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Project Objectives 
 
The following research themes are to be addressed in the project (excerpt from proposal 
abstract): 
 

 We propose to adapt our combined active/passive modeling framework that 
was developed using currently available CloudSat, Advanced Microwave 
Scanning Radiometer (AMSR-E), and Advanced Microwave Sounding Unit-B 
(AMSU-B)/Microwave Humidity Sounder (MHS) observations to coherently 
simulate all GPM passive microwave frequencies and radar returns at DPR 
frequencies.  This approach can be applied to mesoscale model output to 
generate synthetic observations, as well as to actual observations using 
CloudSat, AMSR-E, and AMSU/MHS as proxies for GPM instruments.  This 
combined modeling platform allows the active and passive response to 
precipitation to be modeled in a physically consistent framework and also 
enables uncertainties associated with the simulations to be readily obtained.   

 
 We plan to continue our current higher latitude precipitation studies with the 

combination of AMSR-E, AMSU/MHS, and CloudSat as proxies for GPM. 
Based on our forward model approach we will determine errors and 
uncertainties associated with snowfall retrievals due to the choice of ice particle 
model and particle size distribution parameterization. The utility of these errors 
and uncertainties can be further enhanced by stratifying them regionally or by 
precipitation category or cloud type. 

 
 
Final Progress Report: 
 
1. Research Progress 
 

This project has focused primarily on developing microphysical modeling tools for 
microwave precipitation retrievals and performing combined active and passive remote 
sensing of higher latitude precipitation using proxy GPM observations comprised of 
CloudSat, AMSR-E, and MHS data.  A core effort has been the continual development of 
an ice model scattering database using both non-spherical and variable density spherical 
and ice models.   This database synthesizes scattering properties for a wide range of 
microwave frequencies onto a consistent particle mass or dimension grid by interpolating 
results from the original investigators’ datasets to provide scattering results that are easily 
accessible for testing and retrieval applications.    

 
The scattering database and/or combined active/passive modeling system has been 

heavily utilized in the following manuscripts from our group that have been published 
with project support: 

 
 Kulie et al. (2010) transformed native CloudSat observations into 

hydrometeor profiles using radar reflectivity factor (Ze) to ice water 



content (IWC) conversions based on the different ice model scattering 
properties contained in the standardized database.  Forward radiative 
transfer calculations were then performed using the hydrometeor profiles 
to obtain simulated multi-frequency passive microwave brightness 
temperatures.  The simulated results were compared to AMSR-E and 
MHS observations to eliminate implausible ice models whose scattering 
characteristics did not possess the backscatter and extinction properties 
requisite to produce comparable observational results, and uncertainties in 
simulated passive microwave brightness temperatures due to ice particle 
model scattering properties for various precipitation categories were 
tabulated.   Error correlations between different scattering-sensitive GMI-
like microwave frequencies under precipitating conditions were also 
developed and offer an improved ability to account for off-diagonal error 
covariance matrix elements in retrieval and data assimilation schemes.  
 

 Hiley et al. (2011) also used a combination of CloudSat and AMSR-E data 
to study W-band radar snowfall retrieval uncertainties using empirical Ze 
to snowfall rate (S) relationships developed from the ensemble of ice 
models in the scattering database. Global snowfall estimates with 
uncertainty bounds were also produced with direct relevance to the GPM 
mission.   This study also investigated coincident microwave-derived 
cloud liquid water path and snowfall occurrence, and a validation exercise 
also compared snowfall retrievals with Canadian ground-based 
measurements.   

 
 Kneifel et al. (2011) compared modeled Ku-/Ka-/W-band snowfall radar 

signatures using a subset of ice models and highlighted the potential for 
snowflake habit to be determined (and thus obtaining a critical 
microphysical retrieval constraint) from distinctive triple-frequency radar 
signatures of larger, aggregated snowflakes.   

 
 Di Michele et al. (2012) used non-spherical ice model Ze-IWC 

relationships from the scattering database to assess global circulation 
model errors by comparing globally-averaged model results to CloudSat 
observations. 

 
 Kulie et al. (2013) performed an triple-frequency radar analysis on an 

airborne dataset from the NASA-sponsored Wakasa Bay field campaign to 
assess the Kneifel et al. (2011) modeling results and highlight similar 
distinctive features between radar modeling and observational results.  

 
 
2. GPM Algorithm Development Team Activities 
 

We continue to work closely with the GPM Radiometer Algorithm Team to assist 
with Day 1 algorithm development activities.   Our initial limited CloudSat/AMSR-



E observational and empirical cloud property profile dataset (~30 A-Train orbits) 
was expanded to include near-coincident CloudSat, AMSR-E, and MHS 
observations for a 5-year period.  We also produced end-to-end code to bin these 
combined radar-radiometer observations by skin temperature, precipitable water 
vapor amount, and surface emissivity class to conform to the GPROF algorithm 
environment.  Furthermore, all profiles in this 5-year database were matched with 
numerical model-generated profiles based on a unique set of observational-
modeling matching criteria that considered both radiometer and radar properties in 
the matching procedure.  This updated higher latitude dataset was delivered to C. 
Kummerow at Colorado State University and integrated into the GPM the Day 1 
passive microwave precipitation algorithm.   

