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ABSTRACT 

Mesoscale convective systems (MCSs) are the largest convective storms and consist of 

active convective towers, expansive stratiform regions, and large anvil regions.  Ice melting is a 

dominant rainfall formation process in the stratiform precipitation associated with MCSs, and the 

vertical profiles of microphysics determine the radiation budget and redistribute energy in the 

atmosphere.  However, the MCS cloud and precipitation microphysical properties have neither 

been fully understood nor characterized in models accurately.  Developing targeted retrievals from 

long-term observations would be beneficial in understanding the cloud and precipitation 

microphysical properties within MCSs.   

There are two major objectives for this dissertation.  The first one is to develop new 

retrieval algorithms to estimate the cloud and precipitation microphysical properties of MCSs.  The 

second one is to make use of the new retrievals to evaluate satellite product/retrievals and improve 

our understanding on the spatiotemporal characteristics of warm season MCS precipitation and ice 

cloud microphysical properties. 

In our study, new retrieval algorithms are developed to estimate the MCS cloud and 

precipitation microphysical properties using radar measurements and some empirical relationships 

derived from aircraft in situ measurements during the Midlatitude Continental Convective Clouds 

Experiment (MC3E).  The MC3E was conducted by the Department of Energy (DOE) 

Atmospheric Radiation Measurement (ARM) and the National Aeronautics and Space 

Administration (NASA) Global Precipitation Measurement (GPM) mission Ground Validation 

(GV) program at the ARM Southern Great Plains (SGP) site during April-June 2011.  Unique 

precipitation and cloud microphysical products are generated, which include the MCSs’ ice water 

path (IWP), liquid water path (LWP), rain water path (RLWP), vertical distributions of ice water 



 
 

16 
 

content (IWC), and rain liquid water content and path (RLWC and RLWP) during MC3E.  The 

retrieved vertical distributions of IWC and RLWC can help improve our understanding of the 

cloud-precipitation transition processes.   

As one application of these unique retrievals for MCSs, IWPs retrieved from satellite 

observations are evaluated.  It is found that radar and satellite retrievals have similar probability 

distribution functions and small mean differences in anvil regions, however, large differences and 

low correlations exist in stratiform rain areas.  To better understand the spatiotemporal variations 

of warm season MCSs’ precipitation and ice cloud microphysical properties, a new database of 

MCSs’ ice cloud microphysical properties has been generated during the period 2010-2012.  There 

are different distributions of precipitation and IWP in summer and spring.  Composite evolutions 

of MCS precipitation and IWP could be explained by the MCS stratiform precipitation formation 

processes during spring and summer seasons.   
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CHAPTER 1: INTRODUCTION 

1.1 IMPORTANCE OF MESOSCALE CONVECTIVE SYSTEMS 

Convective systems are among the most dangerous atmospheric phenomena resulting 

in natural disasters.  Convective systems include convective storms (isolated cumulonimbus, 

multicellular as well as superstellar) of diameters of ~ 1-10 km and larger mesoscale convective 

systems (MCSs) with diameters of ~ 100 - 200km (Emanuel, 1994).   

The term airmass thunderstorm or simply ordinary thunderstorm is used to describe small 

isolated cumulonimbus clouds produced by local convection in an unstable airmass rather than by 

fronts or instability lines.  These systems generally develop just one main precipitation shower.  The 

single cell of cumulonimbus takes on more importance when it serves as building block of a larger 

multicell storm.  The lifetime of multicell storm is several hours considerably exceeding that of an 

individual cell (~ 1 hour).  Supercell storm is another basic type of convective storms, which is less 

common but gain much attention due to its strength and associated violent weather.  Supercell storms 

produce the most extreme hail and strongest tornadoes.  Supercell storm is about the same size as a 

multicell storm, but the distinguishing characteristic of a supercell storm is its rotating updraft, 

circulation of one giant updraft-downdraft pair dominating its cloud structure, air motions, and 

precipitation processes.     

The cumulonimbus clouds often occur in large groups and complexes.  An MCS is a complex 

of convective storms that becomes organized on a large scale with precipitation covering hundreds of 

kilometers horizontally and normally persisting for several hours to one-two days.  MCSs play an 

important role in the hydrological cycle of the midlatitudes.  For example, in the central United States, 

MCSs contribute between 30% and 70% of warm-season rainfall (Feng et al., 2016; Fritsch et al., 1986; 

Nesbitt et al., 2006).  Long-lasting MCSs are responsible for a majority of flood-producing extreme 
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rainfall events (Schumacher & Johnson, 2006; Stevenson & Schumacher, 2014) and contribute to 

severe weather phenomena (Bentley & Mote, 1998; Bentley & Sparks, 2003; Houze et al., 1990).   

Knowledge of the microphysical properties within MCSs is important since these properties 

are linked to the precipitation and heating profiles of MCSs.  Ice particles comprise a large portion 

of the MCS cloud mass and ice melting is a dominant rainfall formation process in the stratiform 

precipitation associated with convective systems (Bringi & Chandrasekar, 2001).   MCS ice cloud 

microphysical properties and their profiles, especially in the stratiform regions, modify radiative 

heating which can change instability, may cause turbulence, and alter the lifetime of stratiform 

precipitation and its associated anvil cloud (e.g., Chen and Cotton, 1988; Churchill and Houze, 1991; 

Tao et al., 1996). 

Understanding of the MCSs’ cloud and precipitation properties and processes can be 

obtained from developments in observational technology and modeling.  So far, the representation 

of MCSs in cloud resolving models (CRMs) and global circulation models (GCMs) remains a big 

challenge (e.g. Fan et al., 2015; Lin et al., 2006).  One component of this challenge is attributed to 

the lack of comprehensive observations and retrievals of microphysical properties in the MCSs.  

Field campaigns using sophisticated radars, improved aircraft instrumentation, and ever-

expending satellite instruments are needed to gain deeper understanding on MCS microphysics.  

There has been a growing need for satellite and ground-based observation/retrieval datasets to 

better constrain model parameterizations to address deficiencies in the treatment of MCSs 

microphysical properties in CRMs and GCMs.   

 

1.2 OBJECTIVES AND MOTIVATIONS 

There are two major objectives for this dissertation.  The first one is to develop new 

retrieval algorithms to estimate the cloud and precipitation microphysical properties of MCSs.  The 
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second one is to make use of the new retrievals to evaluate satellite products/retrievals and improve 

our understanding on the warm season MCSs’ precipitation and ice cloud microphysical properties 

over the Great Plains. 

Although MCSs’ ice cloud properties can be measured by research aircraft, such 

measurements represent very limited sampling volumes of MCSs both spatially and temporally.  

Thus, developing targeted retrievals from long-term ground-based Next-Generation Radar 

(NEXRAD) observations would be beneficial to better understand the cloud microphysical 

properties within MCSs.  Studies to retrieve MCSs’ ice cloud microphysical properties from 

ground-based observations are limited due to the complexity of ice particle size and shape, as well 

as severe attenuation of high-frequency radar, lidar, and radiometer signals during the moderate to 

heavy precipitation events associated with MCSs.  At the S-band frequency, attenuation by 

hydrometeors can be ignored for most practical cases (Matrosov, 2007), and thus no corrections 

for attenuation have been applied to the S-band radar measurements.  With unattenuated NEXRAD 

measurements, the MCS ice cloud microphysical properties can be retrieved and used to evaluate 

satellite retrievals and model simulations. 

Figure 1 shows the vertical structure of an MCS, which consists of three layers: an upper 

layer dominated by ice particles, a lower layer dominated by liquid droplets, and a middle layer 

which is a mixture of ice particles and liquid droplets.  In addition to the upper layer of MCSs, the 

microphysical properties below the melting layer are also important.  Usually, the rain parameters 

can be only estimated from surface measurements (e.g., rain gauges and disdrometers) and there 

are limited studies to provide the vertical profiles of rain parameters.  The new retrievals of MCS 

liquid cloud and rain microphysical properties below the melting layer from this study will shed 
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light on the understanding of rain microphysical processes (like condensation, evaporation, 

autoconversion, and accretion etc.).   

Liquid water path is defined as an integral of liquid water content (LWC) in a liquid layer.  

It is used to provide an integrative characterization of hydrometeors in the atmospheric column 

and is critical for studying clouds, precipitation, and their life cycles.  LWP can be retrieved using 

the ground-based MicroWave Radiometer (MWR) measured brightness temperatures at 23.8 and 

31.4 GHz (Liljegreen et al. 2001).  However, under precipitating conditions, especially for 

moderate and heavy precipitation events, conventional MWR-retrieved LWPs have relatively large 

uncertainties (e.g. Saavedra et al., 2012; Cadeddu et al., 2017).  Also, in the precipitating system, 

the cloud liquid water droplets and rain droplets often coexist in the same atmospheric layer (e.g., 

Dubrovina, 1982; Mazin, 1989; Matrosov, 2009, 2010), suggesting that the LWP consists of both 

cloud liquid water path (CLWP) and rain liquid water path (RLWP).  However, the discrimination 

between suspended small liquid water droplets and large precipitating raindrops is a very 

challenging remote sensing problem.  Even though the partitioning of LWP into cloud and rain 

components is important in cloud modeling (Wentz and Spencer, 1998; Hillburn and Wentz, 2008), 

few studies have been performed to estimate RLWP and CLWP simultaneously and separately 

(Saavedra et al., 2012; Cadeddu et al., 2017).  Retrieving the LWP of MCSs, which includes both 

RLWP and CLWP retrievals using comprehensive surface observations through multiple sensors, 

is also an objective in the algorithm development in this study.   

With unique microphysical retrieval products developed in this study, MCS ice 

microphysical properties retrieved from satellite observations (GOES and Terra/Aqua MODIS) 

can be evaluated (Tian et al., 2018).  Although the global distribution of IWPs is available from a 

variety of current satellite retrievals, these products most likely have large uncertainties, especially 
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for MCSs.  For example, the imagers on low-Earth orbit or the Geostationary Operational 

Environmental Satellites (GOES) can provide the necessary temporal and spatial coverages of 

MCSs, however, the retrieved MCSs’ IWPs are questionable because the GOES measured 

reflected solar radiation is contributed by both ice and liquid hydrometeors in MCSs.  In addition, 

satellite visible/IR measurements usually provide only column-integrated quantities or near cloud-

top information.  Thus, their IWP/LWP retrievals may contain relatively large uncertainties.  

Therefore, satellite retrievals must first be properly analyzed and evaluated by other independent 

retrievals, and their uncertainties must be understood before they can be used to reliably evaluate 

model simulations.    

With the newly developed retrieval algorithms, we have generated a 3-yr database of MCSs’ 

ice cloud microphysical properties over the Great Plains for providing statistical results of MCSs’ 

ice cloud microphysical properties.  Although the characteristics of MCSs’ precipitation over the 

Great Plains have been investigated by numerous studies (e.g. Nesbitt et al. 2006; Prein et al. 2017; 

Feng et al. 2018), there are few studies to investigate the MCSs’ ice cloud microphysical properties 

over the Great Plains due to the lack of long-term observations and retrievals.  The newly generated 

database in this study can be used to investigate the spatiotemporal characteristics of MCSs’ ice 

cloud microphysical properties over the Great Plains, as well as their relationships with 

precipitation.  Through an integrative analysis of MCS ice cloud and precipitation properties, the 

formation processes of stratiform precipitations of MCSs can be better understood.    
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Figure 1.  The NOAA S-band radar reflectivities at the ARM SGP site with Mesoscale Convective Systems (MCSs) 
Convective-Stratiform-Anvil (CSA) classification (at the bottom of the plot) on 20 May 2011.  Temperatures are 
plotted as black lines.  The dashed grey line represents the height of 0 oC (273 K).  
  

1.3 DATASET 

1.3.1 Field Campaign of the Midlatitude Continental Convective Clouds Experiment (MC3E) 

To improve our understanding of convective processes through greater accuracy in 

measurements and to utilize these measurements to improve their representation in models, the 

Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) and the National 

Aeronautics and Space Administration (NASA) Global Precipitation Measurement (GPM) 

mission Ground Validation (GV) program conducted the Midlatitude Continental Convective 

Clouds Experiment (MC3E) at the ARM Southern Great Plains (SGP) site during April-June 2011 

(Jensen et al., 2015).  MC3E took place from 22 April through 6 June 2011 and focused at the 

DOE ARM Southern Great Plains (SGP) Central Facility (CF) (www.arm.gov/sites/sgp) in north-

central Oklahoma, where an extensive array of ground-based instrumentation was deployed.  One 
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of the tasks in MC3E was to characterize the variability of cloud and precipitation microphysical 

properties through the convective cloud life cycle.   

Comprehensive measurements, including ground-based radars and lidars and research 

aircraft, are used to aid the selection of MCS cases and the development of retrieval algorithms 

(Wang et al., 2015).  A series of empirical relationships of MCS ice particle size distributions were 

established based on aircraft in situ measurements during MC3E, and they are the key for 

developing new retrieval algorithms from ground-based observations in this study.   

 

1.3.2 Ground-based measurements  

The Next Generation Weather Radar (NEXRAD) system currently comprises 160 sites 

throughout the United States and select overseas locations.  The radar data used in this study are 

three-dimensional composites of NEXRAD WSR-88D observations, where the volume data from 

individual radars are provided by the National Centers for Environmental Information (NCEI; 

National Weather Service 1991).  The NEXRAD WSR-88D composites are produced with 

approximately 2 km horizontal, 1 km vertical, and 5-min temporal resolutions following the 

methods of Homeyer (2014) and Homeyer and Kumjian (2015).   

During MC3E, an S-band zenith pointing Doppler radar was deployed by the National 

Oceanic and Atmospheric Administration (NOAA) at the DOE ARM SGP Central Facility.  The 

NOAA 3-GHz (S-band) radar provides an ability to continuously monitor precipitation echoes 

overhead.  The 3-GHz vertically pointing radar (VPR) observes the precipitation within the 

Rayleigh scattering regime and has negligible signal attenuation through the rain.  Profiles of 

Doppler velocity spectra are recorded every 7 seconds with a 60-m vertical resolution.   

The Ka-band ARM Zenith Radar (KAZR) is a zenith-pointing Doppler radar that operates 

at a frequency of approximately 35 GHz, and remotely probes the extent and composition of clouds.  



 
 

24 
 

The main observations of KAZR are to provide the first three Doppler moments (reflectivity, 

vertical velocity, and spectral width) at a range resolution of approximately 30 meters from near-

ground to nearly 20 km in altitude (Kollias et al., 2016).  The KAZR data used in this study are 

KAZR Active Remote Sensing of Clouds (ARSCL) product produced by ARM (www.arm.gov).  

The KAZR-ARSCL product has vertical and temporal resolutions of 30 meters and 4 seconds, 

respectively.  

The DOE ARM program maintains a suite of surface precipitation disdrometers.  

Measurements and estimations from the Distromet model RD-80 disdrometer and NASA two-

dimensional video disdrometers (2DVD) deployed at the ARM SGP site are used in this study. 

The RD-80 disdrometer provides rain drop size distribution (DSD) measurements at high spectral 

(20 size bins from 0.3 to 5.4 mm) and temporal resolutions (1 minute) with a minimum detectable 

precipitation rate of 0.006 mm hr-1.  The 2DVD observes rain DSDs in 41 bins ranging from 0.1 

to 10 mm and has a minimum detectable precipitation rate of 0.01 mm hr-1.  In addition to rain rate, 

the mean mass-weighted raindrop diameter (Dm) is also determined from 2DVD observations, 

which is used to evaluate Dm retrievals from radar measurements.   

A Vaisala laser ceilometer (CEIL) has been run operationally at the SGP Central Facility 

since 2001. This ceilometer can sense cloud presence up to a height of 7700m with 10-m vertical 

resolution (Morris, 2016).  The laser ceilometer transmits pulses of near-infrared radiation, and the 

receiver detects the radiation scattered back by clouds and precipitation to measure the cloud-base 

height. 

