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Abstract. In order to improve the representation of clouds in climate models, we require a better 
understanding of the relationship among cloud properties and the synoptic-scale state of the at- 
mosphere. In order to investigate this issue as it pertains to a specific class of cirrus clouds, we 
have combined a 2 month data set of radar reflectivities observed at State College, Pennsylvania, 
using a W-band radar with output from a mesoscale model that uses 3-hourly data assimilation. 
Products of the analysis include statistical distributions of fundamental cirrus cloud properties, 
such as frequency of occurrence, base, top and midcloud height, and layer thickness. We also 
consider the relationships between cirrus reflectivity and the large-scale meteorological state de- 
fined by area-averaged temperature and vertical velocity. Overall, cirrus clouds are observed 32% 
of the time, and 51% of those events occur in conjunction with lower-level clouds. Most of the 
cirrus occur in thin layers (<1.5 km thickness). Cirrus occurrence appears to be related to large- 
scale meteorological factors but the relationships are complex. The majority of the cirrus we ob- 
served occurred at temperatures lower than -35øC and there is little correlation between radar 
reflectivity and temperature. We also used this data set to examine the usefulness of a satellite- 
borne W-band radar. 

Introduction 

Clouds can be described on multiple spatial and temporal 
scales. The patterns of cloud systems seen on satellite imagery 
are related to the synoptic scale motions of the atmosphere. 
While these familiar patterns are modulated by mesoscale at- 
mospheric features, individual cloud elements are maintained 
through a coupling between turbulent motions, water vapor 
availability, and aerosol characteristics on much smaller scales. 
The study of clouds has tended to concentrate at either end of 
this scale continuum. Since the advent of satellites, many in- 
vestigators have documented the statistical occurrence of clouds 
over the planet [e.g., Wylie and Menzel, 1989] and theft influ- 
ence on the earth radiation budget [e.g., Ramanathan et al., 
1989]. Because the vertical extent and structure of clouds can- 
not be addressed easily from satellite radiances, this aspect of 
cloud properties has been addressed in recent years by several 
field programs using instrumented aftcraft and supporting 
ground-based remote sensors [Randall et al., 1995]. 

While the results of past studies have significantly advanced 
our understanding of the role of clouds in the climate system, 
many questions remain unanswered. For instance, the coupling 
of microphysical and macroscopic cloud characteristics to the 
meso-synoptic atmospheric state is still largely undetermined 

from data. There exists little published literature which simulta- 
neously documents the occurrence of multiple cloud layers, 
cloud base heights, cloud top heights, and internal cloud struc- 
tures, within a rigorously defined meteorological context. While 
this is not surprising given the limitations of conventional obser- 
vational methodologies, it is precisely this coupling between 
large-scale atmospheric characteristics and the structure of cloud 
systems that must be understood before the role of clouds in the 
climate system can be fully described and theft representation in 
climate models improved. 

Recent advances in the development of short wavelength ra- 
dars allows us to address one aspect of this issue. In this paper 
we use an extensive set of observations from a surface-based 94- 

GHz radar to examine the composite vertical structure of cirrus 
clouds and attempt to place this composite description within an 
appropriate meteorological setting. Specifically, we consider the 
frequency distributions of the cloud geometric properties, the 
relationship between cirrus occurrence and the large-scale verti- 
cal motion, and the distribution of radar reflectivity as a function 
of temperature. We interpret these distributions relative to a 
simple conceptual model of cirrus clouds and critically evaluate 
the assumptions underlying a number of cirrus parameterizations 
designed for large-scale atmospheric models. Additionally, we 
consider the utility of a satellite-borne 94-GHz radar. 
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Data and Analysis Techniques 

Short wavelength radars designed for the remote sensing of 
cloud properties bypass many of the difficulties of more conven- 
tional observational techniques [Kropfii, 1995]. These remote 
sensing systems, operating typically in the Ka- and W-bands, are 
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able to sense multiple, optically-thick cloud layers and collect 
data continuously. For this study, we used data from the Penn- 
sylvania State University 94-GHz (3-mm wavelength) Doppler 
radar [Clothiaux et al., 1995]. We operated the radar nearly 
continuously from a site in central Pennsylvania in a vertically 
pointing mode from early October through mid-December, 1994, 
with a primary goal of characterizing continental stratocumulus 
clouds. During this period, we also collected an extensive record 
of cirrus cloud refiectivities. 

The fundamental atmospheric quantity that we can infer from 
radar power measurements is the back-scattering cross section 
per unit volume or radar reflectivity, q. We choose to express 
our measurements of q in terms of the equivalent radar reflec- 
tivity factor, Z•, which is defined by 

z, = (x • / s•)•wf n. 

Here i, is the radar wavelength, and Kw is related to the refrac- 
tive index of water [Doviak and Zrnic, 1993]. For spherical 
particles that are small compared to the radar wavelength, Z• is 
identical to the radar reflectivity factor Z, expressed as 

Z - !•N(D)D•dD, 

where N(D)dD is the number of particles per unit volume within 
the size range dD. Atlas et al. [1995] show that the scattering of 
94-GHz radar energy by typical cirrus crystal populations can be 
approximated reasonably well by the assumption that the parti- 
cles are small with respect to the wavelength; hence Z• in this 
data set is generally proportional to the sixth moment of the size 
distribution. Since ice water content (1WC) is proportional to the 
third moment of the size distribution, Z• and 1WC are correlated, 
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Figure 1. The minimum detectable signal of the Pennsylva- 
nia State University W-band radar accounting for loss due to 
the bistatic offset. The thin solid line shows the minimum 

detectable signal using 2000 pulse averages and a 0.5-gs 
pulse width and the heavy solid line shows the minimum de- 
tectable signal using 50,000 pulse averages and a 0.95-gs 
pulse width. 

