about 800 m at cirrus levels. ARM analyses used by the simul

consist of initial atmospheric state, time-varying large-scale advective tendencies of pot

temperature and water vapor, time-varying large-scale horizontal winds, time-varying su

turbulent fluxes, and time-varying surface pressure.

Balloon-borne soundings of winds, temperature and dewpoint temperature were ob

every 3 h from the SGP CART central facility located near Lamont, OK (36.61oN, 97.49oW) and

from four boundary facilities, which form a rectangle of approximate 300 x 370 km2. The

sounding data, combined with the surface and the top-of-atmosphere flux observation

q DS( )dDS DS qS

US
cΓ 4 d+( )

6λS
d

------------------------
ρ0
ρ
------ 

 
1 2⁄

=
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analyzed over such a horizontal domain by Zhang and colleagues, using a constrained vari

objective analysis method (Zhang and Lin 1997; Zhang et al. 2001). The variational an

method forces the atmospheric state variables to satisfy conservations of mass, moisture,

and momentum, by making small adjustments to the original soundings of winds, temper

and water vapor mixing ratio. The large-scale advective tendencies used to drive the CRM

obtained by averaging the constraining surface and the top-of-atmosphere flux observations

h. This may produce some errors in the forcing. The averaged flux observations and the

scale forcing obtained by using them are called version 1 here, and those which were not av

are called version 2. We used both for our analysis of results in this study, but the simulatio

based upon the version 1 data set.

Observed surface turbulent fluxes from the ARM Energy Balance / Bowen Ratio (EB

measurements were used in the CRM. The CRM surface fluxes are first calculated from s

turbulent flux formulations using the prescribed ground temperature and soil wetness. Th

difference between the observed flux and the CRM domain averaged flux is added t

calculated flux, at each grid point, to get a new surface flux which is used in other parts o

model. By doing this, only the domain-averaged fluxes are constrained to the observed valu

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 approximately equal to the obs

The horizontal inhomogeneity of and components inside the CRM domain is preserve

the nudging procedure. Unfortunately, the large-scale horizontal advection of condensate

u v
11
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included due to lack of measurements. In the upper troposphere, values of the diverge

hydrometers due to horizontal advection can be a similar order of magnitude as the diverge

water vapor, i.e. 0.1 g kg-1 h-1 (Petch and Dudhia 1998). Periodic lateral boundary conditions

used. This is consistent with imposing horizontally uniform large-scale forcing. In the C

convection is initiated by introducing small random perturbations in the temperature field i

subcloud layer for the first hour or so. The interactions between clouds and radiation are inc

in the simulation.

During this IOP, clouds over SGP CART site were mainly high clouds as revealed b

time series of GOES total cloud amount and high-cloud amount (Fig. 1). By watching

animation of clouds observed by GOES1, we chose the subperiods A, B, and C during whi

cloud systems were mostly formed locally, and precipitation occurred most of the time. Whe

compare the CRM simulated cirrus occurrence with GOES and radar observed cirrus occu

in section 4, we will look at both the entire IOP and the subset consisting of these

subperiods.

It was found that the evolution of convective activity, temperature and specific hum

are reasonably simulated (Xu et al. 2002; Xu and Randall 2000). As a supplement, we pro

comparison of simulated relative humidity with the observed values (Fig. 2). At up

troposphere, the root-mean-square (rms) errors for the selected subperiods and the entire

about 15% and 20%, respectively, the biases are about 3% and 10%, the correlation coef

are about 0.6 and 0.4, and the normalized standard deviations are about 1.2. These results

1. The video tape of the animation of GOES IR imagery is available from ARM.
12
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that the relative humidity is predicted relatively well by the model. By comparison, Emanuel

Zivkovic-Rothman (1999) optimized a cumulus parameterization’s parameters in a SCM

minimizing the rms error of relative humidity. After optimization, the rms error was about 15

3. Method to use cirrus retrievals to evaluate CRM results

3.1 Cirrus retrievals

MCA determined the properties of cirrus clouds derived from one year (December 19

November 1997) of 35-GHz radar (MMCR) data collected at the SGP ARM site in Oklaho

They also used additional measurements to retrieve the bulk microphysical properties o

cirrus.

According to MCA, to qualify as a cirrus cloud layer, the temperature at cloud top mus

less than -35oC and the temperature at the level of maximum ice water content (IWC) must be

than -20oC. This definition ensures that ice microphysical processes are dominant in

generation region near cloud top, but excludes deep cloud layers that are capped by ice

clouds. MCA used a version of this definition based on radar reflectivity. They required the

echo top to occur at a temperature less than -35oC and the level of maximum dB to occur at

temperature less than -20oC. At cirrus cloud levels, the minimum detectable reflectivity of th

SGP cloud radar is -40 to -35 dB . The temporal and vertical resolution of the cloud radar

s and 90 m, respectively.