Precipitation associated with MCSs are obtained using the Hourly Stage-IV multi-sensor 

precipitation dataset produced by the 12 River Forecast Centers in the continental U.S. from 

National Centers for Environment Prediction.  To create a synthesized dataset for MCSs 
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identification and tracking, the GridRad and Stage IV data are regridded onto the satellite 4 km 

grid.  The Stage-IV product has been used as a reference precipitation dataset in many satellite and 

model verification studies (Aghakouchak et al. 2011; Mehran et al. 2103; Smalley et al. 2014). 

Atmospheric large-scale environments associated with MCSs are obtained from the NARR 

reanalysis dataset, which was developed with the goal of improving upon the NCAR/NCEP global 

reanalysis by more accurately capturing the regional hydrological cycle, diurnal cycle, and other 

important features.  The horizontal and vertical resolution are 32 km and 50 hPa, and temporal 

resolution is 3 hours. 

 

1.3.3 Satellite observations and retrievals 

The satellite datasets used in this study are the Clouds and the Earth’s Radiant Energy 

System (CERES) Edition 4 (Ed4) GOES-13 and GOES-11 4-km, and MODIS (CM) 1-km 

microphysical property retrievals (Minnis et al., 2011).  Cloud optical depth, τ, and ice particle 

effective diameter, De, are retrieved using the 0.64 µm (0.65 µm) and 3.8 µm (3.9 µm) channels, 

respectively.  IWP is computed as a product of De and τ for each pixel, assuming the entire cloud 

column is composed of ice.   

IWP = 2ρDeτ / 3Q,       (1) 

where ρ is the density of ice (0.9 g cm-3) and Q is the extinction efficiency, which ranges from 2.01 

– 2.11.  To facilitate data processing and account for the variability of Q, a linear equation was fit 

to the results, yielding a smooth function in terms of particle size with a small root mean square 

error (1%)  

IWP = τ (a × De + b),                                              (2) 

where a=0.3005 gm-2 μm-1 and b=-0.232 gm-2.   
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CHAPTER 2: PRESENT STUDY 

2.1 RETRIEVALS OF ICE CLOUD MICROPHSYCIAL PROPERTIES OF MESOSCALE 

CONVECTIVE SYSTMES USING RADAR MEASUREMENTS 

 
An MCS consists of three layers vertically: an upper layer dominated by ice particles, a 

lower layer dominated by liquid droplets, and a middle layer which is a mixture of ice particles 

and liquid droplets (Figure 1).  Ice melting is a dominant rainfall formation process in the stratiform 

precipitation associated with MCSs (Bringi & Chandrasekar, 2001).  However, given the extreme 

variability of MCS ice cloud microphysical properties, their role in the climate system is neither 

fully understood nor accurately characterized in models.  Thus, to improve model precipitation 

forecast capabilities, accurate representation of MCSs’ ice cloud microphysical properties is 

critically needed.  Fundamental ice cloud properties are ice water content (IWC) and ice water 

path (IWP), defined as the vertical integral of IWC.  The vertical distribution of the IWC (and IWP) 

is necessary to accurately determine the local top-of-atmosphere (TOA) radiation budget, 

atmospheric radiative heating rates, and surface radiative fluxes.  Climate model simulations of 

cloud IWPs vary by more than an order of magnitude (Waliser et al., 2009) and show deviating 

spatial distributions (Eliasson et al., 2011).  Insufficient scientific understanding of ice cloud 

microphysical properties is an important reason for clouds being regarded as “the largest source of 

uncertainty” in estimating climate change in the recent report of Intergovernmental Panel on 

Climate Change (Boucher et al., 2013).   

This study presents newly developed algorithms for retrieving ice cloud microphysical 

properties (IWC and median mass diameter (Dm)) for the stratiform rain and thick anvil regions of 

MCSs using NEXRAD reflectivity and empirical relationships from aircraft in situ measurements.  

A typical MCS case (20 May 2011) during the Midlatitude Continental Convective Clouds 
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Experiment (MC3E) is selected as an example to demonstrate the 4-D ice cloud property retrievals. 

The vertical distributions of retrieved IWC are compared with previous studies and cloud-

resolving model simulations.  The statistics from six selected cases during MC3E show that the 

aircraft in situ derived IWC and Dm are 0.47 ± 0.29 g m-3 and 2.02 ± 1.3 mm, while the mean 

values of retrievals have a positive bias of 0.19 g m-3 (40%) and negative bias of 0.41 mm (20%), 

respectively.  To better evaluate the new retrieval algorithms, IWC and Dm are retrieved for other 

MCSs observed during the Bow Echo and Mesoscale Convective Vortex Experiment (BAMEX) 

using NEXRAD reflectivity and compared with aircraft in situ measurements.  During BAMEX, 

a total of 63 1-min collocated aircraft and radar samples are available for comparisons, and the 

averages of radar retrieved and aircraft in situ measured IWC values are 1.52 g m-3 and 1.25 g m-

3 with a correlation of 0.55, and their averaged Dm values are 2.08 and 1.77 mm.  In general, the 

new retrieval algorithms are suitable for continental MCSs during BAMEX, especially within 

stratiform rain and thick anvil regions.   

This study has been published in the Journal of Geophysical Research, Atmospheres. For 

details of this study, please see Appendix A for this paper:  Tian, J., Dong, X., Xi, B., Wang, 

J., Homeyer, C. R., McFarquhar, G. M., & Fan, J. ( 2016), Retrievals of ice cloud microphysical 

properties of deep convective systems using radar measurements. J. Geophys. Res. 

Atmos., 121, 10,820– 10,839. https://doi.org/10.1002/2015JD024686 
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2.2 RETRIEVALS OF LIQUID CLOUD MICROPHSYCIAL PROPERTIES OF MESOSCALE 

CONVECTIVE SYSTMES USING RADAR MEASUREMENTS 

 

In addition to the upper layer of MCSs, which is dominated by ice particles, the 

microphysical properties below the melting base are also investigated.  Liquid water path (LWP), 

defined as the integral of LWC in a liquid layer, can provide the characterization of liquid 

hydrometeors in the vertical column of atmosphere.  The MWR-retrieved LWPs under moderate 

and heavy precipitation conditions have relatively large uncertainties during MC3E.  Therefore, it 

is necessary to develop new methods to retrieve LWPs for moderate and heavy rain events.   

One of the goals in this study is to retrieve the LWP below the melting base, which includes 

both RLWP and CLWP retrievals using radars measurements, and to tentatively answer two 

questions based on observations and retrievals in the stratiform precipitation systems during MC3E: 

(1) what is the occurrence frequency of cloud droplets below the melting base in the stratiform 

precipitation systems; (2) what are the values of simultaneous CLWP, RLWP, and LWP, and how 

does CLWP or RLWP contribute to the LWP.  The LWP estimations in this study are primarily 

aimed at stratiform precipitating events exhibiting melting-layer features from radar measurements 

with lower-to-moderate rain rates (RR < 10 mm hr-1).   

In this study, the CLWP retrieval algorithms presented by Matrosov (2009 and 2010) have 

been modified given the available radar measurements, vertically pointing Ka- and S-band radars, 

during the MC3E field campaign.  For the estimation of RLWP, we will basically follow the 

algorithm described in Williams et al. (2016) to retrieve microphysical properties for raindrops.  

However instead of retrieving vertical air motion and rain DSDs (Williams et al., 2016), this study 

aims at retrieving RLWCs, and then integrating RLWCs over the liquid layer to estimate RLWP.  
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Overall, in this study, algorithms from three former publications are modified and combined to 

estimate the LWP in the stratiform precipitating systems.  

The retrieval algorithm uses the measurements from the vertically pointing radars (VPRs) 

at 35 GHz and 3 GHz operated by the U.S Department of Energy Atmospheric Radiation 

Measurement (ARM) and National Oceanic and Atmospheric Administration (NOAA) during 

MC3E.  The measured radar reflectivity and mean Doppler velocity from both VPRs and spectrum 

width from the 35 GHz radar are utilized.  With the aid of the cloud base detected by ceilometer, 

the LWP in the liquid layer is retrieved under two different situations: (I) no cloud exists below 

the melting base, and (II) cloud exists below the melting base.  In (I), LWP is primarily contributed 

from raindrops only, i.e., the RLWP, which is estimated by analyzing the Doppler velocity 

differences between two VPRs.  In (II), cloud particles and raindrops coexist below the melting 

base.  The CLWP is estimated using a modified attenuation-based algorithm.  Two stratiform 

precipitation cases (20 May 2011 and 11 May 2011) during MC3E are illustrated to represent these 

two situations.  With a total of 13 hours of samples during MC3E, statistical results show that the 

occurrence of cloud droplets below the melting base is low (9%), however, the mean CLWP value 

can be up to 0.56 kg m-2, which is much larger than the RLWP (0.10 kg m-2).  When only raindrops 

exist below the melting base, the averaged RLWP value (0.32 kg m-2) is larger than that with cloud.  

The overall mean LWP below the melting base is 0.34 kg m-2 for stratiform systems during MC3E.   

This study has been accepted by the journal Atmospheric Measurement Techniques.  For 

details of this study, please see Appendix B for this paper:  Tian, J., Dong, X., Xi, B., Williams, 

C. R., and Wu, P.: Estimation of Liquid Water Path under the melting layer in Stratiform 

Precipitation Systems using Radar Measurements during MC3E, Atmos. Meas. Tech. Discuss., 

https://doi.org/10.5194/amt-2018-388, in review, 2019. 
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2.3 COMPARISONS OF ICE WATER PATH IN MESOSCALE CONVECTIVE SYSTEMS 

AMONG GROUND-BASED, GOES, AND CERES-MODIS RETRIEVALS 

 
The former two studies developed new retrieval algorithms to estimate the MCSs’ cloud 

and precipitation microphysical properties.  The purpose of this study is to make use of the new 

retrievals to evaluate satellite retrievals. 

Retrievals of convective cloud microphysical properties based on passive satellite imagery 

are difficult.  To help quantify their uncertainties, IWPs retrieved from the NASA Clouds and the 

Earth’s Radiant Energy System (CERES) project using GOES and Terra/Aqua MODIS 

observations are compared with IWPs retrieved from Next-Generation Radar (NEXRAD) 

observations over a large domain (32o N to 40o N and 105o W to 91o W) during MC3E.  Based on 

comparisons of pixel-level (4 km ´ 4 km) daytime IWP retrievals from NEXRAD and GOES, it 

is found that NEXRAD and GOES retrieved mean IWPs are 2.03 and 1.83 kg m-2, respectively, 

for ice-phase clouds in thick anvil areas.  Their mean difference of 0.20 kg m-2 (with 95% 

confidence interval: 0.14 - 0.26 kg m-2) is within the uncertainty of NEXRAD retrievals.  However, 

the low correlation between pixel-to-pixel comparisons indicates a large variation in GOES-

retrieved IWP.  For mixed-phase clouds in thick anvil areas, in addition to IWPs, total water paths 

(TWPs, sum of ice and liquid water paths) are estimated with the aid of aircraft measurements for 

NEXRAD retrievals and corrected using a TWP parameterization for GOES retrievals.  The mean 

values of estimated TWPs from NEXRAD (corrected using aircraft in situ measurements) and 

GOES are similar.  GOES and CERES-MODIS retrieved IWPs/TWPs generally do not exceed 5 

kg m-2.  Large differences and low correlations exist between satellite and NEXRAD retrievals in 

stratiform rain areas.   
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Overall, low correlations and relative large mean differences between NEXRAD and 

GOES retrievals in mixed-phase regions may be due to the following reasons: (1) Retrieval 

uncertainties exist in NEXRAD retrieved IWC and IWP; (2) GOES-retrieved IWP should be 

interpreted more as TWP than IWP, while NEXRAD IWP is only the total ice water in the cloud; 

(3) A maximum value of optical depth (150) is assumed in the satellite retrieval, which prevents 

extreme IWP retrievals; (4) The particle sizes retrieved from 3.9-µm (3.7-µm) only represent the 

mean for the upper levels of optically thick clouds (the particle size retrieved from satellite is on 

the order of 0.1 mm), and will likely underestimate the cloud mean ice particle size.  Size retrievals 

using shorter wavelengths (2.1-µm or even 1.6-µm) would be more representative of the ice 

particle size at deeper cloud layers and yield larger ice particle sizes and, subsequently, larger 

IWP/TWP values; (5) Last but not least, the mismatch issue is also a possible reason for the low 

correlation.  In summary, the low correlation is not surprising given the different sensitivities at 

NEXRAD and satellite wavelengths, and the different assumptions and error sources associated 

with the retrievals. 

This study has been published in the Journal of Geophysical Research, Atmospheres. For 

details of this study, please see Appendix A for this paper:  Tian, J., Dong, X., Xi, B., Wang, 

J., Homeyer, C. R., McFarquhar, G. M., & Fan, J. ( 2016), Retrievals of ice cloud microphysical 

properties of deep convective systems using radar measurements. J. Geophys. Res. 

Atmos., 121, 10,820– 10,839. https://doi.org/10.1002/2015JD024686 
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2.4 CHARACTERISTICS OF ICE CLOUD-PRECIPTIATION OF WARM SEASON 

MESOSCALE CONVECTIVE SYSTEMS OVER THE GREAT PLAINS 

 
To better understand the spatiotemporal characteristics of warm season MCSs’ 

precipitation and ice cloud microphysical properties over the Great Plains, a new database of MCSs’ 

ice cloud microphysical properties has been generated during the period 2010-2012.  Even though 

the MCSs’ precipitation properties are well studied, there are few studies that have investigated 

the MCSs’ ice cloud microphysical properties over the Great Plains using long-term observations 

and retrievals.  This study provides high-resolution, long-term warm-season (April to August) ice 

cloud microphysical properties in the SR regions of MCSs over the Great Plains using 15 months 

of ground-based radar measurements.       

The MCSs are tracked using high-resolution radar and satellite observations first over the 

U.S. Great Plains during the warm season (April to August) from 2010 to 2012.  The 

spatiotemporal variability of MCSs precipitation are characterized using the radar-based Stage-IV 

product.  The spatial distribution of precipitation rates in all three regions (CC, SR and AC) of 

MCSs (PRall) exhibits a close resemblance to the MCSs occurrence.  A gradual northward 

migration of MCSs from the SGP in spring to the NGP in summer is found, so that the PRall is 

larger over the SGP (1.39 mm day-1) than over the NGP (1.03 mm day-1) during spring, while the 

PRall is larger over the NGP (1.21 mm day-1) than over the SGP (0. 73 mm day-1) during summer.  

The spatial distributions of MCSs precipitation in the CC and SR regions (PRCC+SR), however, are 

different to their PRall counterparts.  In both spring and summer, the PRCC+SR is larger over the SGP 

than over the NGP.  On average, the precipitation in summer (4.18 mm hr-1) is 16% more than that 

in spring (3.49 mm hr-1).   
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The nocturnal peak precipitation is primarily driven by MCSs occurrence rather than by 

MCSs intensity.  Even though the PRall and MCSs occurrence are higher from midnight to early 

morning, it should be noticed that heavy precipitation occurs during the period from late afternoon 

to midnight.  The diurnal cycle of precipitation in the SR regions of MCSs are not as significant 

as that of MCSs’ precipitation.  The mean values of MCSs’ precipitation in SR regions (PRSR) 

during spring (2.34 mm hr-1) and summer (2.43 mm hr-1) are quite close to each other, but there 

are large spatial differences.  Overall, PRSR values are larger in summer and over the SGP than 

those in spring and over the NGP. 