although the exact numerical relationship between the two for 
any given cirrus cloud, or the data set in general, cannot be 
specified accurately from radar reflectivity alone [Atlas et al., 
1995]. 
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Plate 1. Reflectivity-Temperature frequency histogram for all cirrus observations collected during the 
autumn 1994 observing period. The solid line denotes the mean reflectivity as a function of temperature 
and the dashed lines denote plus and minus 1 standard deviation from the mean. 
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The radar reflectivity profiles collected during the study pe- 
riod consist of averages of approximately 2000 pulses. De- 
pending on the pulse repetition frequency of the radar, these 
pulses are evenly distributed over an 8 to 12 second interval. 
During the study period, the radar was operated with pulse 
lengths of 0.5 and 1 gs and the range gate spacing varied be- 
tween 30 and 75 meters. The minimum detectable signal of a 
radar can be expressed [Clothiaux et al., 1995], 

Pmin (roW) - 
•aSpn 
511/2 

where P• is the system noise power and N is the number of 
pulses per range gate sample. Using a typical noise power of 
4.7x 104o mW calculated from cloud-free range gates, the thin 
solid curve in Figure 1 shows the minimum detectable signal of 
the radar for 2000 pulse averages and a 0.5gs pulse. At cirrus 
levels, the minimum detectable signal is well within the range of 
reflectivities expected for thin cirrus [Atlas et al., 1995] and a 
significant fraction of the cirrus will be missed. To increase our 
sensitivity to thin cirrus, we consider 50,000 pulse averages 
constructed by calculating the mean analog to digital converter 
counts for the appropriate number of archived profiles. Increas- 
ing the number of averaged pulses in each profile significantly 
reduces the minimum detectable signal as shown in Figure 1, 
although the temporal averaging increases to approximately 5 
min. The longer averaging period, however, ensures that each 
profile is more representative of the cirrus layer as a whole in- 
stead of a short snapshot that contains detail on only the most re- 
flective regions of the layer. A long time 
series of these averaged profiles are then used as input to the 
cloud mask algorithm described by Clothiaux et al. [1995]. Us- 
ing an estimate of the instrument noise calculated as the mean of 
the contiguous 25 gates near the top of the profile with the low- 
est signal, the radar reflectivity is calculated for all gates deemed 
to contain significant return by the cloud mask algorithm. 

Clothiaux et al. [1995] report that the absolute calibration of 
the Pennsylvania State University radar is known to within 4 dB 
when extinction of the radar beam by atmospheric gasses and 
hydrometeors is known. Comparison of Pennsylvania State Uni- 
versity radar reflectivity observations with observations by the 
University of Massachusetts W-band radar [Sekelsy and Mcin- 
tosh, 1996] during April 1995 suggests that the PSU reflectivity 
estimates are biased low by approximately 4 dB. This bias is 
also evident in comparisons of PSU radar reflectivity observa- 
tions with reflectivities derived from in situ observations col- 

lected by the University of Wyoming King Air Turbo Prop dur- 
ing April 1995. Therefore we add a 4-dB correction to all radar 
reflectivity observations considered in this study. Two-way 
losses due to water vapor and oxygen absorption are calculated 
using the technique of Schroeder and Westwater [1991] with 
thermodynamic soundings estimated using the Rapid Update Cy- 
cle model output (use of this model is discussed in more detail 
below). The distribution of liquid water is not known; hence we 
make no attempt to correct the reflectivity profiles for attenua- 
tion by liquid water. However, the radar was operated next to a 
9-channel microwave radiometer from which we can deduce the 

total path value of condensed liquid above the radar. With this 
information, we screen the data for periods when cloud water 
caused substantial attenuation. Therefore we delete any reflec- 
tivity profile from the time series if either the precipitable liquid 
water exceeds 0.5 mm (corresponding roughly to a 3-dB Ze two 
way loss) or the total reflectivity below cirrus levels exceeds -20 

dB Ze. This constraint accounts for thick ice and mixed phase 
clouds below cirru levels that are not observed by the microwave 
radiometer. Consequently, the reflectivity observations reported 
here are at most biased low by 3 dB Z•, with most observations 
having much less bias. 

To place the radar time series within a larger-scale meteoro- 
logical context, we operationally collected Rapid Update Cycle 
(RUC) model output [Benjamin et al., 1990] from the National 
Meteorological Center. The RUC model is a data assimilation 
mesoscale model with a horizontal resolution of 60 km and 25 

vertical levels that are defined using mixed sigma and isentropic 
coordinates. The assimilated data comes from both synoptic 
data (radiosondes and surface observations) and asynoptic ob- 
servations, such as surface aviation hourlies, wind profiler data, 
and aircraft reports. The RUC model is reinitialized every 3 
hours, and its output is made available by anonymous ftp in 
hourly files. The model output used here consists of the initial 
model field plus the consecutive 1- and 2-hour forecasts. Grid- 
point profiles in a 200-km region surrounding the radar site at 
State College, Pennsylvania, are extracted from the model output 
and interpolated to geometric height coordinates. Using a linear 
least squares regression scheme described by Thiebaux and Ped- 
der [1987], we calculate the spatially averaged profiles of wind, 
temperature, and pressure, as well as their gradients, that are 
valid on synoptic scales. The vertical motion is calculated from 
the spatially averaged divergence profile using a kinematic tech- 
nique [Mace et al., 1995], and the tropopause height is deter- 
mined by identifying the most significant discontinuity in the 
potential vorticity profile above 9 km [Hoskins et al., 1985]. We 
chose the scale of dynamical analysis to be 200 km both to 
mimic the current resolution of typical general circulation mod- 
els (GCMs) and to reduce the uncertainty in the horizontal di- 
vergence and the resulting large-scale vertical velocity by using 
spatially averaged model profiles. 