Ze

Ze
13
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MCA retrieved the ice water path (IWP), layer mean effective radius (re), and the layer

mean ice particle concentration (n) using the method described by Mace et al. (1998). The m

assumes that the cirrus ice particle size distribution can be described by a first-order mo

Gamma distribution. The particular size distribution is determined by requiring that its s

moment match the observed radar reflectivity factor, and that its radiative propertie

parameterized by Fu and Liou (1993), match the radiance measured by the atmospheric e

radiance interferometer (AERI) at wavelength between 10.2 to 12.5 microns. This retr

algorithm requires that the cirrus layer be optically thin, with a layer emittance less than 0.85

also necessary that no lower clouds obscure the cirrus layer from the AERI. The tem

resolution of the retrieved properties is determined by the AERI: 3-minute averages are gen

every 8 minutes, so these numbers represent the individual retrievals which are 3 minute av

layer means. Observational and theoretical studies cited by MCA indicate that the IWP

effective size can be determined within uncertainties of 30 percent and 20 percent, respect

For a retrieval to be considered reliable, we required that: 1) the fractional differenc

the retrieved radiance compared to that measured by the AERI be less than 0.1; 2) the IWP

than 1000 g m-2; 3) the layer-mean IWC be less than 100 mg m-3. For the summer 1997 (June

July, August) there were 1276 reliable retrievals, which is about 76% of the total retrievals.

3.2 Simulated cirrus

We sampled the CRM results at 16 grid columns (32 km apart) every 5 minutes for a

days of the simulation using nearly the same definitions of cirrus and "thin cirrus" as MCA

qualify as a cirrus cloud layer in the simulation, we required the radar echo top to occur
14
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temperature less than -35oC. To be consistent with the SGP cloud radar's sensitivity, we define

radar echo to exist when dB . The CRM performs microphysical calculations fo

hydrometeor species only if its mixing ratio is greater than 10-6 kg kg-1. This restricts the "snow"

reflectivity to values greater than about -30 dB at cirrus cloud levels. We also require

maximum dB in a cirrus cloud layer to occur at a temperature less than -20oC. To qualify as

thin cirrus, we also require the cirrus layer to have an IR emissivity less than 0.85, and for th

be no lower clouds.

We calculated the reflectivity from the mixing ratios of rain, graupel, cloud water, cl

ice, and snow. For rain and graupel, the reflectivity depends on the intercept and density o

species, as well as the mixing ratio. For cloud water, cloud ice, and snow, the reflectivity de

on the effective radius of the cloud particles and the mixing ratio. The reflectivity for these sp

is estimated using the following equation suggested by S. Matrosov (personal communicat

, (5)

where is a coefficient (49.6x10-6 for liquid, 9.4x10-6 for ice), is liquid or ice water content in

g m-3, and is an assumed effective radius of the cloud particles in micrometers (Beesley

2000). For ice particles, is the equivalent spherical effective radius defined as the ratio

third and second moments of the size distribution. The units of the coefficient are such tha

g m-3, is in micrometers, and is in mm6 m-3. The coefficient depends on the details of th

Ze 40–≥

Ze

Ze

Ze aWre
3

=

a W

re

re

a W

re Ze a
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particle size distribution. The suggested values are for the log-normal distribution with w

parameter (liquid clouds) and the first-order Gamma function distribution (ice clou

(Matrosov 1999). The coefficient recommended by Matrosov for ice is valid up to a

microns. For larger it decreases with (this is the effect of the particle b

density which diminishes with size). We used microns for cloud water, 25 microns

cloud ice, and 75 microns for "snow" (Q. Fu, personal communication) to estimate r

reflectivity and IR emissivity. The parameterization was not used in the CRM simulatio

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 s

of cloud ice and snow. The cloud layer IR emittance  at a particular wavelength is defined

, (6)

where

, (7)

is the infrared absorption coefficient, z1 is the cloud base height, z2 is the cloud top height, is

the single-scattering albedo, and is the extinction coefficient. As parameterized by Fu and

(1993),  and  can be obtained in terms of the mean effective size and ice water content

(8)

σ 0.44=

re 40 45–< re re

re 10=

re

ε

ε 1 σa z( ) zd

z1

z2

∫–exp–=

σa z( ) 1 ω̃ z( )–[ ]β z( )=

ω̃

β

β ω̃

β IWC an D⁄
e
n

n 0=

2

∑=
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where and are wavelength-dependent coefficients, and is the mean effective size

crystals. Fu and Liou gave the coefficients for 18 spectral bands with central wavelengths ra

from 0.55 to 70.0 micrometers. In order to match the radiance used by MCA (wavelength be

10.2 to 12.5 microns), those coefficients for the spectral band with 11.3 microns central w

length are used in our calculation. To include the emittance of large ice particles ("snow") in

tion to small ice particles (ice) in cirrus clouds, we used the following equation to calculate

. (10)

The layer mean  is obtained from

, (11)

where IWP and SWP are ice water path and "snow" water path, and and are effe

sizes of cloud ice and "snow" respectively. From the formula, we can see that the cirrus

mean effective size is determined by the specified values of Dei and Des, and the partitioning of ice

mass between small (cloud ice) and large ("snow") particles in the cirrus clouds. We

by assuming quasi-spherical shape of ice crystal so that is 50 and 150 microm

for ice and "snow" respectively. The layer mean effective radius is then simply

. (12)

1 ω̃– bnDe
n

n 0=

3

∑=

an bn De

σa

σa 1 ω̃ z( )–[ ]iβi z( ) 1 ω̃ z( )–[ ]sβs z( )+=

De

De
IWP SWP+
IWP
Dei
----------- SWP

Des
------------+

------------------------------=

Dei
Des

De 2re= De

re De 2⁄=
17
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For the CRM simulated cirrus cloud layers, we calculated frequency distributions of I

IWC, effective radius ( ), layer thickness, mid-cloud height and mid-cloud temperature u

the same criteria as MCA for "all cirrus" clouds, "thin cirrus" clouds, cold "thin cirrus", and wa

"thin cirrus". The cloud type definitions are analogous to those used by MCA. Note that the o

vational statistics used in our comparison are based on three months of cloud property retr

from June to August 1997, while the period of our simulation is 29 days starting 2330 UTC

June 1997. When cirrus occurrence frequency is examined however, only observations dur

SCM IOP, i.e. the same period as the CRM simulation, are used.