Based on the 3-yr dataset of IWC above 5 km in the MCSs’ stratiform regions, we found 

IWC values generally decrease with height regardless of season (spring and summer) and location 

(SGP and NGP), but with distinguishable differences for different seasons and regions.  The mean 

IWC values (~ 0.1 gm-3) are nearly the same for four datasets at an altitude of 12 km, but at an 

altitude of 5 km they range from ~0.4 gm-3 for spring over the NGP to ~0.8 gm-3 for summer over 

the SGP.  During spring, the mean values of IWC are 0.29 g m-3 and 0.37 g m-3 at the NGP and 

SGP, respectively.  During summer, even though the MCSs occurrence is much higher at the NGP, 

the mean value of IWC at the NGP (0.40 g m-3) is 17 % smaller than that at the SGP (0.48 g m-3).  

The overall mean value for entire layer for four datasets is 0.39 g m-3.  The corresponding mean 

IWPs in the MCSs SR regions are 1.23 kg m-2 (1.89 kg m-2) and 1.69 kg m-2 (2.12 kg m-2) for the 

NGP and SGP in spring (summer), respectively.  The IWC and IWP results are consistent with the 

precipitation patterns in the MCSs SR regions, in which summer and the SGP have larger SR 

precipitation than spring and the NGP. 

Through comparing the peaks of MCSs’ precipitation and IWP from the diurnal cycles and 

their composite evolutions, we found that when using the SR IWP peak as a reference, the heaviest 



 
 

34 
 

precipitation in the MCSs’ convective core is earlier, whereas the strongest SR precipitation occurs 

~0.5-1 hr later.  The shift of peaks in MCSs CC and SR precipitation related to the SR IWP could 

be explained by the stratiform precipitation formation process: (1) MCSs CC regions contribute 

heavy precipitation first; then (2) the ice particles in the CC regions are detrained to the SR regions 

with depositional grow; and finally (3) the large ice particles travel/survive long distance, fall into 

dry layers, and eventually melt to rain drops and form the stratiform precipitation. 

The relationships between IWP and precipitation in the SR regions of MCSs are also 

investigated at MCSs genesis, mature and decay stages.  It is notice that the slopes/correlations of 

the relationships are larger at genesis and decay stages, while the slope/correlation is smallest at 

the mature stage.  Our results indicate different IWPSR and PRSR relationships should be used in 

the surface rain rate estimations, especially in those retrieval algorithms, which retrieve IWP first 

and then use retrieved IWP to estimate surface rain rate with pre-derived empirical relationship. 

In this study, it is found the transition from ice cloud to precipitation is related to the low-

level humidity.  With the same amount of ice (IWP), more precipitation can form at surface in a 

more humid sub-cloud layer due to the less evaporation of raindrops. Based on the findings in the 

dependence of IWP-rain relations on the relative humidity, in the future, efforts in improving the 

RH accuracy could be made to improve satellite precipitation retrieval.   

This work is in preparation for Journal of Climate.  For details of this study, please see the 

Appendix D: Characteristics of Ice Cloud-Precipitation of Warm Season Mesoscale Convective 

Systems over Great Plains. In preparation for J. of Climate.  
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CHAPTER 3: CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

MCSs produce a large proportion of precipitation over the mid-latitude regions.  In our study, 

several retrieval algorithms were developed to estimate MCS cloud and precipitation 

microphysical properties using radars and aircraft in situ measurements during MC3E.  Unique 

precipitation and cloud microphysical products are generated, which include MCS IWC, IWP, 

RLWC, RLWP, CLWP, and LWP during MC3E.  MCS cloud and rain properties retrievals from 

long-term radar observations over the Great Plains from this study provide insightful information 

to better understand MCS cloud and precipitation properties, as well as some physical processes 

in the MCSs. 

Algorithms for retrieving ice cloud microphysical properties for the stratiform and anvil 

regions of MCSs were developed using NEXRAD reflectivity and empirical relationships from 

aircraft in situ measurements.  The statistical results from six selected cases during MC3E show 

that the aircraft in situ measured IWC is 0.47 ± 0.29 g m-3, while the mean values of retrievals 

have a positive bias of 0.19 g m-3 (40%).  IWCs are also retrieved for other MCS cases observed 

during the 2003 BAMEX field campaign using NEXRAD reflectivity and compared with 

independent aircraft in situ measured IWC.  Median errors are ~60% for IWC for the BAMEX 

cases.  In general, these comparisons have shown that the new retrieval algorithms can be applied 

to midlatitude continental MCSs, at least over the Great Plains.   

The microphysical properties of raindrops below the melting base, such as Dm, RLWC (and 

RLWP), and RR, are estimated following the method described in Williams et al. (2016) using 

measurements from co-located Ka- and S-band radars VPRs.  The CLWP below the melting base 

is retrieved based on the modifications of the methods presented in Matrosov (2009 and 2010) 

with available radar measurements, Ka- and S-band VPRs, during the MC3E field campaign.  
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Statistical results from a total of 13 hours of samples during MC3E show that the occurrence of 

cloud droplets below the melting base is low (9%), while the CLWP value can be up to 0.56 kg m-

2, which is much larger than the RLWP (0.10 kg m-2).  When only raindrops exist below the melting 

base, the averaged RLWP value is 0.32 kg m-2, which is much larger than the mean RLWP in the 

cloud droplets and raindrops coexisted situation.  Even though the occurrence of cloud existing 

below melting base is very low, when cloud exists the CLWP is much larger the RLWP, which 

should not be ignored in model simulations, especially for the models that separately predict cloud 

and precipitation. 

As one application of the retrieval products for MCSs, IWPs retrieved from satellite 

observations are evaluated.  It is found that radar and satellite retrievals have similar probability 

density functions and small mean differences in anvil regions, however, large differences and low 

correlations exist in stratiform rain areas.  With the newly developed ice retrieval algorithms, we 

have generated a 3-yr database of MCS ice cloud microphysical properties over the Great Plains 

for providing statistical results of MCSs’ ice cloud microphysical properties.   The spatiotemporal 

characteristics of MCS ice cloud microphysical properties over the Great Plains, as well as their 

relationships with precipitation are analyzed.  Through this integrative analysis, the formation 

process of MCSs’ stratiform precipitation can be better understood.  

  

Future work 

 
The future research directions are summarized in three different aspects, (1) more 

applications of our newly generated database of MCSs’ ice cloud microphysical properties; (2) 

possible directions of improving the MCSs’ ice cloud microphysical property retrievals; (3) in 
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addition to the investigation of MCS microphysical properties and processes, other research 

directions that would improve our understanding on MCS.  

It is well known that MC3E was a successful field campaign in studying the microphysics 

of MCSs.  However, it is still challenging to accurately simulate microphysical features of MCSs 

using CRMs, which benefit from finer grid resolution and more sophisticated physical 

parameterizations than most NWP models and GCMs (Fan et al., 2018; Han et al., 2019).  

Although CRMs can qualitatively simulate some cloud properties in the stratiform regions, 

underestimation of stratiform precipitation has been a long-standing model issue.  The reasons for 

the differences between observations and model simulations can be very complicated, which could 

be from the errors in the initial conditions, dynamics and thermodynamics, aerosol and cloud 

microphysics parameterizations, and complex interactions and feedbacks between these factors.  

The MCSs’ microphysical properties retrieved during MC3E could be a useful product for 

evaluating convective-permitting model simulations.  In addition to the evaluation of a single MCS 

case as conducted in Han et al. (2019), the evaluation of more MCS cases would be needed to draw 

statistical conclusion.  Future work could focus on the evaluation of WRF model performance, 

especially for the MCS cloud and precipitation microphysical properties for the tracked MCSs 

during the whole MC3E field campaign. 

With the available 3-yr database of MCS ice cloud microphysical properties, the evaluation 

study could not only focus on the MC3E time period and ARM SGP site, but also on longer time 

period and larger region.  Through an analysis of three years of MCS ice cloud properties, we 

found different spatiotemporal distributions of retrieved IWPs during spring and summer at the 

Great Plains.  What about model simulations? Are they similar to the observations?  In addition, 

from observations and retrievals, we found that the peaks of CC precipitation and SR precipitation 
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are earlier and later than the SR IWP peak, respectively.  Can the shift of peak timing be detected 

in model simulations and represent similar processes for the precipitation formation in the 

stratiform regions of MCS?  Those questions could be answered in further work.   

Though the new retrievals are promising, improvements for the estimates of MCSs’ ice 

microphysical properties are possible.  Recent dual-polarization upgrades to the NEXRAD WSR-

88D network may lead to improvements in the radar retrievals.  Polarimetric radars can provide a 

wealth of information that can be used to estimate hydrometeor types within an MCS.  Theses 

hydrometeors include big drops, hail, graupel, ice, wet snow, aggregates, ice crystals, rain, and 

drizzle.  The hydrometeor classifications can improve the retrieval accuracy by restricting the 

selection of ice models, which is the dominant source of retrieval uncertainty.  Developing new 

retrieval algorithms for the ice microphysics is also a research direction.  In the retrieval, an inverse 

problem would be of very high uncertainty if using observations with themselves having very large 

uncertainty.  Thus, it is critical to improve the understanding of the uncertainties of polarimetric 

radar measurements and consider these uncertainties when using polarimetric radar measurements 

as input of a new retrieval algorithm.   

During my Ph.D., I have studied a lot about the well-organized/developed MCSs.  However, 

an MCS first requires convective initiation, transition, and upscale growth.  So, I have a great 

interest in better understanding how an MCS initiates and organizes.  What are the preexisting 

conditions that lead to the formation of an MCS?  Are all MCSs formed from shallow cumulus 

and then transition to deep convection and then to an MCS?  One of the boarder future research 

directions will be to determine the most important mechanisms for these processes using sounding, 

satellite, and multi-wavelength radars observations and to better understand the key ingredients in 

these cloud processes and then to better represent convective processes in models.  
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Abstract  

In this study, the liquid water path (LWP) below the melting layer in stratiform precipitation 

systems is retrieved, which is a combination of rain liquid water path (RLWP) and cloud liquid 

water path (CLWP).  The retrieval algorithm uses measurements from the vertically pointing 

radars (VPRs) at 35 GHz and 3 GHz operated by the U.S Department of Energy Atmospheric 

Radiation Measurement (ARM) and National Oceanic and Atmospheric Administration (NOAA) 

during the field campaign Midlatitude Continental Convective Clouds Experiment (MC3E).  The 

measured radar reflectivity and mean Doppler velocity from both VPRs and spectrum width from 

the 35 GHz radar are utilized.  With the aid of the cloud base detected by ceilometer, the LWP in 

the liquid layer is retrieved under two different situations: (I) no cloud exists below the melting 

base, and (II) cloud exists below the melting base.  In (I), LWP is primarily contributed from 

raindrops only, i.e., RLWP, which is estimated by analyzing the Doppler velocity differences 

between two VPRs.  In (II), cloud particles and raindrops coexist below the melting base.  The 

CLWP is estimated using a modified attenuation-based algorithm.  Two stratiform precipitation 

cases (20 May 2011 and 11 May 2011) during MC3E are illustrated for two situations, respectively.  

With a total of 13 hours of samples during MC3E, statistical results show that the occurrence of 

cloud particles below the melting base is low (9%), however, the mean CLWP value can be up to 

0.56 kg m-2, which is much larger than the RLWP (0.10 kg m-2).  When only raindrops exist below 

the melting base, the averaged RLWP value is larger (0.32 kg m-2) than the with cloud situation.  

The overall mean LWP below the melting base is 0.34 kg m-2 for stratiform systems during MC3E.   
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1. Introduction 

Clouds in stratiform precipitation systems are important to the Earth’s radiation budget.  

The vertical distributions of cloud microphysics, ice and liquid water content (IWC/LWC), 

determine the surface and top-of-the-atmosphere radiation budget and redistribute energy in the 

atmosphere (Feng et al., 2011; 2018).  Also, stratiform precipitation systems are responsible for 

most tropical and midlatitude precipitation during summer (Xu, 2013).  However, the 

representation of those systems in global climate and cloud-resolving models is still challenging 

(Fan et al., 2015).  One of the challenges is due to the lack of comprehensive observations and 

retrievals of cloud microphysics (e.g. prognostic variables IWC and LWC) in stratiform 

precipitation systems.  Liquid water path (LWP), defined as an integral of LWC in the atmosphere.  

It is a parameter used to provide the characterization of liquid hydrometeors in the vertical column 

of atmosphere and study clouds and precipitation.  The estimation of LWC/LWP is one of the 

critical objectives of the US Department of Energy’s (DOE) Atmospheric Radiation Measurement 

(ARM) Program (Ackerman and Stokes, 2003).   

LWP can be retrieved using the ground-based MicroWave Radiometer (MWR) sensed 

downwelling radiant energy at 23.8 and 31.4 GHz (Liljegreen et al., 2001).  In last two decades, 

ARM has been operating a network of 2-channel (23.8- and 31.4-GHz) ground-based MWR to 

provide a time series of LWP at the ARM Southern Great Plains (SGP) site (Cadeddu et al., 2013).  

Absorption-based algorithms using multichannels of MWRs have been widely used to retrieve 

cloud LWP (e.g., Liljegren et al. 2001; Turner, 2007), and they are known to be accurate methods 

to estimate LWP of nonprecipitating clouds with mean LWP error of 15 g m-2 (Crewell and Löhnert, 

2003).  However, in precipitating conditions, LWP retrieved from conventional MWR are 
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generally not valid due to the violation of the Rayleigh assumption when large raindrops exist (e.g., 

Saavedra et al., 2012).  In addition, large increase of brightness temperatures is measured as a 

result of the deposition of raindrops on the MWR’s radome.  Unfortunately, it is very hard to model 

and quantify this increase from rain layer on the radome (Cadeddu et al., 2017).  This “wet-radome” 

issue largely inhibits the retrieving of LWPs using ground-based MWR during precipitation.  Due 

to the limitations of retrieving LWP from MWR during precipitation, cloud and precipitation 

radars were used to simultaneously retrieve LWP (Matrosov, 2010).  

In the precipitating system, the liquid water cloud droplets and raindrops often coexist in 

the same atmospheric layer (e.g., Dubrovina, 1982; Mazin, 1989; Matrosov, 2009, 2010), 

indicating that the LWP consists of both cloud liquid water path (CLWP) and rain liquid water 

path (RLWP).  However, the discrimination between suspended small cloud liquid water droplets 

and precipitating large raindrops is a very challenging remote sensing problem.  Even though the 

partitioning of LWP into CLWP and RLWP is important in cloud modeling (Wentz and Spencer, 

1998; Hillburn and Wentz, 2008), there are few studies retrieved RLWP and CLWP 

simultaneously and separately (Saavedra et al., 2012; Cadeddu et al., 2017).  Battaglia et al. (2009) 

developed an algorithm to retrieve RLWP and CLWP from the six Advanced Microwave 

Radiometer for Rain Identification (ADMIRARI) observables under rainy conditions.  Saavedra 

et al (2012) developed an algorithm using both ADMIRARI and a micro rain radar to retrieve and 

analyze the CLWP and RLWP for midlatitude precipitation during fall.  In addition to these RLWP 

and CLWP estimations mainly from passive microwave radiometers, there are several studies to 

estimate the LWP using active radar measurements only.  Ellis and Vivekanandan (2011) 

developed an attenuation-based technique to estimate LWC, which is the sum of cloud water 

contents (CLWC) and rain liquid water contents (RLWC), using simultaneous S- and Ka-band 
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scanning radars measurements.  However, it is not always applicable of using these techniques to 

retrieve LWC.  If raindrop diameters are comparable to at least one of the radars’ wavelength, 

“Mie effect” will be included in the measured differential reflectivity, however this “Mie effect” 

is not very distinguishable from differential attenuation effects (Tridon et al., 2013; Tridon and 

Battaglia 2015).   