Our goal is to examine the composite structure of upper tro- 
pospheric clouds that are isolated vertically in their reflectivity 
profile from other lower-level clouds. Deep cloud systems such 
as altostratus or nimbostratus, while certainly cirrus-topped 
much of the time, are not the focus of this study. Other investi- 
gators have used a combination of visual inspection and height 

Table 1. Cirrus Occurrence Frequencies, Means, and Stan- 
dard Deviations 

Mean Standard Deviation 

Fraction of observations, % 32 

Cirrus with lower clouds, % 52 

Multiple cirrus Layers, % 21 
Cirrus base, km 8.5 1.1 

Cirrus top, km 9.9 1.1 

Cloud top-lropopause distance, km 1.6 1.1 

Midcloud height, km 9.2 1.1 

Layer thickness, km 1.6 1.3 

Temperature, øC -40 7.3 

Reflectivity, dB Z, -26.3 -24.1 

Large-scale vertical velocity, cm/s + 0.7 4.1 

Cirrus Statistics compiled from the 899 hour autumn 1994 cloud ra- 
dar data set (see the text for a complete explanation). The cirrus with 
lower clouds and the multiple cirrus layers are given as a fraction of the 
observed cirrus. 
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Figure 2. Frequency distributions of several quantities listed in Table 1. (a) Geometric midcloud height. 
(b) Reflectivity-weighted mid-cloud height. (c) Layer thickness. (d) Distance of cloud top from the tro- 
popause. Positive distances are below the tropopause. 

to identify cirrus layers (K. Sassen, personal communication, 
1996]. However, since the radar was operated unattended for 
long periods and much of the cirrus observed by the radar oc- 
curred above overcast lower-level cloud decks, we are forced to 
define cirrus using the reflectivity data alone. We considered 
several height-dependent and temperature-dependent definitions; 
all of them produced similar results and lead to similar conclu- 

sions. The definition we use for this study is the least con- 
strained by arbitrarily imposed boundaries and captures most of 
the cloud layers that would typically be defined as cirrus using 
visual inspection. For a cloud layer to be defined as cirrus we 
require only that the maximum reflectivity in that cloud layer oc- 
curs at a level with a temperature colder than -30øC. This deft- 
nition of cirrus excludes cirrus-capped middle troposphere 
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clouds and precipitating cloud systems because the reflectivity 
profiles in such clouds maximize at warmer temperatures where 
large ice and precipitation particles are formed. 

Results 

Several fundamental statistics compiled from the radar time 
series are presented in Table 1 and Figure 2. During the ap- 
proximately 2 months of data collection, nearly 1000 hours of 
radar data were acquired, and approximately 100 hours were 
removed from the dates by the selection criteria discussed above. 
In the remaining 900 hours, cirrus (as defined above) were ob- 
served during 288 hours or 32% of the time. This frequency of 
occurrence agrees well with the satellite study of Wylie and 
Menzel [1989], who found that cirrus fractional coverage over 
the continental United States ranges from 23 to 28%, although 
Wylie and Menzel did not segregate their data by cloud base 
temperature as was done here. Unlike Wylie and Menzel [1989], 
however, we did not detect any increase of cirrus clouds during 
daylight hours. Multiple cirrus cloud layers occurred during 61 
of the 288 hours or 21% of the time, and cirrus occurred with 

lower-level cloud layers during 145 of the 288 hours or 51% of 
the time. 

When considering these statistics, one must keep in mind that 
the reflectivity of some cirrus falls below the minimum detect- 
able signal of the radar even with the long temporal averaging 
done here. Atlas et al. [1995] calculated theoretical radar re- 
flectivities from observations of cirrus ice crystal distributions 
collected primarily by a King Air aircraft and found that 10% of 
the cirrus observed during the First International Satellite Cloud 
Climatology Project (ISCCP) Retional Experiment (FIRE) I had 
reflectivities below-35 dB Ze. and 5% below -40 dB Ze.. FIRE I 

took place during October and November of 1991 in Wisconsin, 
which is a similar climatological regime to that during this 
study. However, the King Air is generally limited to altitudes 
lower than about 9 kin. The particle size distributions used in 
the Atlas et al. study may be biased toward warmer cirrus where 
the particle sizes would be larger and the reflectivities higher 
than for clouds above 9 kin. The minimum detectable signal of 
the PSU radar at cirrus altitudes is illustrated in Figure 1 and 
ranges between -40 and -36 dB Ze. We assume, therefore, that 
we miss no less than about 5% of the cirrus. However, this 

number is likely somewhat higher given the biases in the Atlas 
et al. study but is probably no more that 10-15% and is com- 
posed of the most tenuous cirrus containing the least ice mass. If 
we were to express this fraction of cirrus not detected by the ra- 
dar in terms of the fraction of total ice water mass that occurs in 

the upper troposphere, we would find that the we are detecting 
well over 95% of this distribution. The possibility of undetected 
cirrus leads to unknown biases in the statistics shown in Table 1. 

For example, Winker and Vaughn [1994] performed extended li- 
dar observations of cirrus at Hampton, Virginia, during the 
autumn of 1989 and spring of 1991. They report cirrus mean 
layer heights at 10-12 km and mean layer thicknesses between 
0.86 and 0.94 km. The Winker and Vaughn [1994] results indi- 
cate cirrus to be slightly higher and thinner than the cirrus re- 
ported here, although their results may be biased due to attenua- 
tion of laser energy by thicker cirrus and low-level clouds. The 
results reported in Table 1 do tend to agree closely, however, 
with the compilation of Dowling and Radke [1990], who report 
an average cirrus cloud top altitude of 9-10 km, a cirrus mean 
layer thickness of 1.5 kin, and typical cloud center altitudes of 9 
kin. 