4. Comparison of cirrus properties between CRM and observation

4.1 Cirrus cloud occurrence frequency (COF)

We calculated the CRM "all cirrus" and "thin cirrus" 3-hourly COF for each of the

single columns (32 km apart). Here the COF is the fraction of time when cirrus are "observe

the CRM column. The COFs averaged over all 16 columns are calculated, as well. The "all c

and "thin cirrus" COFs from MCA’s results are obtained similarly, but for one column only.

We compared the CRM COF and MCA’s COF with the GOES high cloud amount (Min

et al. 1995). The GOES high cloud amount is area averaged over the SCM domain. The

cloud height is based on the cloud-center temperature which is defined as the equivalent ra

temperature of the cloud, assuming the cloud radiates as a blackbody. For optically thin c

the cloud-center temperature generally corresponds to some temperature between the p

center and top of the cloud. The cloud-center temperature approaches the cloud-top temp

re
18
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as the cloud becomes optically thick. A sounding is used to get the cloud-center altitude.

clouds are those with cloud-center altitudes higher than 6 km.

A Taylor diagram can concisely summarize the degree of correspondence bet

simulated and observed fields or time series (Taylor 2001). It is used here to describ

performance of the CRM in simulating the occurrence of cirrus clouds (Fig. 3). Only observa

during the SCM IOP are used here in the comparison. The 3-hourly GOES high-cloud am

observed at the ARM SGP CART site (averaged over 9 hours) is used as the reference fie

represented by a symbol "G" located at the point where the correlation is 1.0 and the normali

standard deviation is 1.0 in Fig. 3. The other symbol "G" in Fig. 3 represents the unsmoothe

GOES high-cloud amount. Since the large-scale forcing used to drive the CRM was obtain

averaging the constraining surface and TOA fluxes over 9 hours, we compare the CRM r

with the smoothed GOES high-cloud amount. To be consistent, we should compare MCA’s r

with the unsmoothed GOES high-cloud amount. As shown by Fig. 3, however, there is

difference between the statistics of the two GOES high-cloud amounts: their correl

coefficient is 0.99 and the ratio of their standard deviations is 1.08, so it is reasonable to u

smoothed high-cloud amount as the reference field for MCA’s results, too.

Table 1 gives the cirrus COFs as well as the corresponding correlation coefficient

standard deviations with respect to the GOES high-cloud amount (averaged over 9 hours)

the entire simulation period, the CRM cirrus COF is 0.37, the radar observed cirrus COF is

and the GOES high cloud amount is 0.27. The cirrus occurrence during the subperiods A, B

C from the CRM simulated and radar observations are 0.30 and 0.37, respectively, while th
19



OES

fail to

een

ods is

t. The

eriods

than

rima-

ycle

region

ed by

SCM

s"

s and

8

cirrus

cale, or

sin-
cloud amount from GOES is 0.34. For the both the entire IOP and for the subperiods, the G

high cloud amount is 0.03 less than the cloud radar cirrus COF. The fact that GOES can

detect or properly classify optically thin high clouds may partly explain the difference betw

GOES high cloud and radar cirrus amounts. The CRM cirrus COF during the three subperi

0.30, which is slightly less than the cloud radar cirrus COF and the GOES high cloud amoun

cloud radar cirrus COF and the GOES high cloud amount were 0.07 greater during the subp

than during the entire IOP, while the CRM cirrus COF was 0.07 less during the subperiods

during the entire IOP. The anomalously large CRM cirrus COF for the IOP appears to be p

rily 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 c

removed) on cloudy days at a single point has a correlation of 0.6 with the average over a

180 km in diameter. We found the same correlation (0.63) between the cirrus COF observ

the cloud radar and the GOES high cloud amount averaged over the 300-km diameter

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 cirru

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 observation

retrievals, 0.63 and 0.15 (symbols "R" and "r"). The CRM cirrus COFs, when averaged over

columns (64 km apart) are almost the same as those averaged over 16 columns, so the CRM

cloud occurrence frequency averaged over 8 or more columns can represent the large-s

CART-averaged value. For the entire IOP, the CRM "all cirrus" and "thin cirrus" COFs at 16
20
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gle columns (symbols "S" and "s") are correlated less with the GOES high clouds amount than

MCA’s results. There are some possible reasons for the poor correlation between CRM

occurrence and GOES observation. The lack of estimates of large-scale condensate adve

probably the main reason. Sampling from a single CRM simulation is another reason due

variability in the convective systems in different simulations. Model deficiencies in the pres

tion of physical processes, particularly ice microphysics, are of course also a possible re

Errors in the large-scale forcing used to drive the CRM contribute to the poor correlation bet

CRM and GOES observation, when the whole period is considered. We compared the time

of CRM simulated cirrus COF, cloud radar observed cirrus COF, and GOES high cloud am

during the entire simulation period to identify periods of disagreement. We also compare

time series of the upper-tropospheric large-scale vertical velocity used to determine the

scale advective tendencies used in the CRM simulation, (which was obtained by averagi

constraining surface and TOA fluxes over 9 hours in the variational analysis), with

unsmoothed time series to determine periods of disagreement which may indicate errors

averaging. The CRM overestimates cirrus occurrence on July 2nd and 3rd when strong u

motion occurs in the smoothed analysis (compared with the unsmoothed version), and the o

timation on July 5th is possibly related to the unrealistic weak downward motion.