Matrosov (2009) developed an algorithm to simultaneously retrieve CLWP and layer-mean 

rain rate using the radar reflectivity measurements from three ground-based W-, Ka-, S- bands 

radars.  The CLWP were retrieved based on estimating the attenuation of cloud radar signals 

compared to S-band radar measurements.  Matrosov (2010) developed an algorithm to estimate 

CLWP using a vertical pointing Ka-band radar and a nearby scanning C-band radar.  The layer-

mean rain rate was first estimated with the aid of surface disdrometer, and then CLWP was 

retrieved by subtracting the rain attenuation from total attenuation measured from two radars.  For 

the estimation of RLWP, Williams et al. (2016) developed a retrieval algorithm for rain drop size 

distribution (DSD) using doppler spectrum moments observed from two collocated vertical 

pointing radar (VPRs) at frequencies of 3 GHz and 35 GHz.  The retrieved air motion and DSD 

parameters were evaluated using the retrievals from a collocated 448-MHz VPR.   

In this study, the CLWP retrieval algorithms in Matrosov (2009 and 2010) have been 

modified given the available radar measurements, vertical pointing Ka- and S-band radars, during 

the Midlatitude Continental Convective Clouds Experiment (MC3E) field campaign.  For the 

estimation of RLWP, we will basically follow the idea described in Williams et al. (2016) to 

retrieve microphysical properties for raindrops.  However instead of retrieving vertical air motion 

and rain DSDs (Williams et al., 2016), this study aims at retrieving RLWCs, and then integrating 

RLWCs over the liquid layer to estimate RLWP.  Overall, in this study, algorithms from three 
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former publications are modified and combined to estimate the LWP in the stratiform precipitating 

systems.  

The goals of this study are to retrieve the LWP below the melting base, which includes 

both RLWP and CLWP retrievals using radars measurements, and tentatively answer two 

questions based on observations and retrievals in the stratiform precipitation systems during MC3E: 

(1) what is the occurrence of cloud below the melting base in the stratiform precipitation systems; 

(2) what are the values of simultaneous CLWP, RLWP and LWP, and how does CLWP or RLWP 

contribute to the LWP.  Note that the CLWP and RLWP are constrained in a stratiform 

precipitation layer below the melting base and above the surface.  The LWP estimations in this 

study are primarily aimed at stratiform precipitating events exhibiting melting-layer features from 

radar measurements with lower-to-moderate rain rates (RR < 10 mm hr-1).  The instruments and 

data used in this study are introduced in section 2.  Section 3 describes the methods of retrieving 

LWP (both RLWP and CLWP).  Section 4 illustrates two examples and followed by statistical 

results from more samples during MC3E.  The last section gives the summary and conclusions.  

Acronyms and abbreviations are listed in Table 1.   

 

2. Data 

The MC3E field campaign, co-sponsored by the NASA Global Precipitation Measurement 

and the U.S. DOE ARM programs, was conducted at the ARM SGP (northern Oklahoma) during 

April-June 2011 to study convective clouds and improve model parametrization (Jensen et al., 

2015).  MC3E provided an opportunity to develop new retrieval methods to estimate cloud 

microphysics and precipitation properties in precipitation systems (Giangrande et al., 2014; 

Williams, 2016; Tian et al., 2016; Tian et al, 2018).  Several stratiform rain cases were observed 
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by the VPRs during MC3E (as shown in Fig. 1).  Distinct signatures of “bright band” are detected 

from VPRs.  To retrieve LWP associated with stratiform precipitation, this study mainly uses the 

observations from two co-located VPRs operating at 3-GHz and 35-GHz at DOE ARM SGP 

Climate Research Facility.   

2.1 Vertical Pointing Radars 

The 3-GHz (S-band) VPR was deployed by NOAA Earth System Research Laboratory for 

the six-weeks during the MC3E.  The NOAA 3-GHz VPR is a vertical pointing radar with 2.6° 

beamwidth monitoring precipitation overhead.  This 3-GHz profiler bridges the gap between cloud 

radars, which are used to provide the structure of nonprecipitating clouds but are severely 

attenuated by rainfall, and precipitation radars, which, although unattenuated by rainfall, generally 

lack the sensitivity to detect more detailed cloud structure.  The 3-GHz VPR observes the raindrops 

within the Rayleigh scattering regime and its signal attenuation are negligible through the rain.  

The temporal resolution of the profiles of Doppler velocity spectra is 7 seconds and the vertical 

resolution is 60 meters.  The 3-GHz VPR operated in two modes: a precipitation mode and a low-

sensitivity mode.  The precipitation mode observations are used in this study. 

The Ka-band ARM zenith radar (KAZR) is also a vertical pointing radar, operating at 35 

GHz permanently deployed by DOE ARM at the SGP site.  The KAZR measurements include 

reflectivity, vertical velocity, and spectral width from near-ground to 20 km.  The KAZR data used 

in this study are the KAZR Active Remote Sensing of Clouds (ARSCL) product produced by the 

ARM (www.arm.gov).  The KAZR-ARSCL corrects for atmospheric gases attenuation and 

velocity aliasing.  By selecting the mode with the highest signal-to-noise ratio at a given point, 

data from two simultaneous operating modes (general and cirrus mode) are combined for each 

profile to provide the “best estimates” of radar moments in the time-height fields.  The vertical and 
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temporal resolutions of KAZR-ARSCL product are 30 meters and 4 seconds, respectively.  Since 

the 3-GHz and 35-GHz VPRs are independent radars with different dwell time and sample 

volumes (Williams et al., 2016), the radar observations are processed to 1-min temporal and 60-m 

vertical resolutions in this study.   

2.2 Disdrometers 

DOE ARM program maintains a suite of surface precipitation disdrometers.  

Measurements and estimations from the Distromet model RD-80 disdrometer and NASA two-

dimensional video disdrometers (2DVD) deployed at the ARM SGP site are used in this study. 

The RD-80 disdrometer provides the most continuous raindrop size distribution (DSD) 

measurements at high spectral (20 size bins from 0.3 to 5.4 mm) and temporal resolutions (1 

minute), and its minimal detectable precipitation amount is 0.006 mm hr-1.  From 2DVD, the rain 

DSDs are observed from 41 bins (0.1 - 10 mm), and its minimal detectable precipitation amount 

is 0.01 mm hr-1.  In addition to rain rate, the mean mass-weighted raindrop diameter (Dm) is also 

provided from 2DVD, which is used for evaluating retrieved Dm from radar measurements.   

2.3 Ceilometer 

A Vaisala laser ceilometer (CEIL) operates at the SGP Central Facility, sensing cloud 

presence up to a height of 7700m with 10-m vertical resolution.  The laser ceilometer transmits 

near-infrared pulses of light, and the receiver detects the light scattered back by clouds and 

precipitation.  It is designed to measure cloud-base height.   

 

3. The Methodology of Liquid Water Path Estimation  

As mentioned earlier, both RLWP and CLWP contribute to the LWP.  With the aid of the 

cloud base height detected by ceilometer, LWP is retrieved under two different situations: (I) the 
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cloud base is higher than the melting base and (II) the cloud base is lower than the melting base.  

For situation (I), there are almost no cloud droplets below melting base (CLWP = 0), and thus the 

LWP below the melting base is solely from raindrops.  The LWP is calculated by integrating 

RLWCs over this layer.  The RLWCs could be retrieved by analyzing the measured Doppler 

Velocity Differences (“DVD Algorithm”) from two collocated VPRs.  In situation (II), the small 

cloud droplets and large raindrops coexist below the melting base.  Both raindrops and cloud 

particles contribute to LWP.  RLWP will be still estimated using “DVD Algorithm”.  CLWP will 

be retrieved using an attenuation-based algorithm named as “Attenuation Algorithm”.  The 

algorithms for LWP estimation are summarized in a flowchart (Fig. 2). 

3.1 Situation I (no cloud droplets exist below the melting base) 

The algorithm from Williams et al. (2016) was developed based on an assumption that the 

3-GHz VPR operates within the Rayleigh scattering regime for all raindrops, while the 35-GHz 

VPR operates within the Rayleigh scattering regime for small raindrops (diameters < ~1.3 mm) 

and non-Rayleigh scattering regime for larger raindrops (diameters ≥ ~1.3 mm).  The different 

scattering regimes for the two operating frequencies result in different estimated radar moments.  

These estimated radar moments are in functions of rain microphysics.   Thus, the rain microphysics 

could be retrieved with given measured radar moments.    The details of this “DVD Algorithm” 

and uncertainty estimation are introduced in Appendix A. 

3.2 Situation II (cloud particles and rain droplets coexist below the melting base) 

In situation (II), substantial cloud particles exist below melting base, and both RLWP and 

CLWP retrievals are needed to estimate the LWP.  The total two-way attenuation of 35-GHz VPR 

signals, A (in decibels, dB), in a layer between the melting base and the cloud base, mainly consists 



 
 

72 
 

of rain attenuation, liquid clouds attenuation, and gaseous attenuation.  The total attenuation (A) 

are expressed as: 

A= 2 C Rm ∆H + 2 B CLWP + G.     (1) 

Rm is layer-mean rain rate, and ∆H (km) is the thickness of the layer (Matrosov, 2009).    G is the 

two-way attenuation/absorption from atmospheric gases, which is relatively small, and the 

absorption by gases has been already corrected in the KAZR ARSCL dataset and is assumed to be 

zero in our retrieval.   

C and B are the coefficients for rainfall and cloud liquid water attenuation.   

B=0.0026pl-1Im[-(m2-1)(m2+2)-1],     (2) 

where l is the wavelength of Ka-band radar, and m is the complex refractive index of water.  The 

unit of B is dB/g m-2.   

C = 0.27 b,     (3)  

where b is the correction factor considering raindrop fall velocities with changing air density.   

b=(ram/ra0)0.45,      (4)  

where ram and ra0 are the mean air density in the rain layer and the density at normal atmospheric 

conditions.   

Based on (1), CLWP can be written as: 

CLWP = '()	+	,-	∆/	(0
)	1

     (5) 

The attenuation (A) is estimated by comparing the drop in Ka-band reflectivity with the 

un-attenuated S-band reflectivity through the cloud.  Assuming the changes in reflectivity with 

altitude due to changes in raindrop size distributions with altitude are similar for Ka- and S-band 

reflectivities, then the difference in reflectivities through the cloud is a proxy for attenuation.  This 

can be expressed using 
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𝐴 ≅ [𝑍67(𝑐𝑙𝑜𝑢𝑑	𝑏𝑎𝑠𝑒) − 𝑍67(𝑚𝑒𝑙𝑡𝑖𝑛𝑔	𝑏𝑎𝑠𝑒)] −	 [𝑍J(𝑐𝑙𝑜𝑢𝑑	𝑏𝑎𝑠𝑒) − 𝑍J(𝑚𝑒𝑙𝑡𝑖𝑛𝑔	𝑏𝑎𝑠𝑒)] (6) 

Notice that the absolute calibration of the radar was not important to the retrieval results since the 

retrieval of CLWP used S-Ka differential attenuation.  This avoids the radar calibration (Tridon et 

al., 2015 and 2017), which is a serious issue limiting the accuracy of radar retrievals.   

The Rm is estimated as:  

𝑅L = ∑ NN(O)×	∆OQR
ST

∆/
,     (7) 

where Dh equals 60 meters and MB is the melting base and h0 is the height of the lowest unsaturated 

KAZR rang gate (Matrosov, 2010).  RRs in the layer between the melting base and the cloud base 

are calculated from the “DVD algorithm”.   

The uncertainties of retrieved CLWP are mainly due to the uncertainties of estimated Rm 

and observed total attenuation from VPRs.  The value of B is on the order of 1 dB/kg m-2.  The 

uncertainty of retrieved CLWP would be ~ 0.25 kg m-2 with 0.5 dB uncertainty from measured 

radar reflectivity difference or ~ 0.5 kg m-2 for 1.0 mm hr-1 uncertainty from estimated layer-mean 

rain rate.  Compared to the typical mean rain rate observed in the stratiform system (~ 2 - 4 mm 

hr-1), 1.0 mm hr-1 represents a ~ 30% uncertainty.  The uncertainty for CLWP retrievals is roughly 

estimated as ~ 0.56 kg m-2 (sqrt (0.252+0.52)) in this study.  For reference, the expected uncertainty 

is reported as ~ 0.25 kg m-2 for typical rainfall rates (~ 3 - 4 mm hr-1) in Matrosov (2009) retrieval 

method.  More details of the estimation of CLWP uncertainties are in Appendix B. 

4. Retrieval Results and Discussions 

4.1 Case Studies 

Even though situation (I) is dominated (Fig. 1), especially in Case A, the ceilometer cloud 

base estimates can be lower than the melting base (Cases B to D).  Two case studies (20 May 2011 
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and 11 May 2011) are given as examples to demonstrate the estimation of LWP in stratiform 

precipitation system for two different situations.   

4.1.1 Case A 

On 20 May 2011, an upper level low-pressure system at central Great Basin moved into 

the central and northern Plains, while a surface low pressure at southeastern Colorado brought the 

warm and moist air from the southern Plains to a warm front over Kansas. and a dry line extended 

southward from the Texas-Oklahoma.  With those favorable conditions, a strong north-south 

oriented squall line developed over Great Plains and propagated eastward.  The convection along 

the leading edge of this intense squall line exited the ARM SGP network around 11 UTC 20 May 

leaving behind a large area of stratiform rain (Case A in Fig. 1).  This stratiform system passed 

over the ARM SGP site and observed by two VPRs, and disdrometers as shown in Figures 1a-1c.  

It clearly shows the 3-GHz radar echo tops are much lower than those from the 35 GHz VPR.  

Even though there is attenuation at 35-GHz by the raindrops and melting hydrometeors, the 35-

GHz radar can still detect more small ice particles at near the cloud top.  The “bright band”, which 

occurs in a uniform stratiform rain region, is clearly seen from the 3-GHz VPR (a sudden increase 

and then decrease in radar reflectivity) but is not obvious from the 35-GHz VPR due to the non-

Rayleigh scattering effects at 35 GHz (Sassen et al., 2005; Matrosov, 2008).   

Figures 1a-1b clearly show that the ceilometer detected cloud base is in the middle of the 

melting layer, indicating almost no cloud particles below the melting layer and the LWP in the 

liquid layer equals to RLWP.  The RLWP is retrieved using the “DVD Algorithm” introduced in 

section 3.1 and Appendix A.  Figure 3 shows an example of the DVD retrieval algorithm at 13:40 

UTC on May 20, 2011.  Radar reflectivity from 3 GHz, Doppler velocities from 3 GHz and 35 

GHz, and spectrum variance from 35 GHz are the inputs of DVD algorithm.  The Doppler velocity 
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differences (3 GHz – 35 GHz) from the surface to 4 km are also plotted in Fig. 3d.  The melting 

base is defined as the height of maximum curvature in the radar reflectivity profile at 3 GHz (Fabry 

and Zawadzki, 1995), which is clearly seen at 2.5 km in Fig. 3.  Below 2.5 km, the Doppler velocity 

differences between the two VPRs become relatively uniform, indicating that the process of 

melting snow/ice particles into raindrops is completed.  Retrieved profiles of rain microphysical 

properties and their corresponding uncertainties (horizontal bars at different levels) in the rain layer 

(0 – 2.5 km) are shown in Figs 3f-3h.  In general, the retrieved Dm values from the surface to 2.5 

km are nearly a constant of ~2 mm (Fig. 3f), while the retrieved RLWC and rain rate values slightly 

decrease from 2.5 km to the surface.  One of the highlights of this study is, in addition to the surface 

rain rate, which can usually be observed using surface disdrometers, the vertical profiles of rain 

microphysical properties are retrieved.  These retrieved rain microphysical properties will shed 

light on the understanding of liquid cloud and rain microphysical processes (like condensation, 

evaporation, autoconversion and accretion etc.) in the models.   