Frequency distributions of several of the quantities listed in 
Table 1 are illustrated in Figure 2. The geometric midcloud 
height tends to be constrained by the mean tropopause height 
and peaks near 9 km. The reflectivity-weighted midcloud height 
is similar except that the peak is shifted downward by about 0.5 
km and is more broadly distributed. The difference between the 
geometric and reflectivity-weighted midcloud height distribu- 
tions is due to the propensity for larger ice crystals of greater re- 
flectivity to be nearer the base of cirrus layers. This issue will 
be discussed in greater detail below. 

The tropopause appears to be an upper bound for the radar- 
observed cloud tops. Only a small fraction (approximately 1%) 
of the observed cirrus layers extend above the tropopause, and 
this probably represents our level of uncertainty in estimating 
the tropopause from the model output. The distribution peaks 
broadly at 1.25 km below the estimated tropopause height. 
Since the tops of some cirrus layers are below the minimum de- 
tectable signal of the radar, it is difficult to know if this statistic 
is accurate. 

The frequency distribution of cirrus layer thickness is of par- 
ticular interest. Nearly 50% of the observed cirrus layers have a 
thickness less than 1 km, while 25% of the cirrus layers have a 
thickness between 1 and 2 km and the remaining 25% are dis- 
tributed between 2 and 6 km. This characteristic of cirrus cloud 

layers has direct implications for the parameterization of these 
clouds in atmospheric models. The vertical resolution in the up- 
per troposphere of typical atmospheric models tends to be of the 
order of several kilometers. Cloud parameterizations in global 
circulation models must account for the subgrid characteristics of 
cirrus in the vertical if the radiatively important cloud top and 
base heights are to be properly represented in the models. This 
has been recognized by Del Genio et al. [1996], who found that a 
simple parameterization of this effect improves comparison of 
GCM results with ISCCP data. They also note that more work 
needs to be done on this problem. 

Vertical Motion: Cirrus Occurrence Relationships 

Slingo [1987] explored several conceptual approaches to the 
parameterization of non-convective clouds in large-scale models. 
These include static stability, relative humidity, and resolved- 
scale vertical motion. Starr and Cox [1980] investigated static 
stability as an indicator of cirrus occurrence using radiosonde 
data with vertical resolution similar to that of large-scale mod- 
els. They concluded that static stability has poor correlative as- 
sociation with cirrus occurrence. Relative humidity is obviously 
an important predictor of cloud occurrence. However, we use 
model output to define the large-scale environment. Since we 
consider the model relative humidity prediction in the upper tro- 
posphere to be too sensitive to the model physical parameteriza- 
tions and to uncertainties in radiosonde observations which the 

model assimilates, we do not consider it here. Starr and Cox 

[1985a] hypothesized that the large-scale vertical motion is an 
important element in the formation and maintenance of cirrus 
clouds and demonstrated this sensitivity using a cirrus model. 
Heymsfietd and Donner [1990] synthesized the model of Starr 
and Cox [1985a] into a parameterization of cirrus clouds appli- 
cable to global circulation models. The Heymsfield-Donner 
parameterization, and others like it, is diagnostic and assumes 
that cirrus do not form in regions of large-scale subsidence. 
Using the mass divergence from the RUC model at a horizontal 
scale of 200 km and the kinematic technique, we find this as- 
sumption to be reasonably valid for most cirrus (Table 1), al- 
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significant fraction of cirrus exists in regions of large-scale sub- 
sidence. We assume that these clouds are either advected over 

the radar from generation regions upstream of the radar or are 
formed in conditions where mesoscale or turbulent regions allow 
cirrus formation in areas where the larger-scale vertical motions 
are downward. Starr and Wylie [1990] diagnosed such a situa- 
tion during the FIRE Cirrus I field campaign. Using radiosonde 
profiles to define the large-scale vertical motion, they found cir- 
rus formation associated with mesoscale upward motions em- 
bedded within regions where the synoptic-scale vertical motions 
were unambiguously subsident. 
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Figure 3. Relationship between observed cin•s and calcu- 
lated synoptic scale vertical motion. (a) Distribution of verti- 
cal velocities calculated during cirrus observations. (b) Cirrus 
occurrence frequency as a function of vertical velocity. For 
example, when the vertical velocity was 4.5 cm/s, cirrus were 
observed 45% of the time. 

though approximately 30% of the cirrus we observed occurred in 
regions of large-scale subsidence (Figure 3a). The distribution 
of large-scale vertical velocity associated with the cirrus ob- 
served during the autumn 1994 observation period tends to be 
broadly distributed about the mean listed in Table 1 with more 
than 60% of all cirrus layers occurring when the large-scale ver- 
tical motion is between 0 and +4.5 cm s-1. The frequency of oc- 
currence drops substantially for vertical motions greater than 
+4.5 cm s -1 and is a possible artifact of the data processing. In 
cases with large positive vertical motion, there is an increasing 
likelihood of the occurrence of thick lower-level clouds and pre- 
cipitation, which leads to significant attenuation of the radar 
beam. As noted earlier, these cases were removed from the time 
series. 

The frequency of cirrus occurrence as a function of large-scale 
vertical motion is shown in Figure 3b. The likelihood of en- 
countering cirrus increases steadily as the large-scale ascent in- 
creases from -4.5 cm s -1. A significant maximum of 45% occurs 
at +4.5 cm s -1. We also examined histograms relating layer- 
mean reflectivity and large-scale ascent, but found no well de- 
fined relationship. This does not necessarily mean that a rela- 
tionship between ice water content and vertical motion does not 
exist, but it certainly does not confirm this assumption. It is evi- 
dent from these data that, while positive large-scale vertical mo- 
tion appears to be important, positive large-scale ascent is nei- 
ther a necessary nor sufficient condition for cirrus occurrence. A 

