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1. Introduction curtains of cloud reflectivity that may be
compared to theimodel simulationghrough
On the temporal and spatial scales olise of a radiative transfer model.
regional weather, accurate forecasts of cloud
cover are required to predict the diurnal2.1 SingleMoment Microphysics Schemes
temperature cycle and probability of
precipitation Clouds and precipitation disrupt The cloud life cycle is simulated by
transportation, or in severe cases maylistributing water mass amg multiple
contribute to flooding, property damage orhydrometeor classes in a bulk water
agricultural losses. Many of these problemgarameterization scheme. Although the
are alleviated through risk mitigation numbers of classes vary among schemes, each
strategies, enhanced by accurate weath& responsible for the representation of
forecasts in the form of watches and physical processes rbugh  formulas
advisories. Numerical models assist with thelescribing their sources and sinks. Model grid
issuance of these forecast products. Gains points contain the mixing ratio of each
forecasting will come from improved hydrometeor class, yet the physical processes
simulation of clouds and their microphysicalof terminal fall speed, geometric sweep out
processes, achieved through steady increasasd collision efficiency require knowledge of
in computer esources and forecast modelsparticle sizes. HRis requirement is met by

that operate at cloud resolving resolution. assuming a particle size distribution relating
the mixing ratio to the number of particles
2. Background within a given size interval. These functions

are smooth and continuous, often prescribed

High resolution forecast models are as an inversexponential form following from
transitioning to the use of bulk water an analysis of raindrop sizes performed by
parameterizations that explicitly forecast theMarshall and Palmer (1948).The inverse
evolution of clouds and precipitation. exponential distribution determines the
Investment in the NASA Afternoon Train (or number concentration of a particular diameter
A-Train) of polarorbiting, Earth observing and is dependent upon an intercept and slope
satellites provides an opportunity to observegarameter.The slope parameter is a fureti
cloud properties, which provide data for theof the particle density, an intercept parameter
validation and improvement of simulatedand the mixing ratio. Given a constant mixing
clouds within high resolution models. ratio, reducing (increasing) the intercept
Specifically, the launch of the CloudSat Cloudparameter increases (decreases) the mean
Profiling Radar has returned tvedmensional particle diameter.
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cl asses. @b ment o de @h KSkie sfrequeay to produce two
predict both the mixing ratio and numberdimensional curtains of cloud reflectivity
concentrations of various size categories bufStephens et al. 2002).CloudSat samples
will not be discussechere. Two single clouds slightly off of the nadir point,
moment, sixclass bulk water providing a 1.7 km along track and 1.4 km
parameterizations are of particular interest: thacross track resolution, with reflectivity
NASA Goddard Cumulus Ensemble (Tao andesampled to a vertical rdaton of 240 m
Simpson 1993, Tao et al. 2003 and GSFC6 L 6 E ¢ peysenal communicatipn The
hereafter) and the Weather Research ancdar system has aminimum detection
Forecasting Model (WRF) Singloment threshold of -28 dBZ, but has difficulty
(Hong et al. 2006 and Hong et al. 2004,sampling in the lowest kmof the atmosphere
WSM6 hereafter) microphysics schemes. due to cluttering from tF
quality control mask has beedeveloped to
2.2 The Weather Research and Forecast eliminate noisy signals from true cloud returns
(WRF) Model (Wang and Sassen 2007)In groundbased
applications, radars similar to CloudSat have
Bulk water microphysics schemes areb e e n used to 0 Hf seeerdvee 0t h
currently utilized in operational, high precipitation process in an extratropical
resolution forecasts generated by the Weathayclone (Syrett et al.1995) determine cloud
Research and Forecast (WRF) Modellayering statistics(Hogan 2000),and cloud
(Skamarock 2007). This model is used base and top altitude§Wang and Sassen
extensively by federal agencies responsible fo2001).  Although CloudSat may have
public safety: the National Centers fordifficulty detecting thin cirrus and will
Environmental Prediction NCEP), the attenuate strongly in areas of moderate or
National Severe Storms LaboratordgSL), heavy precipitation, the bullof the radar
and individual Natnal Weather Service profile reveals the characteristics of clouds in
offices produce forecasts using the WRRhe mixed phase region responsible for many
model framework. The WRF model can bemicrophysical processes and the generation of
initialized off of other model forecasts or mayprecipitation.
generate fresh initial conditions through
variational data assimilation techniques. The.4 QuickBeam Radiative Transfer Model
model operates in aon-hydrostatic mode to
accommodate mesoscale simulations and A radiative transfer model
provides a battery of parameterizations fo(QuickBeam) has len developed for the
land surface, boundary layer, radiatiand simulation of CloudSat reflectivity profiles,
cumulus processes.Tao et al. (2007) have given a vertical profile of altitude, pressure,
incorporated the Goddard microphysicstemperature and hydrometeor mixing ratios
scheme in the WRF modigshmework, while a (Haynes et al. 2007)QuickBeam is used here
variety of other schemes are available foto produce reflectivity profiles from clouds