To evaluate the rain property retrievals, we compare the retrieved rain microphysical 

properties, the Dm, and rain rate at the surface, with the surface disdrometers measurements (Fig. 

4).  The Dm values range from 1.0 to 2.5 mm during a 3.5-hr period with nearly identical mean 

values of 1.79 mm and 1.81 mm from both retrievals and 2DVD measurements.  There are large 

variations for rain rates, ranging from 0 to 8 mm hr-1, with means of 3.19, 3.17 and 2.88 mm hr-1, 

respectively, from 2DVD, RD-80 and radar retrieval.  The mean rain rates from 2DVD and RD-

80 measurements are almost the same although there are relatively large differences during certain 

time periods, while the retrievals from this study, on average, underestimate the rain rate by ~10% 

compared to the disdrometer measurements.  More statistics (mean differences, their 95% 

confidence intervals of mean differences and root mean square errors) can be found in Table 2.  
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Overall, the mean differences are within the retrieval uncertainties.  The variation of RLWP (Fig. 

4c) mimics the variation of retrieved rain rate in Fig. 4d.  The mean value of RLWP is 0.55 kg m-

2 for this case, which is also the LWP below the melting base.   

4.1.2 Case B 

On 11 May 2011, a surface cold front moved across the Oklahoma-Texas area and then 

convections were initiated.  At 1600 UTC, a mesoscale convective system organized with a parallel 

stratiform precipitation region.  Two-three hours later (~1830 UTC), the mesoscale convective 

system was transitioned to a trailing stratiform mode passed over the ARM SGP site.   The large 

stratiform regions are observed by two VPRs and disdrometers as shown in Figs 1d-1f.  Figures 

1d-1f clearly show that the ceilometer detected cloud bases are lower than the melting bases 

occasionally.  Under this situation, both RLWP and CLWP could contribute to the LWP below the 

melting base.   

Firstly, the surface rain microphysics (Dm, RLWC, rain rate and RLWP) are retrieved using 

“DVD Algorithm”.  These rain property retrievals are compared with the surface disdrometers 

measurements (Fig. 5).  The Dm values at the surface range from 0.90 to 2.30 mm during a 4.5-hr 

period with the mean values of 1.41 mm and 1.52 mm, respectively, from both retrievals and 

2DVD measurements.  The difference between the retrieval and 2DVD measurement may be due 

to different sampling volumes between radar and the surface disdrometer, as well as wind shear.  

The rain rates, in this case, vary quite large, ranging from 0.02 to 4.78 mm hr-1 with means of 1.36, 

1.26 and 1.66 mm hr-1, respectively from single 2DVD, RD-80, and our retrieval.  It is found that, 

from both Case A and Case B, the mean value from RD-80 is smaller than that from 2DVD.  This 

may be due to the different ranges of measurable drop sizes from two types of disdrometers (0.3 - 
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5.4 mm for RD 80, while 0.1 to 10 mm for 2DVD).  More statistics can be also found in Table 2.  

Overall, the mean differences are still within the retrieval uncertainties for this case.   

Secondly, the CLWP is retrieved using “Attenuation Algorithm” introduced in section 3.2.  

Figure 5c shows the time series of RLWP, CLWP and LWP retrievals.  It is found that the CLWP 

values (when they exist) are usually larger than RLWP values in the same vertical column.  When 

cloud droplets and raindrops coexist below the melting base, the mean values are 0.11 kg m-2 and 

1.64 kg m-2 for RLWP and CLWP, and the corresponding LWP below the melting layer is 0.76 kg 

m-2.  While when only raindrops exist below the melting base, there is no CLWP (CLWP =0), and 

the RLWP and LWP are the same (with average of 0.34 kg m-2).  It is noticed that even though the 

occurrence of CLWP is low (11%) in this case, the value of CLWP can be very large when it exists, 

and it is about two times larger than the mean RLWP.  The mean value of LWP is 0.37 kg m-2 for 

all the samples in Fig. 5c.  The blue uncertainty bars in Figure 5c show the retrieved CLWP 

uncertainty with assuming both of the uncertainties of attenuation and total rain rate are 30%.  Due 

to the variations of the attenuation and total rain rate with time, the estimated uncertainties of 

CLWP varies point to point.  More details about the estimation of CLWP are in Appendix B. 

 

4.2 Statistical Results  

Box and whisker plots of retrieved RLWP, CLWP and LWP for situations (I), (II) and all 

samples during MC3E are shown in Fig. 6.  The horizontal orange and red dashed lines indicate 

the median and mean, boundaries of the box represent the first and third quartiles, and the whiskers 

are the 10th- and 90th -percentiles.  During MC3E, a total of 13 hours of stratiform rain were 

observed by VPRs at the ARM SGP Climate Research Facility, in which 91% and 9% the samples 

are categorized into the situations (I) and (II), respectively.  The mean RLWPs are 0.32 kg m-2 and 
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0.10 kg m-2 for the situations (I) and (II).  There are a substantial amount of small cloud droplets 

sustaining in the rain layer and having not yet converted to larger raindrops, which may partially 

explain smaller RLWP in the situation (II).  The mean value of surface rain rate is 2.06 mm hr-1 

when cloud droplets exist, which is also smaller than the mean value (2.38 mm hr-1) in the rain-

only situation.  The mean CLWP in the situation (II) is as large as ~0.56 kg m-2 even though their 

occurrence is very low (9%), which is much larger than mean RLWP in the liquid layer.   The 

LWP from the situation (II) (0.66 kg m-2) is much larger than the mean LWP from the situation (I) 

(0.32 kg m-2), which is primarily contributed by cloud droplets.  The overall mean LWP for 

stratiform rain during MC3E is 0.34 kg m-2.   

We also processed the ARM MWR retrieved LWPs during MC3E and compared them with 

our retrievals as illustrated in Fig. 7a.  The corresponding LWP uncertainties are also provided as 

the grey error bar for each retrieval with rain rate indicated by colors.   It is noticed that the MWR 

has no LWP estimation when the rain rate is large.  The MWR-retrieved LWPs increase with 

increased rain rate, and the retrievals from MWR are much larger than the new LWP retrievals at 

high rate rates.  The newly retrieved LWPs weakly correlate with rain rates, and most values are 

less than 1.0 kg m-2, especially at high rain rates.  The MWR retrieved LWPs increase with rain 

rate generally.  The increase of retrieved LWP with rain rate from MWR is possibly due to the 

“wet radome” effect (Cadeddu et al., 2017).  In addition to the issue from standing water on the 

radome, the extinctions due to raindrops also affect MWR retrievals.  The extinction for rain is 

much larger than that for cloud (Sheppard, 1996), and thus, the small amount of rain water could 

enhance the measured brightness temperature significantly.  More details of extinctions and 

brightness temperature calculations are shown in Appendix B.  Statistical results of the retrieved 

LWPs from this study and MWR are averaged for each measured rain rate bins (bin size = 0.25 
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mm hr-1).  The differences of LWPs from MWR and this study are shown in Fig. 7b.  The LWP 

differences increase with increased rain rate.  The LWP differences between MWR retrieval and 

this study could be caused by the following reasons. 1) MWR-retrieved LWP represents the entire 

vertical column (RWLP and CLWP below melting layer, large water coated ice particles in the 

melting layer and supercooled LWCs above the melting layer), while our retrieval only represents 

the LWP below the melting base.  As Battaglia et al (2003) pointed out the brightness temperature 

generally increases if mixed-phase precipitation is included. 2) The MWR radome was wet during 

the raining periods and the deposition of raindrops on the radome can cause a large increase in the 

measured brightness temperatures (Cadeddu et al., 2017).  3) Large extinctions due to rain drops 

would affect MWR retrievals.   4) Uncertainties exist in the retrieved LWP from this study. 

 

5. Summary and Conclusions 

LWP is a critical parameter for studying clouds, precipitation, and their life cycles.  LWP 

can be retrieved from microwave radiometer measured brightness temperatures during cloudy and 

light precipitation conditions.  However, MWR-retrieved LWPs are questionable under moderate 

and heavy precipitation conditions due to the “wet radome” and the large extinction in the unit 

volume caused by large raindrops.  LWPs below the melting base in stratiform precipitation 

systems are estimated, which include both RLWP and CLWP.  The measurements used in this 

study are mainly from two VPRs, 35-GHz from ARM and 3-GHz from NOAA during the MC3E 

field campaign. 

In this study, the microphysical properties of raindrops, such as Dm, RLWC (and RLWP), 

and RR, are estimated following the method described in Williams et al. (2016) using 

measurements from co-located Ka- and S-band radars VPRs.  The retrieved rain microphysical 
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properties are validated by the surface disdrometer measurements.  Instead of retrieving vertical 

air motion and rain DSDs (Williams et al., 2016), this study aims at retrieving RLWCs and then 

integrating RLWCs over the liquid layer to estimate RLWP.  The CLWP is retrieved based on the 

modifications of the methods in Matrosov (2009 and 2010) with available radar measurements, 

vertical pointing Ka- and S-band VPRs, during the MC3E field campaign.   

The applicability of retrieval methods is illustrated for two stratiform precipitation cases 

(20 May 2011 and 11 May 2011) observed during MC3E.  Statistical results from a total of 13 

hours samples during MC3E show that the occurrence of cloud droplets below the melting base is 

low (9%), while the CLWP value can be up to 0.56 kg m-2, which is much larger than the RLWP 

(0.10 kg m-2).  When only raindrops exist below the melting base, the averaged RLWP value is 

0.32 kg m-2, which is much larger than the mean RLWP in the cloud droplets and raindrops 

coexisted situation.  Our retrievals are also compared with ARM MWR retrieved LWPs.  It is 

noticed that the MWR has no LWP estimation when the rain rate is large.  The MWR-retrieved 

LWPs increase with increased rain rate, and the retrievals from MWR are much larger than our 

LWP retrievals at high rate rates.  The LWP differences are fully discussed.   

Reliable retrievals of RLWC and RLWP are critical for model evaluation and improvement, 

as RLWC (rain mixing ratio) is an important prognostic variable in weather and climate models.  

Furthermore, the retrievals in the whole rain layer would be useful to understand the microphysical 

processes (i.e., condensation, evaporation, autoconversion, and accretion etc.) and have great 

potential to improve model parametrizations in the future.  Overall, the LWP (CLWP and RLWP) 

retrievals derived in this study can be used to evaluate the models that separately predict cloud and 

precipitation and contribute comprehensive information to study cloud-to-precipitation transitions.  

Note that the attenuation by liquid is more profound at 94 GHz and the ratio of attenuations by 
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liquid clouds and by rain is larger at 94 GHz compared to 35 GHz (Matrosov, 2009).  Thus, using 

94 GHz (W-band) radar measurements to develop a retrieval algorithm may be promising if the 

W-band radar signals are not fully attenuated.  In addition, analyzing collocated multiple-

frequency VPRs would also better define the uncertainties of retrievals made with collocated radar 

operating at different frequency pairs.   

 

 

Appendix A: Doppler Velocity Differences Algorithm (“DVD Algorithm”) 

Retrieving RLWC and other rain microphysical properties (i.e., drop size and rain rate) is 

based on the mathematics of DSD radar reflectivity-weighted velocity spectral density  𝑆VJVW  

[(mm6 m-3) (m s-1)-1], which is a product of radar raindrop backscattering cross section 𝜎YW(D) (mm2) 

and DSD number concentration NDSD(D) (mm-1 m-3):  

S[\[] (v_) = [ ]`

ab|de|f
σh]]N[\[(D)

k[
klm

 .   (A1) 

The nV
nop

 [mm (m s-1)-1] is used as a coordinate transformation from diameter to velocity, where 

vz (m s-1) is the raindrop terminal velocity of diameter D (mm) at altitude z.  l is the wavelength 

of radar.	|𝐾r|) equals 0.93 and it is the dielectric factor. 

The NDSD(D) can be expressed as a normalized gamma shape distribution with three parameters 

(Leinonen et al., 2012): 

N[\[(D; Nt, Dv, µ) = Ntf(D;	Dv, µ),    (A2) 
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Nw is the scaling parameter, µ is a shape parameter, 𝛤(𝑥) is the Euler gamma function, and Dm is 

a mean mass-weighted raindrop diameter estimated from the ratio of the fourth to third DSD 

moments: 

Dv = �`
��
=

∫ ����([)[`k[
�-��
�-��

∫ ����([)[�k[
�-��
�-��

 .    (A4) 

where Dmin and Dmax represent the minimum and maximum diameters in the distribution, 

respectively.  

The intrinsic (non-attenuation) reflectivity factor and the mean velocity and the spectrum 

variance are the zeroth, first, and second reflectivity-weighted velocity spectrum moments: 

Z[\[] = ∑ S[\[] (v�)∆v	
l-��
l-��
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where 𝑣� is the discrete velocities and ∆𝑣 is velocity resolution in the integration.   

The Doppler Velocity Difference (DVD) is defined as 

DVD	= v[\[�	0/_ − v[\[��	0/_.    (A8) 

Note that both DVD and SV are dependent on DSD parameters (Dm and µ) only.   

The RLWC and rain rate (RR) can also be described using the DSD: 

RLWC(g	m(�) = a
y
10(� ∑ N[\[(D, Nt, Dv, µ)D��∆D	

[-��
[-��

  (A9) 

RR(mm	hr(¢) = ya
¢£`

∑ N[\[(D, Nt, Dv, µ)D��v_(D�)∆D
[-��
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.  (A10) 

In addition, there are two newly defined radar-related parameters (α and β), which are also 

dependent on Dm and µ only:   

α=10 log10(Z[\[�0/_/RLWC)     (A11) 
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β=10 log10(Z[\[�0/_/RR)                               (A12) 

In this study, four variables, DVD, SV at 35 GHz (SV35GHz), α and β, are pre-calculated 

using different groups of Dm and 𝜇 values, and then these values are stored in look-up tables 

(LUTs).  Raindrop backscattering cross sections are calculated using the T-matrix with different 

temperatures and oblate raindrop axis ratios (Leinonen, 2014).  LUT examples are illustrated in 

Fig. A as functions of DVD and SV35GHz.  If we assume that the observed radar Doppler velocity 

difference and spectrum variance from the 35-GHz radar is equal to the DSD velocity difference 

and variance (DVD and SV35GHz), the measured Doppler velocity difference and spectrum variance 

at 35-GHz can determine a solution for Dm from the LUT (Fig. A(a)). Similarly, a value of 

Z3GHZLWC (or Z3GHZRR) can be found with measured DVD and SV35GHz using the LUT in Fig. A(b) 

(or Fig. A(c)).  Then RLWC (or RR) can be estimated using (A11) (or (A12)) with measured 

reflectivity at 3-GHz (Z3GHZ).   

The observed radar Doppler velocity difference can be assumed to be equal to the DSD 

velocity difference for two reasons: (1) even though the radar observed Doppler velocity spectrum 

can be broaden by the air motion, this spectrum broadening variance is small (within 2%) relative 

to the DSD velocity spectrum because of the narrow beamwidth (0.2o) of KAZR and (2) spectrum 

broadening is symmetric, which does not affect the first spectrum moment and the DSD mean 

Doppler velocity only shifts due to the air motion.  Therefore, the measured differences of Doppler 

velocity between the 3-GHz and 35- GHz radars vertical pointing observations are independent of 

air motion and can be assumed to be the same as DVD from (A8).  The validity of such an 

assumption is fully discussed in Williams et al. (2016).  

The variabilities of 3-GHz and 35-GHz VPR observations within each 1-minute/60-meter 

bin are regarded as the measurement uncertainties and will be propagated through the retrieval to 
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produce retrieval uncertainties.  The retrieval uncertainties are estimated follow two steps: (1) 

construct a distribution of input radar measurements.  For example, the temporal resolution for 3-

GHz VPR is seven seconds, thus there are about nine radar reflectivities observed for one minute.  