 
3. International Workshop on Space-based Snowfall Measurement 
 

We have been actively involved in the planning the 4th International Workshop on 
Space-based Snowfall Measurement (IWSSM) to be held in Mammoth Lakes, CA 
in May 2013, with PI R. Bennartz serving as the lead member of the Program 
Committee for this workshop.  The IWSSM is jointly sponsored by the International 
Precipitation Working Group (IPWG), the GEWEX Radiation Panel (GRP), 
NASA’s CloudSat Mission, and NASA’s Precipitation Measurement Missions 
(PMM) Program.  The IWSSM will build upon the previous workshops and will 
once again feature a focused agenda to discuss both the current state of the science 
related to space-based snowfall measurements that is highly relevant to GPM, and 
to steer future research and technology development related to this field. 
 

4. Overview Poster – PMM Science Team Meeting 2013 (Annapolis, MD) 
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• Further analysis of this dataset and other ground-based radar 
datasets (e.g., ARM SGP and Eureka sites, Summit Greenland, 
GCPEx). 

 

• Long-term Doppler velocity and polarization fields can be analyzed to 
study “dry” versus “wet” snowfall frequency and typical reflectivity 
signatures. 

 

• Multi-frequency microwave radiometer simulations will be performed 
using radar + ancillary datasets. 

 

• Micro Rain Radar and Precipitation Video Imager deployment 
dedicated to GPM validation and snowfall retrieval development 
purposes will occur during the 2013-2014 and 2014-2015 winters in 
northern Michigan. 

IV. Future Work 

I. Overview 
Long-term snowfall radar signatures are studied using the Ka-band (35 GHz) 
millimeter wavelength cloud radar (MMCR) at the North Slope Alaska (NSA; Fig. 1) 
Atmospheric Radiation Measurement (ARM) Climate Research Facility. This project 
has the following primary goals:  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: ARM radar sites.  Data from the 
NSA site are used in this study. (Image 
courtesy of the ARM Data Archive 
website ) 

• Compile long-term snowfall radar statistics to 
compare with vertically-pointing radar sites 
around the world; 

• Provide near-surface snowfall reflectivity profile 
information to correct space-based snowfall 
estimates (e.g., Fig. 2); 

• Provide ground-based radar comparisons for 
space-based sensors [e.g., the Global 
Precipitation Measurement (GPM) Dual-
Frequency Precipitation Radar (DPR)]; 

• Infer microphysical details of snowfall. 

Fig. 2: CloudSat radar observations of a Greenland snowfall event.  Thick, solid line indicates surface 
terrain.  Note the data gap in the lowest ~1km AGL due to potential clutter contamination. 

II. Reflectivity Histograms 

Fig. 3: Radar reflectivity histograms for the 2004-2011 dataset shown at various heights AGL 
(left) and annual histograms at 0.3 km AGL (right). 

• MMCR radar reflectivity histograms associated with NSA 2004-2011 
snowfall events are shown in Fig. 3 .  
 
• Reflectivity data are included in the histograms only if they exceed 
-30 dBZ in data bins 2 through 5 and the surface temperature is sub-
freezing. A -10 dB reflectivity correction was applied to 2008-2011 
data (see ARM web site for details). 
 
• There can be significant inter-annual NSA snowfall reflectivity 
variability. The 2006-2008 winter seasons are dominated by light 
and shallow snowfall events, although snowfall frequency is 
considerably less than other years (not shown).   Other years show 
differences, but are also sensitive to the reflectivity bias correction 
applied to post-2008 data. 

• These histograms are useful for GPM validation purposes and for 
probability of detection statistics. The NSA snowfall histograms 
indicate that lighter snowfall dominates snowfall event frequency at 
this site and may be indicative of snowfall characteristics at other 
high latitude locations.  

 

Fig. 4: Normalized frequency of occurrence (scaled 
by 100) for MMCR reflectivity versus height for 
select winter seasons.  

III. Reflectivity Profile Analysis 

Fig. 5: Normalized frequency of occurrence (scaled 
by 100) for maximum columnar reflectivity versus 
cloud top height (CTH). 

Fig. 6: Same as Fig. 4, but categorized by four 
cloud top height (CTH) regimes.  

• The inter-annual variability of snowfall-associated reflectivities is depicted in Fig. 4.   Some winters have almost exclusively shallow 
snowfall associated with very light reflectivities (e.g., 2006-2007), while other winters frequently experience snowfall from deeper 
systems associated with higher reflectivities (e.g., 2010-2011).    The shallow precipitation mode is associated with sometimes 
persistent mixed-phase clouds that have been well-documented at the NSA site. 

• The maximum columnar MMCR reflectivity is generally dependent on cloud top height (Fig. 5), except for the shallow snowfall mode 
that can sometimes produce larger reflectivities with low cloud top heights. 

 
• Reflectivity profiles are dependent on the cloud top height (Fig. 6) and can be used for near-surface reflectivity profile corrections to 

space-based radar observations. 

• Multi-frequency GPM Microwave Imager simulations can be made using ARM radar and ancillary datasets (e.g., soundings, ground-
based microwave radiometer temperature and moisture retrievals, etc.) to build the atmospheric column. 
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