comparison. simulatel within a highresolution WRF
forecast. The QuickBeam code has been
2.3 CloudSat Cloud Profiling Radar modified slightly to include particle size

distribution characteristics unique to the
The CloudSat Cloud Profiling Radar WSM6 microphysics scheme: the
(CPR) was launched @2006and builds on the determination of a mean cloud ice crystal size
heritage of groundbased cloud radars, using aas a function of mixingratio, and the
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Figure 1. [Top] CloudSat Cloud Profiling Radaeflectivity (dBZ) observations of light tc
moderate, precipitating snow bands observed on 1 March 2007 in Eastern Nebras
Western lowa. [Bottom] QuickBeam simulated reflectivity based on WRF cloud prt
extracted from an operational NSSL faast; taken from grid points that were near
neighbors to the CloudSat nadir track.

temperature dependence of the snowsimulated by the model in comparison to the
distribution intercept parametgfHong and location of modeled and observed differesc
Lim 2006). An example comparison of These inferences may be validated through an
CloudSat observations and reflectivityexperimental design that modifies a specific
obtained through QuickBeam is shown inmicrophysical process and identifies changes
Figure 1. that tune the model toward observations.

2.5 RemoteSensing Strategies for 3. Methodology
Validating Microphysics Schemes
The Weather Research and Forecast

Due to the frequent use of bulk water(WRF) Model (SkamarocR005) was used in
schemes when investigating cloud processean operational mode and at high resolution in
and a future reliance upon them for high order to explicitly simulate the evolution of
resolution operational forecastsang et al. clouds and precipitation. This model is
(2007) emphasize a need to identify schemeurrently being run at the National Severe
biases andhecessary adjustments. Contouredstorms Laboratory (NSSL) to supplement
frequency with altitude diagrams (CFADs, other objective fores toolsavailableto the
Yuter and Houze 1995are often used to Storm Prediction Center and National Weather
provide a graphical representation of the radaBervice forecast offices. Daily forecasts
reflectivity distribution along a constant produced by NSSL utilize the MYJ boundary
altitude. Although a single frequency radarayer and turbulence, the WRF silass bulk
signal cannot separate the reflectivity intowater microphysics (WSM6), the Rapid
contributions from specific hydrometeor Radiative Transfer Model (RRTM) for
types, inferences may be made by examinintpngwave radiation, and the the Dudhia
the vertical distribution of mixing ratios as shortwave radiation schemes as well as a



Figure 2. Combined reflectivty profiles (dBZ) for deep frontal and convective clouds base!
CloudSat 2BCLDCLASS profile classification and 2BEOPROF reflectivity accumulate
throughout October 2006 within the Central United States.

positive-definite advection of moistufdNSSL  simulation wasanalyzed to locate a section
2007). The NSSL forecasts use 35 verticalwith comparable cloud types of interest: deep
levels, a 24second time step and a horizontalconvective or stratiform profiles.  These
resolution of 4 km witlcoverage over most of profiles were composited and compared to
the continental United States. The NSSLlobservations of deep convective and stratiform
selection of parameterizations was adhered tdoud profiles obtained by CloudSat.
in this study to make comparisons between
observed clouds and those simulated by a#. Model Simulations and Results
operational model. The singteoment bulk
microphysics schemwas varied to compare Two extratropical cyclones were
the representation of cloud types in thesimulated with sixlass microphysics,
GSFC6 and WSM6 forecasts to observationproducing output mixing ratios of water vapor,
from CloudSat. cloud ice, cloud water, rain, snow and graupel.
The QuickBeam radar simulator wasBoth cyclonestraveled through the Central
used to convert cloudy WRF profiles intoPlains, producing vamg types of
equivalent CloudSat reflectivity. Each WRF precipitation across several states. The
cyclone of 22 February 2007 brought light to
moderate snow to the states of lowa and
Minnesota, with  snowfall continuing
northward into the central Canadian
provinces This storm was sampled by
Cloud&t during an ascending pass around 19
UTC, with moderate snow bands represented
by 8-12 dBZreflectivity maxima extending-3
4 km AGL to just above the surface. On the
synoptic scale, this snowfall event and cloud
shield occurred in a region of isentropiscent
and warm air advection. Cold season
precipitation forecasts are a current target of
weather prediction researcfRalph et al.
2005, and this case is used to compare WRF
representation of winter precipitation profiles

Figure 3. Simulated composite WSB3D
reflectivity (dBZ) at 09 UTC on 1 Marct
2007. A polygon encompasses WRF profi
sampled to represent convective clo
profiles. The CloudSat flight track used i
Figure 1 is represented by an arrow.