A normal distribution is generated first using the mean and standard deviations of these nine 

observed radar reflectivities for this 1-min/60-m resolution/bin.  (2) repeat the DVD retrievals 

using samplings from distributions of all input measurements.  We randomly select 100 groups of 

members from those (DVD, SV35GHz, Z3GHZ) normal distributions to form 100 realizations, and then 

produce 100 separate output estimates.  The mean and standard deviation of the 100 solutions are 

regarded as the final retrieval and the retrieval uncertainty.   

The uncertainties of RLWP are estimated based on the uncertainties of RLWC.  More 

specifically, we first estimated the RLWC uncertainties at each height level, and then we calculated 

the ratios of RLWC uncertainties to the mean retrieved RLWCs at each height level, which 

represent percentage values of retrieval uncertainties.  Finally, we calculated the mean ratio of the 

uncertainties in the whole liquid layer below melting base and regarded this mean ratio as the 

uncertainty of RLWP. 

It is noted that the uncertainty here only considers estimates of instrument noise, not the 

uncertainties associated with assumptions used in the retrieval.  For example, the gamma size 

distribution used in (A2) is an approximation which may introduce error into the retrieval.  

However, it is very difficult to quantify this type of retrieval uncertainty.  In this study, we further 

compared our retrievals with independent surface disdrometers measurements to estimate the 

uncertainties of retrievals.  Also, when both radars are observing at Rayleigh scattering for small 

raindrops, the reflectivity-weighted radial velocities for these particles should be the same.  In 

order to have a difference in radial velocity during the retrieval, large droplets must exist.  The 
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maximum diameters in drop size distribution measured from disdrometer for all the stratiform 

cases during MC3E are investigated.  It is found that the occurrence of small-droplets-only 

(maximum diameter <1.3 mm) is very low (less than 3%).  Thus, it will not have a significant 

impact on the retrieval results.  Notice that this algorithm is not suitable for strong convective rain 

due to the wind shear and strong turbulence as well as severe attenuation and extinction of the Ka-

band radar signal.   

 

Appendix B: CLWP Uncertainty 

CLWP can be simplified and estimated as following equation:  

CLWP = '()	+	N¥¦¥§¨
)	1

 .                         (B1) 

The attenuation (A) is estimated by comparing the drop in Ka-band reflectivity with the un-

attenuated S-band reflectivity.  The rain attenuation is estimated by the rain attenuation coefficient 

(C) multiplied by the total rain rate (Rtotal).  C and B are the coefficients of rain and cloud water 

attenuation with values of ~ 0.26 dB /km /mm hr-1 and ~ 0.87 dB / kg m-2, respectively. The 

influence of temperature uncertainty in B on the retrieval error is minor compared to the 

uncertainties of the total attenuation (A) and total rain rate (Rtotal) (Matrosov 2010).  The 

uncertainty of CLWP is calculated as  

ΔC𝐿𝑊𝑃 = (®¯°±²
®³

× ΔA)) + (®¯°±²
®N¥¦¥§¨

× Δ𝑅µ¶µ7·))                            (B2)  

ΔC𝐿𝑊𝑃 = ( ¢
)¸
× A	 × Δa	)) + (− ¯

¸
× 𝑅µ¶µ7· × Δr	))               (B3)  

For given uncertainties of attenuation (Δa) and total rain rate (Δr), the uncertainty of CLWP can 

be calculated based on equation (B3).   
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Appendix C: Calculations of Extinction and Brightness Temperature at Microwave 

Radiometer Channels 

To better explain the “overestimation” issue of retrieved LWP from microwave radiometer, 

several examples are given in this appendix.  Firstly, we calculated the extinction cross section per 

volume as a function of the drop equivolume diameter for the two frequencies in MWR (23.8 GHz 

and 31.4 GHZ) with a T-matrix method (Figure B).  It is clearly shown that the extinction cross 

section is increasing with the diameter when the diameter is smaller than 3 mm.  This indicates the 

extinction (cross section) for rain drops (diameter > ~ 50 um) is much larger than that for cloud 

droplets (diameter < ~50 um).  Secondly, we calculated the extinction coefficient as a function of 

RLWC for populations with three different drop size distributions (DSDs).  The DSDs are modeled 

according to the exponential Marshall and Palmer (MP) distribution N(D) = N0 e-∧D, where 

N0=8000 m-3 mm-1.  N0 is changed to 4000 and 32000 m-3 mm-1 to represent thunderstorm and 

drizzle DSDs.  More details of the DSDs please see Battaglia et al. (2009).   Figure C clearly shows 

the extinctions of cloud and rain also is DSD-dependent.  For example, at 31.4 GHz, even though 

the RLWC is the same, the extinctions are much larger from the precipitation with the 

thunderstorms and MP DSDs than the extinctions from light precipitation with the drizzle DSD. 

In addition, the brightness temperatures at 23.8 and 31.4 GHz channels are calculated using 

the MicroWave Radiative Transfer (MWRT) model.  Five different sensitivity tests are generated 

with five combinations of CLWP and RLWP values (Table A).  Table A lists the results and clearly 

demonstrates that the brightness temperatures in channels increase with increased cloud water 

amount (larger CLWP) and the rain water amount (larger RLWP).  Comparing the results from 

test #2 and #3, it is clearly seen that the brightness temperatures contributed by rain drops are 31 
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and 51 K more than that contributed by cloud droplets at the frequencies of 23.8 and 31.4 GHz, 

even though their LWPs are the same (1 kg m-2) in these two tests.   

 

Data availability. NOAA vertical profile radar datasets are publicly available in the DOE archives 

(http://iop.archive.arm.gov/arm-iop/2011/sgp/mc3e/williams-s_band/).  KAZR ARSCL data are 

available on the DOE ARM archive (https://www.arm.gov/data). 
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Table 1.  Acronyms and Abbreviations Used in This Study 

Acronyms and Abbreviations Full Name 
2DVD Two-dimensional video disdrometer 
A Total two-way attenuation of 35-GHz VPR signals 
ARSCL Active remote sensing of clouds 
ARM Atmospheric Radiation Measurement  
B  coefficients for cloud water attenuation 
C  coefficients for rainfall attenuation 
CLWP Cloud liquid water path 
D Raindrop diameter  
Dm Mean mass-weighted raindrop diameter 
Dmax Maximum diameters in the size distribution 
Dmin Minimum diameters in the size distribution 
DOE Department of Energy 
DSD Drop size distribution 
DVD Doppler velocity difference 
G  Two-way gaseous absorption 
IWC Ice water content 
KAZR Ka-band ARM zenith radar 
LUT Looking up table 
LWP Liquid water path 
MB Base of melting layer 
MC3E Mid-latitude continental convective clouds experiment 
MMCR Millimeter-wavelength cloud radar 
MWR Microwave radiometer 
NDSD Number concentration 
N0  Intercept of ice particle size distribution 
NOAA National Oceanic and Atmospheric Administration  
Nw Scaling parameter in the drop size distribution 
RLWP Rain liquid water path 
Rm Layer-mean rain rate 
RR Rain rate 
𝐒𝐃𝐒𝐃𝛌  Radar reflectivity-weighted velocity spectral density 
𝐯𝐃𝐒𝐃𝛌  First reflectivity-weighted velocity spectrum moments 

represent the mean velocity 
Vz Raindrop terminal velocity 
𝐙𝐃𝐒𝐃𝛌  Zeroth reflectivity-weighted velocity spectrum moments 

represent the intrinsic (non-attenuation) reflectivity factor 
𝚪(𝐱) Euler gamma function 
l Radar wavelength 
𝛔𝐛𝛌 Raindrop backscattering cross section 
µ Shape parameter 
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Table 2. Statistics (mean differences, 95% confidence interval of mean differences, RMSEs) of 
Dm, RR between this study (RET) and disdrometers (2DVD, RD-80) for Case A and Case B 

 
 
 
 
 

 Mean Differences 
(95% confidence interval) 

RMSE 

Case A: Dm (RET, 2DVD) (mm) 0.04 (-0.07, -0.01) 0.24 

Case A: RR (RET, RD-80) (mm hr-1) -0.45 (-0.57, -0.33) 0.96 

Case A: RR (RET, 2DVD) (mm hr-1) -0.61( -0.77, -0.43) 1.38 

Case B: Dm (RET, 2DVD) (mm) 0.10 (-0.14, -0.07) 0.27 

Case B: RR (RET, RD-80) (mm hr-1) 0.40 (0.19, 0.60) 1.51 

Case B: RR (RET, 2DVD) (mm hr-1) 0.30(0.09, 0.52) 1.58 
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Table A. The brightness temperatures (TB) at 23.8 and 31.4 GHz for different assumptions of 
CLWP and RLWP values. 

Sensitivity Test  CLWP (kg m-2) RLWP (kg m-2) TB at 23.8 GHz TB at 31.4 GHz 
#1 2 0 197.20 196.28 
#2 1 0 186.34 177.49 
#3 0 1 217.28 228.20 
#4 0 2 254.51 272.09 
#5 1 1 225.37 239.88 
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Figure 1. Time series of (a1) radar reflectivity (Ze) from NOAA 3-GHz vertical pointing radar 
(VPR), (b1) radar reflectivity from ARM 35-GHz VPR, (c1) melting base (blue lines) and cloud 
base (black dots), and (d1) rain rates from RD-80 surface disdrometer measurement for Case A 
(20 May 2011, 11:20 – 14 :30 UTC); (b1)-(b4) for Case B (11 May 201, 18:30 – 22 :00 UTC); 
(c1)-(c4) for Case C (27 April 2011, 8:30 – 13 :00 UTC); (d1)-(d4) for Case D (20 May 2011, 7:00 
– 9 :00 UTC).  Note that the ranges of radar dBZ values are different in 3-GHz and 35-GHz radars.  
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Figure 2. Algorithm flowchart to retrieve liquid water path (LWP) below melting base. 
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Figure 3. An example of illustrating the Doppler Velocity Differences (DVD) retrieval algorithm 
at 13:40 UTC on May 20, 2011.  The inputs of the DVD retrieval algorithm are: (a) 3-GHz vertical 
pointing radar reflectivity factor (Ze), (b) 3-GHz radar Doppler velocities (Vd), (c) 35-GHz radar 
Doppler velocities (Vd), and (e) 35-GHz radar spectrum variances (SV).  The Doppler velocity 
difference between 3-GHz and 35 GHz is shown in (d).  The outputs of the DVD retrieval 
algorithm are: (f) mass-weighted mean diameter Dm, (g) rain liquid water content (RLWC), and 
(h) rain rate (RR).  Retrieval uncertainties are shown as horizontal thin black lines. 
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Figure 4. Time series of (a) retrieved (RET) (red dots) and 2DVD surface disdrometer estimated 
(grey line) Dm, (b) RET (red line), 2DVD (grey line) and RD-80 (black line) surface disdrometer 
rain rate estimates, and (c) retrieved rain liquid water path (RLWP, red dots) for Case A (May 20, 
2011.  The red shading areas are the estimated retrieval uncertainties. 
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Figure 5. Time series of (a) retrieved (RET) (red dots) and 2DVD surface disdrometer estimated 
(grey lines) Dm, (b) RET (red dots), 2DVD (grey line) and RD-80 (black line) surface disdrometer 
rain rate estimates, and (c) rain liquid water path (RLWP, red line), cloud liquid water path (CLWP, 
blue dots) and liquid water path (LWP = RLWP+CLWP, green lines) for Case B (May 11, 2011).  
The red shading area and blue bars are the estimated retrieval uncertainties for rain microphysical 
properties (Dm, rain rate and RLWP) and CLWP. 
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Figure 6. Box and whisker plots of retrieved RLWP, CLWP and LWP for situation (I), (II) and 
all samples.  The horizontal orange line within the box indicates the median, boundaries of the box 
represent the 25th- and 75th -percentile, and the whiskers indicate the 10th- and 90th -percentile 
values of the results. The red dash lines represent the mean values. 
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Figure 7.  (a) Comparisons between LWP from microwave radiometer (MWR, in x-axis) and LWP 
retrievals from this study (RET, in y-axis, with estimated uncertainty in gray lines). The rain rates 
are indicated by colors.  (b) the LWP differences between two estimations (MWR- RET), shown 
as a function of rain rate.   
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Figure A. Comparisons of (a) mass-weighted mean diameter Dm (mm), (b) shape parameter µ, (c) 
parameter α= 10 log(Z3GHz/RLWC), and (d) parameter β = 10 log(Z3GHz/RR) calculated as functions 
of Doppler velocity difference (DVD) and spectrum variance at 35 GHz (SV35GHz).  Note that the 
units of RLWC and RR are g m-3 and mm hr-1.   
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Figure B.  The extinction cross section per unit volume as a function of the drop equivolume diameter for 
the two frequencies in MWR (23.8 GHz and 31.4 GHZ).  
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Figure C.  The extinction coefficient as a function of RLWC for precipitations with three different drop 
size distributions (DSDs), which are for heavy precipitation (thunderstorm), moderate precipitation (MP) 
and drizzle precipitation (drizzle).     
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Abstract 

Mesoscale Convective Systems (MCSs) clouds and precipitation are the key components in the 

hydrological and energy cycles of climate system.  In this study, the MCSs are tracked using high-

resolution radar and satellite observations first over the U.S. Great Plains during the warm season 

(April to August) from 2010 to 2012.  The spatiotemporal variability of MCSs precipitation are 

then characterized using the radar-based Stage-IV product.  We found the spatial variability and 

nocturnal peaks of MCSs’ precipitation are primarily driven by the MCSs occurrence rather than 

the MCSs’ precipitation intensity.  The tracked MCSs are further classified into convective core 

(CC), stratiform rain (SR) and non-precipitating anvil clouds regions.  The spatial variability and 

diurnal cycle of precipitation in the SR regions of MCSs are not as significant as those of MCSs’ 

precipitation.  In the SR regions, the high-resolution, long-term ice cloud microphysical properties 

[ice water content (IWCs) and paths, IWPs] are also provided.  The IWCs decrease with height 

generally and the IWC and IWP are consistent with their precipitation counterpart, where the 

precipitation during summer and over Southern Great Plain (SGP) are higher than those during 

spring and over Northern Great Plain (NGP).  Comparing the peaks of MCSs’ precipitation and 

IWPs from the diurnal cycles and their composite evolutions, it is found when using the SR IWP 

peak as a reference, the heaviest precipitation in the MCSs convective core occurs earlier, whereas 

the strongest SR precipitation occurs ~0.5-1 hour later.  The shift of peaks in MCSs CC and SR 

precipitation related to the SR IWP could be explained by the stratiform precipitation formation 

process.  The relations between IWP and precipitation in the SR regions are different at MCSs 

genesis, mature and decay stages, and the transition from ice to precipitation are highly related to 

the low-level humidity.   
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1. Introduction 

Clouds and precipitation are key components in the hydrological and energy cycles of 

climate system (Hartmann et al. 1992; Stephens et al. 2012).  Investigating the transition process 

from cloud to precipitation is a highly desirable target (e.g., Kubar et al., 2009; Koren and Feingold 

2011; Khain et al. 2013; Lebsock et al. 2013).  Quantitative links between cloud microphysical 

properties and precipitation are found for the low-level warm clouds, especially for the marine 

stratocumulus clouds (e.g. Wood 2012; Wu et al. 2015, 2017 and 2018).  The cloud base rain rate 

(RRcb) is shown to increase with liquid water path (LWP), where RRcb is proportional to LWP1.75 

(Comstock et al. 2004).  Over the majority of land areas, the correlation between ice water path 

(IWP) and surface rain rate is ~ 0.4, which is found from the precipitation radar and microwave 

radiometer observations by the Tropical Rainfall Measuring Mission (TRMM) satellites (You and 

Li 2012).  However, none of these studies investigated the links between cloud properties and rain 

intensity for deep convective systems. 