To largely exclude the effects of no condensate advection estimates, we calculated t

tistics for subperiods A, B, and C of the simulation (14 days), during which cloud systems fo

and decayed mostly within the CART. The results are shown in Fig. 3 (b) and Table 1. The c

lation coefficients for CRM "all cirrus" and "thin cirrus" cloud occurrence with respect to GO

high cloud amount increase to 0.70 and 0.52 respectively, while those for the radar observ
21
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and retrievals remain unchanged: 0.63 and 0.15. Apparently the CRM can simulate the occu

of locally formed cirrus reasonably well in these subperiods. Our analysis of the NCEP SCM

rus properties also shows that the correlation of the SCM cirrus COF increases significantly

only these subperiods are considered (from 0.47 to 0.68) (Luo et al. 2002). Since the CRM a

SCM contain very different physics, this suggests that lack of cloud water/ice advection is a

reason for the poor temporal correlation between simulated cirrus occurrence and observ

over the entire IOP, and that including such advection in numerical models will increase their

ity to predict cirrus occurrence.

We should mention that although the temporal correlation between CRM cirrus an

observations over the entire simulation period is low, this should not affect the statistical pr

ties of CRM cirrus clouds since the properties should be determined by the physical proces

the model and the large-scale advective tendencies used to drive the model.

4.2 Cirrus macro-scale statistics

The macro-scale statistics of the simulated and observed cirrus clouds are shown in

2. Figures 4 and 5 give frequency distributions of the cirrus macro-scale statistics for "all ci

and "thin cirrus" clouds respectively. The CRM results are based on samples at 8 columns (

apart) every 5 minutes for the entire simulation period. For "all cirrus" we found 24,581 sam

in total. For "thin cirrus" we found 13,062 samples. The MCA dataset of summer 1997 (J

July, and August) are used.
22
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We found that CRM simulated cirrus tend to have lower base and are thicker. The

cloud-top and cloud-base heights of CRM "all cirrus" clouds are 12.0 and 8.8 km, i.e., 0.1 km

1.5 km lower respectively than the radar observations. The mean thickness is 3.4 km and 2

for "all cirrus" and "thin cirrus" respectively, which is larger than radar observations (2.0 km

1.5 km). Comparing the frequency distributions of cloud thickness of CRM cirrus and obse

cirrus (Fig. 4a and Fig. 5a), we can find that the modal values of the CRM cirrus cloud thick

distribution are both larger than the radar observations. Some of this discrepancy can be exp

by the large vertical grid interval of the CRM, which is about 800 meters at cirrus levels and a

8 times the cloud radar's vertical grid interval. Since the discrepancies in the CRM’s mean

base are -1.5 and -1.9 km for "all" and "thin" cirrus respectively, while those of the mean c

top are smaller, -0.1 and -0.7 km, we expect that one possible reason for too large depths

the large ice crystals in the CRM cirrus fall too far before evaporating. This could be due t

fallspeed of the large-crystal component of the size distribution being too great.

The radar-observed and CRM-simulated mid-cloud height distributions have sim

shapes but again the simulated cirrus cloud heights are lower (Fig. 4b and Fig. 5b). Give

above results, CRM cirrus clouds tend to be warmer than the observations (Fig. 4c and Fi

Based on the above results, we can say that, compared with the observations, the CRM

clouds occur at lower heights (higher temperatures) with depths that are too large.

4.3 "Thin cirrus" microphysical properties

The radiative properties of cirrus clouds depend on the macroscale and microph

properties. Frequency distributions of "thin cirrus" microphysical properties, including ice w
23
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path (IWP), layer mean ice water content (IWC), and layer mean effective radius ( ) are s

in Fig. 6. Table 3 gives the statistics of these properties as well as those of IR emittance an

ble optical depth. We can evaluate these properties for CRM "thin cirrus" only since the m

physical properties of optically thick cirrus cannot be determined using the retrieval techniq

MCA.

Both the observations and the CRM show that most "thin cirrus" clouds have relat

low IWP and layer mean IWC. The simulated mean IWP is 19.8 g m-2, which is comparable to the

retrieval (13.9 g m-2). The mean layer-mean IWC from the CRM and retrieval are 5.9 mg m-3 and

8.7 mg m-3, respectively. The maxima of both the IWP and IWC distributions show agreem

between the simulation and observations. Basically, the distributions of CRM IWP and

match those of observations fairly well. The agreement suggests that the CRM produces ab

correct amount of ice in its "thin cirrus" cloud cover. One disagreement here is that some thi

rus clouds with large IWC (larger than 30 mg m-3) are observed but not simulated by the CRM.

The frequency distribution of layer-mean for the CRM cirrus clouds is unrealistic c

pared with observation. This occurs because of the simple method we used to specify the ef

radius. As noted in section 3.2, the effective size in the CRM cirrus clouds is determined b

specified sizes of small ice crystals (25 ) and large ice crystals (75 ) as well as the IW

SWP values in the cirrus cloud. As a result, cannot be smaller than 25 , nor larger

75 . A more physically based method for specifying the effective size is needed in ord

diagnose the radiative properties of CRM cirrus clouds more realistically. Table 3 also show

re

re

µm µm

re µm

µm
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the statistics of layer IR emittance and visible optical depth of CRM "thin cirrus" clouds are c

parable to those of the observations.