More than 80% of the cirrus cloud observations occur be- 

tween-35øC and -45øC and between -35 and -25 dB Ze Plate 

1). (Note that the radar's lack of sensitivity to reflectivities at 
cirrus levels below-35 dB Ze leads to an under-representation 
of low reflectivity-low temperature cases.) Assuming that homo- 
geneous nucleation is the primary formation mechanism at these 
temperatures [Rogers and Yau, 1989; Sassen et al., 1985; Sassen 
and Dodd, 1988], supercooled water drops are nucleated in wa- 
ter-saturated updrafts, and spontaneous freezing occurs at tem- 
peratures colder than about -40øC. These newly formed ice 
crystals eventually begin to fall either because they are detrained 
from the updraft or their terminal velocity becomes sufficiently 
large with respect to the air motions due to depositional growth 
in the updraft. If the particles fall through air supersaturated 
with respect to ice, they continue to grow primarily by vapor 
deposition and secondarily by aggregation. Doppler velocity ob- 
servations of cirrus particles collected during this study and oth- 
ers almost exclusively indicate downward particle motion, sug- 
gesting that it is during this settling phase of the particle life cy- 
cle that a cloud radar is sensitive enough to detect them. As an 
example, consider the fairly typical time series of cirrus reflec- 
tivities and Doppler velocities shown in Plate 2. A well devel- 
oped fall streak is evident between 8 and 6.5 km from 1305 until 
1313 UTC with maximum reflectivities reaching-15 dB Ze.. 
Weak upward Doppler motion is observed at and just above 8 
km near 1309 UTC. At 1313 UTC, a deeper layer of ascending 
motion is indicated that extends from 7.5 to above 9 kin. Fol- 

lowing this, a period of higher reflectivities coupled with strong 
downward Doppler velocities persists from 1314 until 1319 
UTC. This case bears strong resemblance to the cirrus uncinus 
generating cells investigated by Heymsfield [1975] and modeled 
by Starr and Cox, [1985a, 1985b]. The first event between 1305 
and 1312 UTC appears to be a mature or decaying cell with only 
a weak area of ascending motion and an elongated fall streak, 
while the second event gives the impression of a developing 
generating cell. It is likely that the second region of higher re- 
flectivities would continue to elongate vertically as the particles 
precipitate. In the identifiable updraft regions, where the radar 
reflectivities are weak, ice nucleation occurs as the particles are 
lofted to colder temperatures. After the particles are detrained 
from the updraft, growth continues as the particles settle through 
ice-supersaturated air. This is consistent with the higher reflec- 
tivities observed in the regions of downward Doppler motion. 

Several empirically based parameterizations have been pro- 
posed that relate cirrus 1WC and effective particle size to tem- 
perature [Heymsfield and Donner, 1990; Heymsfield and Platt, 
1984] or to physical height in the atmosphere [Slingo, 1987]. In 
the distribution shown in Plate 1, we find only a very weak cor- 
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than those considered here. Assuming typical wind speeds at 
cirrus levels, the 50,000 pulse averages used in this study corre- 
spond to length scales of the order of 5-10 km. At these scales, 
temperature appears to be a poor predictor of particle size. 

Similar conclusions can be reached by considering layer-mean 
quantities (Plate 3). We define a layer to be a set of vertically 
contiguous cloudy observations that meet the criterion described 
in the previous section. Although a positive correlation does 
exist between layer-mean temperature and layer-mean reflectiv- 
ity, the correlation coefficient is negligible. Within the range of 
temperatures at which cirrus are observed to occur in these data, 
the temperature appears to have only a weak influence on the 
layer-mean radar reflectivity. On the basis of this observation 
we speculate that the layer-mean particle size is also essentially 
independent of temperature. When we segregate the layer-mean 
temperature versus layer-mean reflectivity histograms by layer 
thickness (Plate 4), it becomes evident that the mean reflectivity 
depends upon the depth of the layer, although there is a large 
amount of variation among events. A correlation between layer 
depth and layer-mean reflectivity should not be surprising given 
the above discussion. Cirrus crystals that grow as they settle 
through layers supersaturated with respect to ice reach larger 
sizes the longer they exist in such an environment. Because of 
the D 6 contribution to Z,, these larger particles tend to dominate 
the layer-mean reflectivity. 

Interestingly, a secondary mode to the layer-mean tempera- 
ture versus layer-mean reflectivity distribution appears in Plate 
3. This secondary component, marked by an arrow in Plate 3, 
occurs at warmer temperatures and somewhat lower refiectivi- 
ties than the other observations and demonstrates a trend of de- 

creasing reflectivity with increasing temperature. This region of 
the distribution accounts for about 10% of the total cirrus layers 
observed. As Plate 4 indicates, the majority of these layers are 
less than 1 km deep. We hypothesize that this secondary distri- 
bution is composed primarily of sublimating cirrus precipitation 
streamers settling through subsaturated air. The fallstreak be- 
tween 1305 and 1312 UTC illustrated in Plate 2 falls into this 

classification. This particular layer is just over I km deep and 
occurred at a temperature between -28 and -33øC. The longevity 

Plate 2. (a) Radar reflectivity and (b) Doppler velocity time- 
series that was observed on November 3, 1994. 