The largest form of deep convective storms is known as the mesoscale convective systems 

(MCSs), which are an ensemble of cumulonimbus clouds that organized into a storm complex and 

produce distinct mesoscale circulations (Houze 2004).  In the central United States, MCSs contribute 

between 30% and 70% of warm-season rainfall (Feng et al. 2016; Nesbitt et al. 2006), and they are 

often associated with severe weather phenomena, such as tornados, flash flooding, derecho and 

hail (Houze 2004; Bentley and Sparks, 2003).  MCSs also connect the mesoscale and large-scale 

circulations through the vertical transport of momentum, water, and mass from the low atmospheric 

levels to the free troposphere (Fiolleau and Roca 2013).   

Accurately simulating MCSs has been challenging even using Cloud Resolving Models 

(CRMs), which can benefit from finer grid resolution and more sophisticated physical 

parameterizations than global circulation models (GCMs) (Fan et al. 2018; Han et al. 2019).  
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Although CRMs can qualitatively simulate some cloud properties in the stratiform region of MCSs, 

underestimation of the stratiform precipitation has been a long-standing model issue, and the 

reasons for the underestimation is still not well understood (e.g., Varble et al. 2014; Morrison et 

al. 2015; Fridlind et al. 2017).  The reasons for the differences between observations and model 

simulations are very complicated, which could be caused by the errors in the initial conditions, 

dynamics and thermodynamics, aerosol and cloud microphysics parameterizations, and complex 

interactions and feedbacks between these factors.  However, better understanding the ice cloud 

properties in precipitating system would be helpful in simulating less biased stratiform 

precipitation (e.g. Han et al. 2019).  An accurate estimation of the spatiotemporal distribution of 

the ice properties are key parameters for evaluating and improving numerical weather prediction 

(Stephens et al. 2002).   

Ice particles comprise a large portion of the MCSs cloud mass and ice melting is a dominant 

rainfall formation process in the stratiform precipitation associated with MCSs (Bringi and 

Chandrasekar 2001).  The stratiform region of MCSs is formed when ice particles generated from 

convective cores are advected by the outflow and then the depositional growth starts (Herzegh and 

Hobbs 1980).  With growing and falling into low dry layers, the ice particles survived longer 

distances are larger and eventually enhance the precipitation rate (Heymsfield 1977).  Using radar 

and in-situ aircraft measurements, studies have found that, with faster updraft velocities in the 

convective core regions, IWC values and precipitation rates are both considerably higher in 

stratiform ice clouds (Heymsfield 1977; Carbone and Bohne 1975).  Based on these findings, 

precipitation rate is estimated based on retrieved IWC or/and IWP in some satellite remote sensing 

studies (Ferraro et al. 2000; Zhao et al. 2001; Weng et al. 2003).  Thus, better investigating the 
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links between ice cloud properties and precipitation for MCSs have great potential to improve 

model simulations and satellite precipitation estimations. 

The characteristics of MCSs precipitation have been extensively studied over the 

continental United States (e.g. Nesbitt et al. 2006; Prein et al. 2017; Feng et al. 2018), however 

few studies investigated the ice cloud properties of MCSs over large domain using long term 

ground-based observations and retrievals.  The geographical focus of this study is the Great Plains 

(32–48°N, 95-103°W), where the majority of its annual precipitation occur during the warm season, 

with up to 60% of total precipitation connected to MCSs (Ashley et al. 2003).  This study is the 

first study to provide a high-resolution, long-term of the ice cloud properties (IWCs and IWPs) for 

MCSs over the Great Plains.  The vertical and spatiotemporal distributions of MCS’s IWCs and 

IWPs retrieved from ground-based radar observations are investigated, and the relationships 

between MCS’s IWP and surface precipitation rate are analyzed in this study.  A brief description 

of datasets used in this study is given in section 2.  The spatiotemporal characteristics of MCSs’ 

precipitation and ice cloud properties during warm seasons over the Great Plains are investigated 

in sections 3 and 4.   The relationships between IWP and precipitation rate are discussed in section 

5.  Major findings from this study are summarized in section 6.  

2. Dataset  

In this study, long-term high-resolution observational datasets are used to obtain various 

characteristics of MCSs in the Great Plains.  The MCSs are identified and tracked using the NASA 

merged geostationary satellite infrared brightness temperature (Tb) data and ground-based radars 

measurements (Feng et al. 2018).  The ground-based radars measurements are the mosaic National 

Weather Service Next-Generation Radar (NEXRAD) radar reflectivity from GridRad dataset 

(Bowman and Homeyer 2017).  The hourly GridRad radar reflectivity data covering the CONUS 
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and has 0.02° × 0.02° spatial and 1 km vertical resolutions.  Ground clutter and other non-

meteorological echoes in the radar data are removed follow  set of quality control procedures 

provided by GridRad (http://gridrad.org/software.html).   

Radar reflectivity in GridRad is used to retrieve IWC profiles in mid-latitude MCSs (Tian 

et al. 2016).  NEXRAD IWPs are obtained by vertically integrating radar reflectivity-based IWC 

profiles in the ice-phase-dominated layers from 5 km to NEXRAD radar echo top (Tian et al. 2018).  

The maximum reliable IWP value used in this study is 10 kg m-2 (larger values represent less than 

1% of the samples).  The IWC retrieval algorithm was evaluated by the aircraft in situ 

measurements during the Midlatitude Continental Convective Clouds Experiment (MC3E) field 

campaign, and another field campaign, the Bow Echo and Mesoscale Convective Vortex 

Experiment (BAMEX).  The MC3E was conducted in 2011 during April to June over Southern 

Great Plains, and the BAMEX was conducted in 2003 during May to July over the Great Plains.  

The retrieved IWC uncertainty for the stratiform rain and thick anvil regions of MCSs is round 20% 

to 40% validated against the in-situ measurements during MC3E and BAMEX.  The NEXRAD 

Ze-retrieved IWCs and IWPs in Tian et al. (2016) are also compared with the ones derived from 

the polarimetric observations developed by Lu et al. (2015), which used the Specific Differential 

Phase (Kdp) to retrieve IWC values.   Cui et al (2019) compared the two types of retrievals and 

found that the Ze-retrieved IWP Tian et al. (2016), on average, is 13% larger than that from Kdp – 

based retrieval in Lu et al. (2015).  

Precipitation associated with MCSs are obtained using the Hourly Stage-IV multi-sensor 

precipitation dataset produced by the 12 River Forecast Centers in the continental U.S. from 

National Centers for Environment Prediction (Lin 2011).  To create a synthesized dataset for MCSs 

identification and tracking, the GridRad and Stage IV data are regridded onto the satellite 4 km 
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grid.  The Stage-IV product has been used as a reference precipitation dataset in many satellite and 

model verification studies (Aghakouchak et al. 2011; Mehran et al. 2103; Smalley et al. 2014). 

Atmospheric large-scale environments associated with MCSs are obtained from the NARR 

reanalysis dataset, which was developed with the goal of improving upon the NCAR/NCEP global 

reanalysis by more accurately capturing the regional hydrological cycle, diurnal cycle, and other 

important features.  The horizontal and vertical resolution are 32 km and 50 hPa, and temporal 

resolution is 3 hours. 

Through the combination of the NEXRAD radar and geostationary satellite observations, 

the MCSs can be classified into three components, convective core (CC), stratiform rain (SR), and 

anvil clouds (AC) (Feng et al. 2011).  The SR regions have the largest coverage of warm-season 

rainfall over the mid-latitudes, while the CC regions account for the most intense precipitation.  In 

this study, the convective/stratiform echo types are also classified.  Some classification methods 

primarily use the horizontal texture of radar reflectivity to differentiate convective echoes that have 

higher peakedness in echo intensity compared to the surrounding background (Feng et al. 2011; 

Starzec et al. 2017).  It is noticed that the temporal resolution of GridRad data is 1 hour, which 

provides a “snap shot” of radar reflectivity.  It is highly possible that the classification conducted 

using one “snap shot” in an hour cannot be used to represent the “true” MCSs classifications in a 

certain location, which is due to the fast moving of MCSs.  Thus, in this study, we simply adopt 

previous studies (e.g. Bin et al. 2019; Giangrande et al. 2014) to use the stage IV precipitation rate 

to classify the convective and stratiform echo.   A threshold of 10 mm hr-1 is used to separate 

convective and stratiform regions of MCSs.  

Similar to Feng et al. (2018 and 2019), we focus on the long-lived and intense MCSs in 

this study.  An MCS is defined as a large cold cloud shield (CCS) (Tb < 241 K) with (1) major axis 
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length > 100 km, (2) area > 6 ´104 km2 and (3) a convective feature containing radar reflectivity > 

45 dBZ at any vertical level and persisting for at least 6 hours.  Convective initiation time is defined 

as the first hour when a CCS is detected.  Figure 1 shows the probability density functions (PDFs) 

and cumulative distribution functions (CDFs) of MCSs’ lifetime and area occurred during the 

warm seasons (April to August) from 2010 to 2012 over the Great Plains (32 – 48°N, 95 - 103°W).   

There is a total of 453 MCSs selected during the 3-yr period over the Great Plains in this study 

with the mean duration of 18.23 hour and mean area of 172.62 ´ 103 km2.  For the tracked MCSs, 

three life cycle stages are objectively identified based on the definition in Feng et al. (2018): (1) 

MCSs genesis, which is the first hour when the major axis length of convective feature exceeds 

100 km; (2) MCSs mature, in addition to the major axis lengths of convective feature exceeds 100 

km, the MCS’s stratiform rain area should last more than MCSs’ mean lifetime; (3) MCSs decay, 

MCSs decay, which is convective feature major axis length < 100 km or stratiform area < MCSs 

lifetime mean value.  The relationships between MCS’s precipitation and IWP will be further 

discussed according to their stages. 

3. MCSs’ Precipitation 

MCSs consist of three different regions: CC region with heavy precipitation, SR region 

with moderate precipitation and AC region with almost no precipitation.  The MCSs’ precipitation 

with considering all three MCS’s regions (CC, SR and AC) was discussed in previous studies (e.g. 

Jiang et al. 2006; Feng et al. 2019).  In this study, in addition to calculate the mean precipitation 

rate in all the three regions of MCSs, we also calculate the mean precipitation of MCSs for 

precipitation regions (in CC and SR regions) only.  PRall and PRCC+SR are used to represent the two 

types of MCSs precipitation throughout this study.  The geographical and seasonal variations of 

MCSs precipitation are shown in Figs. 2c-f.  The PRall values in Figs. 2c,d are on the order of 
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several mm per day and much smaller than the PRCC+SR in Figs. 2e,f, which is because the areal 

coverage of non-precipitating AC regions is about an order of magnitude and 3 times larger than 

those of precipitating CC and SR regions in the MCSs (Feng et al. 2011).  The mean value of PRall 

over the NGP and SGP is ~ 1 mm day-1, while the mean value for PRCC+SR is ~ 3 - 4 mm hr-1 (Table 

1). 

From the spatial distributions of PRall in Figs. 2c,d, it is clearly seen that there is a gradual 

northward migration of MCSs from the Southern Great Plains (SGP, 32–40°N, 95-103°W) in 

spring (Fig. 2c) to the Northern Great Plains (NGP, 40–48°N, 95-103°W) in summer (Figs. 2d).  

In spring, the PRall is larger over the SGP (1.39 mm day-1) than that over the NGP (1.03 mm day-

1), while in summer, the PRall is larger over the NGP (1.21 mm day-1) than that over the SGP (0.73 

mm day-1).  The difference of mean PRall values is highly related to the MCSs occurrence.  The 

spatial distribution of MCSs’ precipitation (PRall) exhibits a close resemblance to the MCSs 

occurrence (Figs. 2a,b).  The high occurrence of MCSs at the NGP in summer is related to the mid-

troposphere shortwave perturbations generated over the Rocky Mountains (Wang et al. 2011a and 

2011b).  The mid-troposphere shortwave perturbations would generate disturbances and collocate 

with sufficient low-level moisture and instability in summer, so that more MCSs can be generated 

over the NGP during summer months (Wang et al. 2011a and 2011b).  The MCSs distributions 

from the 3-year dataset in this study are consistent with a 13-year record reported by Feng et al. 

(2019), suggesting the 3-year (2010 - 2012) dataset is representative of the MCSs climatology in 

this region. 

The spatial distributions of PRCC+SR, however, are different from their PRall counterparts.  

In both spring and summer, the PRCC+SR values are larger over the SGP than over the NGP.  On 

average, the mean precipitation over the Great Plains during summer (4.18 mm hr-1) is 16% more 
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than that in spring (3.49 mm hr-1).  The mean values of PRCC+SR over NGP and SGP in spring and 

summer are also listed in Table 1.  The precipitation differences between spring and summer are 

related to the different large-scale environments and thermodynamics (Feng et al. 2019).  During 

spring, MCSs often initiate ahead of mid-level trough with low-level convergence and upper-level 

divergence, combining with strong low-level jet bringing moisture.  However, in summer, MCSs 

initiate in the high-pressure ridge dominated system.  In addition, warm surface and moist low-

level in summer result in the high instability and favorable thermodynamics to generate MCSs.     

Time–distance plots (often referred as Hovmoller diagrams) are commonly used for the 

diagnosis of coherent signals in climate science (e.g., Nakazawa 1988).  Figure 3 shows the diurnal 

cycles of MCSs occurrence as a function of latitude or longitude during spring and summer, 

respectively.  It is clearly seen that the peak occurrences of PRall are around midnight in both spring 

and summer, except the regions southern than 34 oN (Figs. 3a,b).  Corresponding, the MCSs’ 

precipitation (PRall) peaks around local midnight over most of the Great Plains in both spring and 

summer (Figs. 4a,b) because PRall strongly correlates with MCSs occurrence.  The characteristic 

of nocturnal precipitation peak is consistent with the findings from many previous studies, which 

also found that MCSs have nocturnal peak precipitation in the Great Plains during the warm 

seasons (e.g.  Carbone et al. 2002, Jiang et al. 2006, Feng et al., 2019).   

The diurnal cycles of precipitation in the SR and CC regions of MCSs (Figs. 5a,b) are not 

the same as the diurnal cycles of precipitation in all the regions of MCSs.  In spring, large 

precipitation values are found between late afternoon and midnight over the NGP.  Over the SGP, 

there are large variations of diurnal cycles of MCSs’ precipitation.  Large precipitation values are 

found from local noon to afternoon between 32oN to 34oN, while heavy precipitation occurs almost 

the whole day between 34oN and 38oN.  In summer (Fig. 5b), large precipitation values are found 
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in the afternoon from 32oN to 34oN, in the morning from 34oN to 38oN, and in the late afternoon 

to midnight/early morning from 36oN to 48oN.  Overall, the MCSs’ nocturnal peak precipitation is 

more latitude-dependent in Figs. 5a,b than that in Figs. 4a,b.  

The Hovmoller diagrams are also exhibit longitude as the distance dimension, since this is 

the principal direction of precipitation system motion over North America.  Eastward propagation 

of MCSs and MCSs’ precipitation during the day can be seen in Figs. 3c,d and Figs. 4c,d over the 

Great Plains for both spring and summer.  During spring, there are high occurrences of MCSs 

precipitation and MCSs’ precipitation around local midnight to early morning with some evidence 

of initiation in the late afternoon east of 100 oW (Fig. 3c and Fig. 4c).  Notice that the heavy 

precipitation of PRCC+SR can occur over east of 100oW from local noon to midnight night (Fig. 5c), 

even though the occurrence of MCSs precipitation is lower than that from late night to early 

morning (Fig. 3c).  During summer (Fig. 3d and Fig. 4d), it is obvious that MCSs (MCSs’ 

precipitation) initiate during late afternoon close to the Rocky Mountain Front Range (~ 103°W), 

where the terrain has the sharpest gradient (Carbone et al. 2002).  There are two different 

characteristics over west and east of 100oW.  Most of the MCSs and their associated precipitation 

occur from late afternoon (~ 6 pm) to midnight (~12 am) over west of 100oW, whereas over east 

of 100°W, they peak from midnight to early morning with much higher occurrence and heavier 

precipitation that those over west of 100oW.   