4.4 "Thin cirrus" physical relationships

The properties of cirrus clouds that form as a result of large-scale ascent are the re

an approximate balance between ice production by deposition and ice loss due to sedime

and sublimation (Heymsfield and Donner 1990; Donner et al. 1997). In such circumstance

production, , depends primarily on temperature and large-scale vertical velocity, while sed

tation and sublimation loss, , depends on the ice mixing ratio, , and the residence time

in the layer, . The residence time is related to the layer thickness, , and the ice fall spee

This process can be represented by the following equation

(13)

The steady-state ice mixing ratio is , and therefore depends on several l

scale parameters (temperature, vertical velocity, and cloud thickness) as well as a microph

parameter (the ice fall speed). We therefore evaluate the CRM’s ability to reproduce the obs

relationships between IWC, T, , and cloud thickness in "thin cirrus".

(a) Temperature and thickness dependence

Due to the impact of adiabatic process on ice cloud content, temperature has been

to be strongly correlated with observed cirrus properties (e.g., Heymsfield and Platt 1984)

P

L qi

τ h Vi

dqi

dt
-------- P L– P

qi

τ
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h
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certainly important to represent such temperature dependency correctly in a CRM. In Fig.

compare the frequency distributions of microphysical properties derived from the observa

and simulation, segregated by mid-cloud temperature (Tm). The right hand column of plots are fo

the warm "thin cirrus" clouds (Tm > 230K), while the left plots are for the cold "thin cirrus

clouds (Tm < 220K). We found that the observed dependence of the distribution of each pro

to temperature is qualitatively reproduced by the CRM. The observations show that the mea

median ice water contents tend to increase with mid-cloud temperature while the modes

distributions remain near the minimum observation values. Similar results are found in the

"thin cirrus". Although the distributions of CRM have some unrealistic aspects, the tend

for the CRM mean, median, and mode of to increase with temperature is obvious, and is

sistent with the observations.

A plot of "thin cirrus" IWPs and layer-mean IWCs versus mid-cloud temperature is g

in Fig. 8, which compares CRM results with the results from MCA. The IWPs and layer-m

IWCs are averaged over temperature bins of 5 K. The bar in each temperature bin shows

percent confidence interval for that temperature range. Figure 8(a) shows good agre

between the CRM and observed IWP temperature dependence. The rate of increase with te

ture and their magnitudes are quite similar. Figure 8(b) shows that the IWCs generally inc

with temperature. The range of the 90 percent confidence interval for the retrieved results i

erally larger than for the CRM results, especially at higher temperature, due to fewer sample

comparison of the layer-mean IWC-temperature relationships shows that although the CR

observations have similar rates of increase of IWC, their magnitudes are substantially dif

re

re
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with the CRM’s being lower. This is consistent because the CRM "thin cirrus" IWP is abou

same as for the retrieved "thin cirrus" clouds but the CRM thickness is greater (Fig. 5).

Cloud thickness is another important factor determining cirrus properties. Thicker c

layers most often reach the warmest temperature, so the sensitivity of clouds microphys

layer mean temperature implicitly includes a dependence on cloud layer thickness. Howeve

variables contribute independent information (MCA). The dependence of "thin cirrus" IWP

layer-mean IWC on cloud thickness in the CRM results is similar to the observed (Table 4

segregated the "thin cirrus" layer-mean IWCs and IWPs into three classes (coldest, neutr

warmest layers) first, and then grouped them by cloud depth : < 1 km; 1 km < < 2

2 km < < 4 km. For all three classes (coldest, neutral, and warmest layers), mean and m

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 de

The IWCs are segregated as in Table 4. The mean value of IWC in each class is represent

symbol. The bars again indicate the 90 percent confidence interval. There is a clear tende

observed and simulated IWCs to shift toward larger values not only with higher temperatur

also for larger cloud thickness, as revealed by both the CRM and retrieval results. The

confidence interval of the retrieval results again from limited samples and also shows the e

of factors other than temperature and cloud depth on IWC.

(b) Sensitivity to large-scale vertical velocity

∆Z ∆Z ∆Z

∆Z
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We examined the sensitivity of "thin cirrus" layer-mean IWCs to large-scale vert

velocity for the SCM IOP (Fig. 10). Here the IWCs are 3-hourly averaged values in the "

cirrus" cloud classification. The large-scale vertical velocities are 3-hourly at 265

level produced by the variational analysis. We used the version of the large-scale whic

used to drive the CRM (and was obtained by averaging the constraining flux observations

hours) for the CRM IWCs and the unsmoothed version for the retrieved IWCs. The IWCs

first segregated into 3 classes according to the 265-mb : strong subsidence ( > 1 mb h-1),

weak vertical motion (-1 mb hour-1 < < 1 mb hour-1), and strong ascent ( < -1 mb hour-1).

Then the IWCs were grouped by 3-hourly mid-cloud 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 by a symbol (star, triangle, or square) in Fig. 10, an

bar in each bin represents the 90 percent confidence interval of the mean.