relative relationship between reflectivity and temperature. Re- 
fiectivities do tend to be low at the coldest temperatures. How- 
ever, at the warmer temperatures, the reflectivity frequency of 
occurrence is almost uniform from the lowest to the highest re- 
flectivity values. Atlas et al. [1995] show that lWC and Z, are 
proportional, but the constant of proportionality changes sub- 
stantially between cirrus events. If the lWC-T parameterizations 
are valid, we would expect to find a more well-defined correla- 
tive relationship in Plate 1. These data strongly suggest that 
simple parameterizations of cirrus ice water content based on 
Clausius-Clapeyron relationships are erroneous. Similarly, pre- 
dictive relationships between temperature and particle size ap- 
pears to be highly questionable. Heymsfield and Platt [1984] 
propose a temperature-dependent size-distribution parameteri- 
zation based on in situ aircraft data. They developed their 
parameterization, however, for spatial and temporal scales larger 

of an ice crystal falling through subsaturated air depends on the 
local vertical air motions, the relative humidity of the air and the 
mass and density of the ice crystal [Gultepe and Starr, 1995]. 
Hall and Pruppacher [1976] calculate that a 160 [[m ice crystal 
falling through environmental air with 50% relative humidity 
and zero mean vertical velocity can fall several kilometers before 
complete sublimation. Starr and Wylie [1990] and Starr and 
Cox [1985b] show that the sublimation of falling ice below the 
main cirrus generation layer leads to humidification and desta- 
bilization of the layer in which the sublimation occurs and often 
results in a downward migration of the main cloud generation 
layer and a progressive thickening of the cloud system. While 
these cirrus layers compose only a fraction of the total distribu- 
tion, they are important components of the overall feedback of 
cirrus clouds because they redistribute water vapor within the 
troposphere and they can influence precipitation processes in 
midlevel water clouds. 

Vertical Distribution of Reflectivity 

The results in Plate 4 suggest that the layer-mean reflectivity 
of a cirrus layer is somewhat dependent on the geometrical depth 
of the layer and a likely indicator of the particle sizes that evolve 
within a layer of given thickness. However, the vertical distri- 
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Plate 3. Frequency histogram of cirrus layer mean temperature and layer-mean reflectivity for all cirrus 
layers observed during the autumn 1994 observing period. The arrow denotes a secondary distribution dis- 
cussed in the text. The solid and dashed lines are as in Plate 1. 

bution of ice water and particle size within a layer is an impor- 
tant factor in determining the cirrus layer's radiative character- 
istics. For instance, Vogelmann and Ackerman [1995] show that 
the mass extinction cross section and single scattering albedo at 
thermal infrared wavelengths are sensitive to effective particle 
size. Since cirrus are known to have a strong influence on the 
longwave cooling to space due to their location in the upper tro- 
posphere, the vertical distribution of ice mass and particle size 
within a layer determines the effective radiative temperature of 
the layer and thus the ultimate climatic influence of the cloud. 

To examine the vertical distribution of radar reflectivity 
within the observed cirrus layers, we determine the vertically 
integrated reflectivity of a given layer. Dividing each layer into 
10 sublayers of equal geometrical thickness, we calculate the 
fraction of the vertically integrated reflectivity within each 
sublayer. A two-dimensional histogram corresponding to the 
sublayer location within the cloud and the fraction of the verti- 
cally integrated reflectivity within each sublayer is created by 
applying this algorithm to all cirrus layers (Plate 5). Note that 
the actual geometric width of any individual decile depends on 
the actual thickness of the cloud layer being considered. Al- 
though the variance of the reflectivity within each sublayer is 
large, some generalizations can be made. First, reflectivity tends 
to be unevenly distributed within cirrus layers. On average, the 
fraction of the integrated reflectivity within the top decile of the 
cloud layer tends to be a minimum. The decile reflectivity then 
increases to the decile at or just below the midpoint of the layer 
and then decreases again to the base of the cloud layer. The am- 
plitude of this trend in the vertical distribution of reflectivity 
tends to be a strong function of layer thickness. For layers be- 

tween 3 and 6 km thickness (approximately 10% of the total), 
the upper portions of the layer generally contain very little of the 
total reflectivity. This characteristic of thick cirrus layers is true 
in nearly all cases as can be seen by noting the high frequency of 
occurrence of low fractions of layer-integrated reflectivity in the 
histograms near cloud top. The fraction of the total reflectivity 
contained in the middle third of clouds thicker than 1 km is 

highly variable and averages approximately 40% of the total. By 
comparison, the reflectivity is somewhat more evenly distributed 
within cirrus of less than 1 km thickness (roughly half of all lay- 
ers observed) and the variance of this distribution is nearly con- 
stant within the layer. 

The vertical distribution of reflectivity shown in Plate 5 is di- 
rectly related to the distribution of the relative particle sizes 
within cirrus and results from the growth and sublimation of ice 
crystals within the layer. Relatively small ice crystals near cloud 
top grow by vapor deposition and aggregation as they settle 
through ice supersaturated layers; their eventual size is deter- 
mined by the time spent in the saturated air. Sublimation ensues 
as these ice crystals settle into subsaturated air. The humidity of 
the subsaturated air and the particle size determines the crystal 
longevity. The cirrus cloud layer shown in Plate 2 illustrates 
this interpretation and also shows the degree of variability that 
exists even within particular cases. The deeper portions of the 
uncinus cells at 1310 and 1317 UTC tend to have reflectivity 
profiles weighted by the -15 dB Ze maxima near 7250 and 8000 
m, respectively. These maxima occur near the middle portions 
of the layer. The impression of sublimation is particularly strong 
in the first fall streak (after 1311 UTC) where the reflectivity 
decreases steadily as the fallstreak descends into a vertical wind 
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shear. The thinner portions of the cirrus layer (between 1305 
and 1307 and after 1319 UTC) show a much more even vertical 
distribution of reflectivity. 

The interpretation of Plate 5 is supported by other observa- 
tional and modeling studies of cirrus microphysics. Miloshevich 
et al. [1993], for instance, used balloon-borne crystal replicatots 
to examine the microphysical structure of cirrus during FIRE II. 
Their data show crystal growth between cloud top and midcloud 
while also showing evidence for sublimation near cloud base. 

Doppler velocity observations of cirrus crystals typically show a 
decrease in reflectivity and an increase in fall velocity near cloud 
base. As crystals sublimate, the sharp edges of the hexagonal 
cirrus crystals become more rounded [Miloshevich et al., 1993] 
and their aerodynamic characteristics change. The sublimating 
particles fall more like spheroids, that is, faster, and their re- 
flectivity decreases due to decreasing particle size. This is evi- 
dent in Plate 2 where the maximum downward Doppler motions 
occur near the base of the layer at 1308 and 1315 UTC and do 
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Plate 5. Frequency histograms depicting the vertical distribution of radar reflectivity within cirrus layers 
of indicated thickness. See text for explanation. The solid line indicates the mean fraction of the layer- 
integrated reflectivity in that decile of the layer. The dashed lines denote plus and minus 1 standard devia- 
tion from the mean. 

not occur in conjunction with maxima in reflectivity. The distri- 
bution shown in Plate 5 suggest that, regardless of layer thick- 
ness, sublimation tends to occur in the bottom third of the layer. 
The larger cirrus crystals precipitating into the sublimation zone 
in a deep cloud survive considerably longer than do the smaller 
crystals settling into the sublimation zone of thin cirrus layers 
[Hall and Pruppacher, 1976; Gultepe and Starr, 1995]. 

This interpretation of the vertical distribution of radar reflec- 
tivity helps explain the weak correlation identified between 
temperature and reflectivity in Plates 1 and 3 and also explains 
the strong dependence of layer-mean reflectivity on layer depth 
seen in Plate 4. Assuming that homogeneous nucleation of cir- 
rus is the primary formation mechanism, cirrus crystals are nu- 
cleated at temperatures colder than approximately -40øC in up- 
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drafts supersaturated with respect to liquid water. These crys- 
tals grow by vapor deposition and are eventually detrained from 
the updraft or settle due to increasing mass. The evolution of 
the cloud layer is then determined primarily by the ice super- 
saturation of the layers through which the cirrus crystals pre- 
cipitate. In simple terms, the crystals grow as long as they re- 
side in air supersaturated with respect to ice with the growth rate 
determine by particle size, number concentration, and humidity 
as well as the subsequent dynamical forcing induced by radiation 
and latent heat exchange within the cloud layer. Temperature is 
important only to the extent that the supersaturation depends on 
it, and simple parameterizations of cirrus characteristics based 
solely on temperature will fail to capture the mechanisms that 
dictate the evolution of the cloud layer. Model parameteriza- 
tions must take into account the water vapor and turbulent 
structure of the upper troposphere in order to adequately predict 
cirrus properties. 

Table 2. Cirrus Occurrence Frequencies, Means, and Stan- 
dard Deviations Using Space-Borne Radar Specifications 

Mean Standard Deviation 

Fraction of observations, % 21 

Cirrus base, km 8.6 1.0 

Cirrus top, km 9.7 1.1 
Midcloud height, km 9.2 0.8 
Layer thickness, km 1.5 1.1 
Temperature, øC -40 9.0 
Reflectivity, dB Z, -24.5 -23.0 

As in Table 1, except that the original data set was degraded in reso- 
lution assuming the specifications of a proposed satellite-borne 94-GHz 
radar. 

Application to Satellite Radar 

The obvious utility of ground-based radar has led to serious 
consideration of plans for a satellite-borne 94-GHz radar 
(CLOUDSAT Science Team Planning Workshop, Jet Propulsion 
Laboratory, September 1996]. Current engineering studies indi- 
cate that a radar on a polar-orbiting satellite could be built with 
500 meter vertical resolution and a minimum detectable signal 
of-36 dB Ze in the upper troposphere. The horizontal footprint 
of such a system would be of the order of 1 km by 2 to 4 kin. 
The obvious questions that follow are what fraction of existing 
cirrus would be seen by a radar with these characteristics and 
how would the statistics of the resulting cirrus climatology differ 
from what is reported above. 

To address these issues, we degrade the vertical and temporal 
resolution of the autumn 1994 data to match the characteristics 

of a satellite radar system. Matching the horizontal footprint of 
a space-based radar with a surface based vertical time series is 
problematic. Using the wind speed in the upper troposphere 
predicted by the RUC model, the radar data were temporally av- 
eraged to match a 3-kin along-stream distance. While this does 
not exactly reproduce a spatial sample, it more faithfully cap- 
rares the horizontal averaging that will be inherent in a satellite 
system. The vertical resolution of the temporally averaged pro- 
files were then degraded to match the 500-m vertical resolution 
of a satellite system. In the temporal and vertical averaging 
process, only the cloudy Ze values contributed to the summed 
This summed Ze was then divided by the total number of obser- 
vations, clear and cloudy, in the interval under consideration to 
obtain the degraded value of Ze. Only those resulting observa- 
tions with a reflectivity greater than -36 dB Ze were retained. 

The statistics of the simulated satellite database are shown in 

Table 2. Comparing Tables 1 and 2 shows that the satellite ra- 
dar would see about two thirds of the cirrus layers detected with 
the ground-based system. A considerable part of this decrease is 
simply attributable to the relatively coarse vertical resolution of 
the satellite system. Since our observed dB Ze values are almost 
all below -20 dB Ze and many of the layers are thinner than 0.5 
kin, the satellite tends not to detect cirrus in partially filled vol- 
umes. In addition to missing the thinner layers, the satellite ra- 
dar would also fail to detect the tops and bottoms of thicker, 
more reflective layers. This is evident by the slightly lower 
cloud top, slightly higher cloud base, and identical midcloud 
height. Interestingly, the mean thickness of the simulated satel- 

lite data is smaller than that observed by the ground-based sys- 
tem. This mean thickness corresponds to just less than 3 range 
gates for the satellite system. This is an artifact, however, of the 
degraded sampling. Since the maximum vertical resolution of 
the satellite radar is 500 m, any thin but highly reflective layers 
in the ground-based data would be assigned a 500-m thickness. 
Also, the thickness of many layers observed by the ground-based 
system are reduced substantially in the satellite data since the 
tops and bottoms of these layers are below the detectability 
threshold of the satellite system. 