MCA found a weak dependence of thin cirrus IWP on large-scale ascent: the IWP fo

largest third of the vertical velocities was significantly greater than that for the smallest

thirds. Fig. 10 shows the observed and CRM dependence of thin cirrus layer-mean IWC on

temperature and large-scale vertical velocity. The weak dependence of IWP on large-scale

found by MCA is less evident when the observed thin cirrus properties are further separate

temperature classes, as in Fig. 10. However, the CRM results shown in Fig. 10 both co

MCA’s conclusions and extend them to each of the three temperature classes.

5. Summary and Conclusions

ω dp
dt
------=

ω

ω ω

ω ω
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CRM-simulated mid-latitude cirrus clouds have been little studied due to lim

observations. Many cirrus clouds occurred during the ARM summer 1997 IOP over SGP C

We examined cirrus properties in a CRM simulation driven by the ARM SGP data set for

period. MCA examined the statistical properties of cirrus clouds based on ground-based

radar. We showed that CRM results can be sampled in a way that allows direct comparis

MCA's high frequency cirrus cloud property retrievals. Because such detailed ground-based

radar data sets are now becoming available, this approach allows for evaluation, in a sta

sense, of the CRM's representation of cirrus cloud physical processes.

The CRM results complement and extend the cloud radar observations of c

properties. The CRM results are spatially much more extensive than those from the cloud

This increases the precision of the physical relationships obtained from the CRM relative to

from the cloud radar because the number of independent atmospheric columns sampled fr

CRM simulation is about an order of magnitude greater than sampled by the cloud radar,

given time period. In addition, the CRM provides coincident results over a large region, so th

spatial variability of cloud properties as a function of horizontal averaging scale can easi

quantified. However, the cloud radar results are absolutely essential because they are ne

evaluate the realism of the CRM results.

When averaged over the entire simulation period, the CRM cirrus COF is slightly la

than the radar observations and GOES high cloud amount, and temporally poorly correlate

them. However, if we consider only subperiods in which cirrus cloud generation and decay

primarily local, the correlation between CRM and GOES increases significantly and the C
29
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cirrus occurrence is very close to GOES high cloud amount. This indicates that the CRM

simulate the local formation and decay of cirrus clouds reasonably well. While errors in the l

scale advective tendencies of potential temperature and water vapor mixing ratio app

contribute to the inconsistency between CRM cirrus occurrence and the observations, neg

condensate advection (due to lack of observations) clearly has a detrimental impact on the

of a model (CRM or large-scale) to properly simulate cirrus cloud occurrence. This finding r

concerns for future similar studies since the advective tendency of condensate appears to

difficult to determine accurately from current available ARM observations. However, sate

retrievals of cirrus properties, including IWP, are increasingly available, and should be us

estimate large-scale ice water advective tendencies. Also, we showed that selecting period

minimal condensate advection greatly decreases the impact of condensate advection on

simulations.

Compared with the cloud radar observations, the CRM cirrus clouds occur at lo

heights and with larger thicknesses. One possible reason is that the large ice crystals in the

cirrus fall too rapidly. In addition the large CRM vertical grid interval at cirrus levels (about 8

m) partly contributes to the larger thickness. Many observed cirrus cloud layers are thinne

800 m. A smaller vertical grid interval space should be used to simulate thin cirrus cloud

would be interesting to test the sensitivities of CRM cirrus properties on its vertical resolution

ice fall speed. However, results from such sensitivity experiments are not included since the

goal of this study is to describe and use a new method for using cloud radar data to eval

CRM. Some obvious additional potential extensions of this work include: (1) Determining

"all cirrus" microphysical properties compare to the "thin cirrus" properties: Are the freque
30
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distributions and physical relationships similar? (2) Determining to what extent the properti

convectively generated cirrus differ from cirrus formed in situ.

The frequency distributions of "thin cirrus" microphysical properties and statistics sug

that the CRM produces about the correct amount of vertically integrated ice in its "thin cir

cloud layers. However, the simulated "thin cirrus" layers are thicker than observed. As a resu

simulated layer-mean IWC is generally smaller than observed. Although it would have

interesting to do so, we did not use a more complicated microphysical scheme (e.g., a mu

model) in the CRM because one goal of the study is to evaluate the bulk microphysical sch

performance. In addition, the idealized intercomparison of CRMs made by GCSS Working G

2 (Cirrus clouds) found significant differences between various models and the ones with

complicated microphysical schemes show just as much scatter as those that used bulk s

(Starr et al. 2000). At present, it does not appear that the more complicated microph

schemes give better results.

MCA’s results and previous studies indicate that IWP and IWC in cirrus clouds incre

with temperature and layer depth. The CRM represents this aspect of cirrus properties quit

Both the CRM and the observations show that the thin cirrus ice water path during large-

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 mo

K hler (1999) performed numerical experiments using the UCLA-University of Utah clo

resolving model to study anvil cloud maintenance and decay under these conditions. Rad

ȯ̇
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and turbulence were found to have major effects on the lifetime of such cirrus clouds.

optically thick ice clouds decayed significantly slower than would be expected f

microphysical crystal fallout alone due to the upward turbulent flux of water that resulted from

destabilization. Aircraft measurements also indicate that neglecting the cloud-scale circulati

cirrus clouds may underestimate the grid-averaged IWC by a factor of 2 (Donner et al. 1997

results of these studies, along with MCA’s and ours, indicate that further research is warran

determine the relative importance to cirrus clouds of various scales of vertical motion.
32
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Table 1: Cirrus occurrence frequency (values without brackets or parentheses) from the
simulation, Mace et al. (2001), and GOES observation at ARM SGP CART site, cor
tion coefficients (values in brackets) and normalized standard deviation (values in p
theses) with respect to GOES high cloud amount (version 1).