The logical conclusion to be drawn from this simulation is 
that a lidar should be flown along with a satellite radar. A small 
lidar system would be quite capable of detecting the thin cirrus 
that falls below the radar threshold and would identify the cor- 
rect cloud top height [Sassen, 1991]. However, the lidar would 
be unlikely to penetrate the thicker cirrus cases and would fail to 
detect the substantial fraction of low cloud events found in con- 

junction with thick cirrus. Also, because this data were acquired 
in the late autumn, they contain no cirrus directly generated by 
deep convection. Our experience with convective cirrus, par- 
ticularly in the tropics, indicates that it often occurs in deep, op- 
tically thick layers. These layers would be more deeply pene- 
trated by the radar, but not by the lidar. 

Conclusions 

We have examined cirrus cloud characteristics observed by a 
94-GHz radar during an extended observational period from 
early October through late December 1994 and interpret the ob- 
served reflectivities in the context of a continuous representation 
of large-scale meteorology gleaned from the RUC model output. 
The fundamental statistics of the cirrus observed during this pe- 
riod are listed in Table 1 and agree quite well with similar sta- 
tistics compiled by Dowling and Radke [1990], Wylie and Men- 
zel [1989], Uttal et al. [1995], and Winker and Vaughn [1994]. 
The principal findings of this study are as follows: 

1. On average, the cirrus observed during this period existed 
in environments in which the large-scale atmosphere was weakly 
ascending (Figure 3). However, approximately 40% of the cir- 
rus occurred in situations where large-scale subsidence was oc- 
curring. Cirrus parameterizations based on model-resolved ver- 
tical motions must account for the possibility that cirrus may 
form and advect through environments that are subsiding at 
horizontal scales comparable to the model resolution. 



13,592 MACE ET AL.: A STUDY OF COMPOSITE CIRRUS MORPHOLOGY 

2. Cirrus tend to occur in thin layers (Figure 2d). Approxi- 
mately half of all layers observed during the observational period 
were less than 1 km deep. Considering the possibility that some 
fraction of thin cirrus is below the minimum detectable signal of 
the radar, the frequency distribution shown in Figure 2d may be 
biased on the low side for the thinner layers. To properly ac- 
count for the radiative characteristics of cirrus clouds 

(particularly in the infrared), it is critically important that the 
cloud base and top be properly represented [Vogelmann and 
Ackerman, 1995]. 

3. We find little correlation between temperature and radar 
reflectivity (Plates 1 and 3). The mean reflectivity of cirrus lay- 
ers does, however, seem to be a strong function of layer depth 
(Plate 4) with thicker layers attaining significantly higher reflec- 
tivity. Regardless of layer thickness, reflectivity tends to in- 
crease between cloud top and the middle regions of the cloud 
and then decrease in the lower third of the layer (Plate 5) with 
this trend being amplified in the thicker layers. On the basis of 
this vertical distribution, we infer that crystal growth tends to 
occur in the upper two thirds of most cirrus layers while the 
lower third is dominated by ice crystal sublimation. We further 
conclude that the principal elements important to the macroscale 
properties of cirrus cloud layers are the water vapor and turbu- 
lence structure of the regions at and below the nucleation zone. 
Parameterizations of cirrus properties based primarily on tem- 
perature do not account for this structure and likely lead to sig- 
nificant error in predicted radiative heating rates and in the re- 
distribution of water vapor within the model atmosphere. 

4. A radar with the sensitivity of a proposed satellite-borne 
W-band system would have detected approximately two thirds of 
the cirrus observed by our ground-based radar (Tables 1 and 2). 
We are uncertain what fraction of thin cirrus that occurred dur- 

ing this observational period was below the detectability limits 
of our radar. A satellite-borne W-band radar would tend to miss 

the more tenuous bases and tops of thicker cirrus layers while 
thinner layers might be completely undetected. In order to arrive 
at robust descriptions of cirrus distributions, a satellite-borne ra- 
dar system should be accompanied by a lidar. 

The results presented here are an analysis of only a 2-month 
cloud radar data set. In addition to the specific points above, 
two general conclusions can be drawn from this work. The first 
is that cloud radar is a unique tool for carrying out such studies. 
The radar was operated basically continuously whenever clouds 
were present. Thus the cirrus statistics are temporally complete. 
They are not subject to interruptions caused by the need for an 
operator or biased by obstruction due to low clouds. These fea- 
tures of a radar cirrus climatology lead to a significant advantage 
over all other climatologies. The Atmospheric Radiation Meas- 
urement (ARM) program, sponsored by the Department of En- 
ergy, has installed a continuously operating, vertically pointing 
35-GHz radar at its site in north central Oklahoma. This radar, 
and those planned for other ARM sites, will produce the data 
needed to generate long-term statistics similar to those presented 
here. 

The second general point is that the cirrus statistics show a 
large degree of variance in every statistical property that we ex- 
amined. The large variations in properties, such as the reflec- 
tivity, suggest that there are correspondingly large variations in 
the radiative impact of the cirrus on both solar and infrared ra- 
diation fluxes at the Earth's surface and the top of the atmos- 
phere as well as the radiative heating rates within the cloud 
layer. Parameterizations of cirrus in climate models must pre- 

dict the variations in microphysical and radiative properties if 
they are to produce realistic simulations. At this point, we do 
not completely understand the linkages between the cirrus prop- 
erties and the environmental conditions that produce them. The 
relationships investigated here suggest that many of the simple 
conceptual relationships used in current parameterizations are 
not completely correct. Some tantalizing indications of relation- 
ships can be inferred from these data, as we suggest in item 4 
above. Unfortunately, the data set is too limited to allow us to 
extract their exact nature. We expect that additional data col- 
lection, including rigorous definition of large-scale environ- 
mental fields, will allow us to quantify these relationships and 
develop more robust parameterizations. 
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