Table 2: Cirrus macro-scale statistics derived from the CRM simulation over summer 1997
IOP period and from Mace et al. (2001) summer 1997 (June, July, August) data at the
ARM site. The values outside of brackets or parentheses are mean quantities, val
parentheses denote standard deviations of the mean quantities and values in b
denote means derived from the optically thin single layer subset of cloud events.
CRM results are based on samples at 8 columns (64 km apart). * The cirrus cloud
quency is obtained using data during the SCM Summer IOP period.

Period CRM MMCR GOES

Summer 1997 SCM IOP .37 [.30]
(1.250)

.30 [.63]
(1.523)

.27 [1.00]
(1.00)

Subperiods A, B, C .30 [.70]
(1.011)

.37 [.63]
(1.476)

.34 [1.00]
(1.00)

CRM MCA

Freq. (%) 37
[19]

30*
[16*]

Base Height (km) 8.8 (2.0)
[8.9]

10.3 (1.8)
[10.8]

Top Height (km) 12.0 (1.3)
[11.7]

12.1 (1.4)
[12.4]

Mid Cloud Height
(km)

10.5 (1.3)
[10.3]

11.2 (1.5)
[11.6]

Thickness (km) 3.4 (2.0)
[2.8]

2.0 (1.5)
[1.5]

Mid-Cloud Tempera-
ture (K)

228 (9.4)
[228]

225 (10.5)
[223]
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Table 3. “Thin cirrus” microphysical and radiative properties. Values without brackets are
CRM results for summer 1997 SCM IOP while those in brackets denote results from M
et al. (2001) for summer 1997 (June, July, August). The CRM results are based on sa
at 8 columns (64 km apart).

mean
standard
deviation

mode median

IWP( ) 19.8
[13.9]

21.4
[29.5]

2.5
[4.0]

11.4
[6.0]

( ) 5.9
[8.7]

4.9
[9.7]

4.6
[4.1]

4.4
[5.6]

 ( ) 40.3
[43.9]

17.1
[50.0]

30.0
[30.1]

33.5
[32.1]

IR Emittance 0.305
[0.276]

0.257
[0.220]

0.054
[0.001]

0.235
[0.226]

Visible Opti-
cal Depth

0.877
[0.554]

0.923
[0.667]

0.009
[0.202]

0.510
[0.324]

gm
2–

IWC mgm
3–

re µm
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Table 4. Statistics of the bulk microphysical properties derived from the optically thin single l
cirrus clouds and segregated by layer depth for the warmest and coldest classes. Th
in the upper left is the mean, in the upper right is the standard deviation, in the lower l
the mode, and in the lower right is the median. Values without brackets are from the C
simulation for summer 1997 SCM IOP period and values inside the brackets are retr
from MMCR summer 1997 dataset. The CRM results are based on samples at 8 co
(64 km apart).

 ( )  ( )  ( )

<
220K

< 1 km
1.5

[5.3]
0.92
[5.4]

1.2
[3.0]

0.8
[2.7]

27
[19]

9
[8]

2.6
[4.3]

1.2
[4.4]

1.5
[4.0]

1.0
[2.6]

25
[15]

25
[18]

1 - 2 km
2.4

[7.8]
1.4

[6.7]
3.8

[11.9]
2.2

[11.2]
28

[30]
7

[11]

2.6
[4.3]

2.0
[6.1]

3.1
[4.3]

3.2
[8.9]

25
[27]

25
[28]

2 - 4 km
3.8

[9.9]
2.8

[9.6]
11.0

[23.2]
8.8

[22.1]
30

[37]
5

[9]

2.8
[4..3]

3.2
[6.1]

5.9
[8.7]

8.5
[15.7]

30
[38]

29
[37]

>
230K

< 1 km
2.9

[12.6]
3.5

[9.9]
2.1

[5.4]
2.5

[7.4]
55

[37]
24

[16]

2.8
[4.2]

1.5
[5.8]

1.6
[2.0]

1.0
[2.6]

75
[30]

75
[35]

1 - 2 km
4.1

[13.4]
4.7

[10.5]
6.1

[17.8]
7.1

[16.0]
60

[49]
21

[18]

1.9
[2.3]

2.4
[11.8]

3.3
[4.2]

3.4
[15.5]

75
[34]

75
[47]

2 - 4 km
8.8

[11.1]
5.9

[8.4]
26.1

[31.6]
19.2

[26.8]
47

[62]
18

[22]

4.0
[5.6]

7.3
[9.6]

6.1
[9.7]

21.1
[28.7]

75
[42]

39
[58]

∆h IWC mg m
3⁄ IWP g m

2⁄ re µm

T

T
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Table Captions

Table 1: Cirrus occurrence frequency (values without brackets or parentheses) from the

simulation, Mace et al. (2001), and GOES observation at ARM SGP CART site, cor

tion coefficients (values in brackets) and normalized standard deviation (values in p

theses) with respect to GOES high cloud amount (version 1).

Table 2: Cirrus macro-scale statistics derived from the CRM simulation over summer 1997

IOP period and from Mace et al. (2001) summer 1997 (June, July, August) data at the

ARM site. The values outside of brackets or parentheses are mean quantities, val

parentheses denote standard deviations of the mean quantities and values in b

denote means derived from the optically thin single layer subset of cloud events.

CRM results are based on samples at 8 columns (64 km apart). * The cirrus cloud

quency is obtained using data during the SCM Summer IOP period.

Table 3. “Thin cirrus” microphysical and radiative properties. Values without brackets are

CRM results for summer 1997 SCM IOP while those in brackets denote results from M

et al. (2001) for summer 1997 (June, July, August). The CRM results are based on sa

at 8 columns (64 km apart).

Table 4. Statistics of the bulk microphysical properties derived from the optically thin single l

cirrus clouds and segregated by layer depth for the warmest and coldest classes. Th

in the upper left is the mean, in the upper right is the standard deviation, in the lower l

the mode, and in the lower right is the median. Values without brackets are from the C

simulation for summer 1997 SCM IOP period and values inside the brackets are retr

from MMCR summer 1997 dataset. The CRM results are based on samples at 8 co

(64 km apart).
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Figure Captions

Figure 1. Time series of GOES observed cloud amounts over ARM SGP CART site for sum

1997 IOP where A, B and C denote three subperiods of the IOP. Solid line represen

total cloud amount. Shaded area represents the high-cloud amount.

Figure 2. Statistics of relative humidity for the entire simulation period (solid lines) and

selected subperiods A, B, and C (dashed lines). (a) root-mean-square error; (b) bi

temporal correlation coefficient; (d) normalized standard deviation.

Figure 3. (a) Taylor diagram for 3-hourly cirrus COF over the entire simulation period. (b) Sim

to (a), but for subperiods A, B, and C of the IOP. The reference field is the smoo

GOES high cloud amount. "G": the reference field and the unsmoothed GOES high clo

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.

Figure 4. Frequency distributions of "all cirrus" macrophysical quantities. Solid line: C

simulation; dashed line: Mace et al. (2001) summer 1997 dataset. (a) cloud thicknes

mid-cloud height. (c) layer-mean temperature. (d) cloud-top height. (e) cloud-

height.

Figure 5. Similar to Fig. 4, but for "thin cirrus" clouds.

Figure 6. Frequency distributions of "thin cirrus" microphysical properties from CRM (solid li

and MCA (dashed line). (a) ice water path. (b) layer-mean ice water content. (c) la

mean effective radius.

Figure 7. Frequency distributions of "thin cirrus" microphysical properties for the warmest

coldest classes. Left plots are for cold layers (T<220K) and right plots are for w
44
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layers (T>230K). Top panels: ice water path; Middle panels: layer-mean IWC; Bot

panels: layer-mean effective radius.

Figure 8. (a) "Thin cirrus" IWP versus temperature. (b) "Thin cirrus" layer-mean IWC ve

temperature. The solid line represents CRM results, dashed line represents MCA’s r

for summer 1997. The bars are confidence intervals of the mean values within w

90% of the true values lie.

Figure 9. "Thin cirrus" layer-mean IWC in terms of temperature and thickness. Solid line: C

results; dashed line: retrievals for summer 1997. The bars are confidence intervals

mean values within which 90% of the true values lie.

Figure 10. "Thin cirrus" layer-mean IWC in terms of temperature and upper-tropospheric l

scale vertical velocity (from the ARM variational analysis). Solid line: CRM resu

dashed line: retrievals. The bars are confidence intervals of the mean values within

90% of the true values lie.
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Figure 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. Solid line represents the total cloud amount.

Shaded area represents the high-cloud amount.



Figure 2. Statistics of relative humidity for the entire simulation period (solid

lines) and the selected subperiods A, B, and C (dashed lines). (a) root-

mean-square error; (b) bias; (c) temporal correlation coefficient; (d) nor-

malized standard deviation.



Figure 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” and “thin”
cirrus COF averaged over 16 columns; “S” and “s”: CRM “all” and “thin” cirrus COF at 16
single columns.
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Figure 4. Frequency distributions of "all cirrus" macrophysical quantities. Solid line: CRM

simulation; dashed line: Mace et al. (2001) summer 1997 dataset. (a) cloud thickness. (b)

mid-cloud height. (c) layer-mean temperature. (d) cloud-top height. (e) cloud-base

height.
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Figure 5. Similar to Fig. 4, but for "thin cirrus" clouds.



Figure 6. Frequency distributions of "thin cirrus" microphysical properties from CRM (solid line)

and MCA (dashed line). (a) ice water path. (b) layer-mean ice water content. (c) layer-

mean effective radius.



Figure 7. Frequency distributions of "thin cirrus" microphysical properties for the warmest and

coldest classes. Left plots are for cold layers (T<220K) and right plots are for warm

layers (T>230K). Top panels: ice water path; Middle panels: layer-mean IWC; Bottom

panels: layer-mean effective radius.
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Figure 8. (a) "Thin cirrus" IWP versustemperature.(b) "Thin cirrus" layer-meanIWC versus

temperature.Thesolid line representsCRM results,dashedline representsMCA’s results

for summer1997.The barsare confidenceintervals of the meanvalueswithin which

90% of the true values lie.



Figure9. "Thin cirrus" layer-meanIWC in termsof temperatureand thickness.Solid line: CRM results;dashedline: retrievals for

summer 1997. The bars are confidence intervals of the mean values within which 90% of the true values lie.



Figure 10. "Thin cirrus" layer-mean IWC in terms of temperature and large-scale upper-

tropospheric vertical velocity (from the ARM variational 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.
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