The distributions of precipitation occurrence in the SR regions of MCSs are very consistent 

with those for MCSs’ precipitation in both spring and summer (figures are not shown).  The 

correlation between MCSs’ precipitation (PRCC+SR) and MCSs’ SR precipitation (PRSR) is ~0.8.   

The mean values of MCSs’ precipitation in SR regions during spring (2.34 mm hr-1) and summer 

(2.43 mm hr-1) are quite close to each other.  However, there are large spatial differences as 
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illustrated in Figs. 6a,b.  In spring, the maximum of SR precipitation occurs at northern Texas.  

Large spatial variations in the SR precipitation are shown between the SGP and the NGP, where 

more SR precipitation over the SGP than over the NGP.  In summer, the mean difference of 

precipitation between the SGP and the NGP is smaller (0.07 mm hr-1) than that in spring (0.24 mm 

hr-1) (Table 2).  In general, the PRSR values are larger in summer and over the SGP than those in 

spring and over the NGP.   

Figure 7 shows the diurnal cycles of precipitation in the SR regions of MCSs as a function 

of latitude or longitude during spring and summer.  The frequent distributions of MCSs 

precipitation in the SR regions (figures are also not shown) are almost the same as the distributions 

for MCSs’ precipitation (Figs. 3a -d).  In spring, we did not find very distinct diurnal cycles, but it 

is clearly seen that the PRSR values are larger over south than over north.  In summer, between 

38oN and 48oN, the diurnal cycles are more distinct, with large precipitation during late afternoon 

to midnight/early morning.  While, between 32°N and 36°N, large precipitation values are found 

at both noon and midnight.   

The eastward propagations of MCSs during the day for both spring and summer in the SR 

regions can still be noticed (Figs. 7c,d), even though they are not as obvious as those shown in 

Figs. 4c,d or Figs. 5c,d.  During spring, SR precipitation amounts are large in the morning (6 am 

– 12 pm) and afternoon (12 pm - 6 pm) over the regions west of 100°W and between 96°W and 

98oW.  At the regions between 98°W and 100oW, SR precipitation amounts are large from noon 

to late night (12 pm -12 am).  During summer, at the regions west of 100oW, SR precipitations are 

large in the afternoon, however, at the regions east of 100°W, the large precipitation occurs 

between late afternoon and early morning.  Even though the occurrence of SR precipitation is 

higher around midnight, the SR precipitation could occur at any time of the day and varies with 
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different locations and seasons with a less district diurnal cycles compared to the MCSs 

precipitation (PRall and PRCC+SR).  

4. MCSs’ Ice Cloud Properties 

To investigate the characteristics of ice cloud properties in MCSs, we have generated a 3-

yr database of MCS ice cloud properties using ground-based NEXRAD radar reflectivity over the 

Great Plains.  The climatology of vertical distributions of IWC above 5 km in the SR regions of 

MCSs are shown in Fig. 8.  It is clearly seen that IWC values generally decrease with height 

regardless of season (spring and summer) and location (SGP and NGP) but with distinguishable 

differences for different seasons and regions.  The mean IWC values (~ 0.1 gm-3) are nearly the 

same for four datasets at an altitude of 12 km, but at an altitude of 5 km they range from ~0.4 gm-

3 for spring over the NGP to ~0.8 gm-3 for summer over the SGP.  During spring, the mean values 

of IWC are 0.29 g m-3 and 0.37 g m-3 at the NGP and SGP, respectively.  During summer, even 

though the MCSs occurrence is much higher at the NGP, the mean value of IWC at the NGP (0.40 

g m-3) is 17 % smaller than that at the SGP (0.48 g m-3).  The overall mean value for entire layer 

for four datasets is 0.39 g m-3.  Note that the mean IWC is 18% smaller if the ice layer is defined 

as between 6 km to radar-echo/cloud top, but it is still found that summer and the SGP have larger 

SR IWCs than spring and the NGP.  

IWP is the integration of IWC over ice-dominate cloud layer.  Consistent with IWC results, 

mean IWP values are larger in summer and over the SGP than those in spring and over the NGP 

as illustrated in Fig. 9.  Large difference exists between the spatial distributions in different seasons 

(spring and summer) and locations (SGP and NGP).  The mean values are 1.23 and 1.69 kg m-2, 

respectively, for the NGP and the SGP in spring.  In summer, both the SGP and the NGP have 

larger mean IWP values than those in spring.  On average, the IWP in summer (2.00 kg m-2) is 37% 
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more than that in spring (1.46 kg m-2).  The IWC and IWP results are consistent with the 

precipitation patterns in the MCSs SR regions, in which summer and SGP have larger SR 

precipitation than spring and NGP. 

Figure 10 shows the diurnal cycles of IWP in the SR regions of MCSs as a function of 

latitude or longitude during spring and summer.  It is again obviously that larger LWPs at the SGP 

than at the NGP during spring (Fig. 10a).  Figure 10a also clearly reveals that large SR IWPs exist 

between 32 oN and 34 oN for nearly entire day, a southward propagation of SR IWP during the 

night from 34 oN to 40 oN, and a northward propagation of SR IWP during the night from 42oN to 

48oN.  Overall, the diurnal cycles of SR IWP are latitude-dependent during spring.  In summer, 

large SR IWPs occur almost everywhere and nearly entire day (Fig. 10b).   

Eastward propagation of SR IWP during the day can still be seen in the Great Plains for 

both spring and summer (Figs. 10c,d).  During spring, SR IWP peaks from afternoon to midnight 

between 95 oW and 100 oW, while less distinct diurnal cycles identified west of 100oW.  In summer, 

eastward propagation of large SR IWPs from late afternoon to early morning can be seen between 

98oW and 103oW.  In the regions east of 96oW, large SR IWPs are found during late afternoon to 

early morning.   

5. MCSs’ Ice Cloud and Precipitation Relations 

In Sections 3 and 4, the discussions are made for precipitation and ice properties of MCSs 

separately using spatial distributions and Hovmoller diagrams.  This section aims at linking the 

MCS’s ice cloud properties and precipitation.  Figure 11 shows the diurnal variations of MCSs 

precipitation rates for all (PRall), CC+SR (PRCC+SR), and SR regions (PRSR) only, as well as IWP in 

the SR regions of MCSs over the SGP and NGP during spring and summer.  To better quantify 

these diurnal variations, a Fourier transform was applied to the diurnal cycles of MCSs’ properties, 
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and the first harmonic of the signal with a 24-hour period was used (Wallace 1975).  The amplitude 

and phase of the first harmonic of the diurnal cycles represent the strength of the diurnal cycle and 

the peak timing, respectively, while the percent variance explained by the first harmonic denotes 

how well a diurnal cycle can be represented by a sine wave (Gustafson et al. 2014).  The phase, 

amplitude and percent variance explained for the first harmonic of MCS’s precipitation and IWP 

at the NGP and the SGP during spring and summer are listed in Table 3.  The peaks of MCSs’ 

precipitation (PRall) occur at midnight (23 LT - 01 LT), while the peaks of PRCC+SR are ~ 2 hours 

earlier (21 LT– 23 LT) than the peaks of PRall.  This finding is consistent to the results of Dai et al. 

(2007), which found that the nocturnal peak precipitation is primarily driven by occurrences rather 

than by intensity.  The 2-hr shift in PRall and PRCC+SR indicates that even though the occurrence of 

MCSs is high around the midnight, it does exist heavy precipitation (large MCSs’ precipitation 

rate values) around late night (21 LT -23 LT).  The amplitudes of precipitation and IWP are larger 

in summer than those in spring, suggesting that there are strong diurnal cycles of MCSs’ 

precipitation in summer than in spring, which makes physical sense due to stronger and longer 

solar radiation.   

Comparing the percent variances explained for the first harmonic of precipitation and IWP 

of MCSs, it is notice that the values are the smallest for the SGP during spring in Table 3, which 

indicates the diurnal cycles of precipitation and IWP at the SGP in spring are not significant and 

the fitted sine waves using Fourier transform represent the diurnal cycles worst compared to the 

transformations for other diurnal cycles.  However, it is interesting to notice that, except for the 

values at the SGP during spring, the peak timing ~ 0.5 – 1 hr delays in precipitation than IWP in 

the SR regions of MCSs.   
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In addition to comparing the diurnal cycles of IWP and precipitation of MCSs, their 

variations with evolution are also investigated.  The composite evolutions of MCSs for the 

precipitation in the CC and SR regions and IWP in the SR regions of MCSs are shown in Fig. 12.  

X-axis shows normalized MCSs time, where 0 denotes convective initiation and 1 denotes 

dissipation.  It is found that the peak timing of precipitation in the MCS’s CC region is earlier than 

the peak timing of IWP in the SR region.  Even though the variation of precipitation in the SR 

region is not large, it does exist a small signal of delay of precipitation peak than that of IWP.  The 

shifts of peak timing in precipitation and IWP from both Figs. 11 and 12 are consistent with some 

processes in the MCSs mentioned earlier: (1) MCSs CC regions contribute heavy precipitation 

first; then (2) the ice particles in the CC regions are detrained to the SR regions with depositional 

grow; and finally (3) the large ice particles travel/survive long distance, fall into dry layers, and 

eventually melt to rain drops and form the stratiform precipitation.  Note that the results for Figs. 

11 and 12 are based on a 3-years composites, further investigations are needed for each tracked 

MCSs, which is not the focus of our statistical-based study. 

The relationships between IWP and precipitation in the SR regions of MCSs are also 

investigated at different stages of MCSs, which are genesis, mature and decay stages.  Scatter plots 

of SR IWP against precipitation at three different stages of MCSs are shown in Fig. 13.  The 

precipitation data are averaged in each IWP bin (0.1 kg m-2).  It is clearly seen that the mature 

stages of MCSs tend to have larger precipitation than the genesis and mature stages of MCSs.  

Linear relationships are fitted for IWPSR and PRSR at each stage of MCSs, which are (1) Genesis: 

PRSR = 0.40 x	IWPSR + 0.92; (2) Mature: PRSR = 0.14 x	IWPSR + 0.80; (3) Decay: PRSR = 0.54 x	

IWPSR + 0.88.  The slopes/correlations of the relationships are larger at genesis and decay stages, 

while the slope/correlation is smallest at the mature stage.  The small correlation in the mature 
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stage is consistent with the results shown in Fig. 12.  At earlier stage of MCSs (normalized time 

between 0.1 to 0.3), both IWPSR and PRSR increase with MCSs genesis.  At later stage of MCSs 

(normalized time between 0.5 to 0.9), both IWPSR and PRSR decrease with MCSs decay.  However, 

in the middle/intensifying stage of MCSs (normalized time between 0.3 to 0.5), IWPSR decreases 

but PRSR increases, which results in a smaller correlation between IWPSR and PRSR than other stages.  

Even though our derived relationships cannot directly be used in the satellite retrieval algorithm, 

our results indicate that different IWPSR and PRSR relationships should be used in the surface rain 

rate estimations, especially for those retrieval algorithms to retrieve IWP first and then use 

retrieved IWP to estimate surface rain rate with pre-derived empirical relationship.  In the future, 

some retrieved cloud variables (e.g. cloud optical depth and/or ice particle size) could be used to 

separate the MCSs stages in the satellite retrieval combining different empirical relationships to 

estimate the surface rain rate. 

The IWP-Precipitation relations and the transition from ice cloud to precipitation is also 

investigated with considering the low-level humidity.  Scatter plots of IWP against precipitation 

in the SR regions of MCSs for two seasons (spring and summer) at SGP and NGP are shown in 

Fig. 14.  The relative humidity (RH) data are averaged in each precipitation and IWP bins, with 

bin widths of 0.2 mm hr-1 and 0.2 kg m-2.  It is clearly seen that RHs are higher during spring than 

summer in the SR regions of MCSs.  The typical range of RH values is from 50% to 90%, which 

indicates the ice particles can reach to the surface when the RH values are above 50% generally.  

Most importantly, it is found that with given the same amount of ice (IWP), more precipitation can 

reach at the surface in more humid conditions.  When the ice particles are melted to raindrops 

falling down to the lower levels with the increase of temperature, the raindrops are difficult to 

evaporate if the sub-cloud layer is very humid, so that more precipitation can reach to the surface 
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(Kuligowski et al. 2013).  Based on the findings in the dependence of IWP-Precipitation relations 

on relative humidity, in the future, efforts in improving the RH accuracy could be made to improve 

satellite precipitation retrieval (Kuligowski et al. 2016).   

6. Summary 

In this study, the MCSs are tracked using high-resolution radar and satellite observations 

first over the U.S. Great Plains during the warm season (April to August) from 2010 to 2012.  The 

spatiotemporal variability of MCSs precipitation are characterized using the radar-based Stage-IV 

product.  To better understand the spatiotemporal distributions and the ice cloud to precipitation 

transition process in the MCSs, this study provides high-resolution, long-term, warm-season (April 

to August) ice cloud microphysical properties in the SR regions of MCSs over the Great Plains.  

Based on the 3-yr datasets of MCSs precipitation and ice properties, the main findings are 

summarized below. 

The spatial distribution of PRall exhibits a close resemblance to the MCSs occurrence.  A 

gradual northward migration of MCSs from the SGP in spring to the NGP in summer is found, so 

that the PRall is larger over the SGP (1.39 mm day-1) than over the NGP (1.03 mm day-1) during 

spring, while the PRall is larger over the NGP (1.21 mm day-1) than over the SGP (0. 73 mm day-1) 

during summer.  The spatial distributions of PRCC+SR, however, are different to their PRall 

counterparts.  In both spring and summer, the PRCC+SR is larger over the SGP than over the NGP.  

On average, the precipitation in summer (4.18 mm hr-1) is 16% more than that in spring (3.49 mm 

hr-1).   

The nocturnal peak precipitation is primarily driven by MCSs occurrence rather than by 

MCSs intensity.  Even though the PRall and MCSs occurrence are higher from midnight to early 

morning, it should be noticed that heavy precipitation occurs during the period from late afternoon 
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to midnight.  The diurnal cycle of precipitation in the SR regions of MCSs are not as significant 

as that of MCSs’ precipitation.  The mean values of MCSs’ precipitation in SR regions during 

spring (2.34 mm hr-1) and summer (2.43 mm hr-1) are quite close to each other, but there are large 

spatial differences.  Overall, PRSR values are larger in summer and over the SGP than those in 

spring and over the NGP. 

Based on the 3-yr dataset of IWC above 5 km in the MCSs’ stratiform regions, we found 

IWC values generally decrease with height regardless of season (spring and summer) and location 

(SGP and NGP), but with distinguishable differences for different seasons and regions.  The mean 

IWC values (~ 0.1 gm-3) are nearly the same for four datasets at an altitude of 12 km, but at an 

altitude of 5 km they range from ~0.4 gm-3 for spring over the NGP to ~0.8 gm-3 for summer over 

the SGP.  During spring, the mean values of IWC are 0.29 g m-3 and 0.37 g m-3 at the NGP and 

SGP, respectively.  During summer, even though the MCSs occurrence is much higher at the NGP, 

the mean value of IWC at the NGP (0.40 g m-3) is 17 % smaller than that at the SGP (0.48 g m-3).  

The overall mean value for entire layer for four datasets is 0.39 g m-3.  The corresponding mean 

IWPs in the MCSs SR regions are 1.23 kg m-2 (1.89 kg m-2) and 1.69 kg m-2 (2.12 kg m-2) for the 

NGP and SGP in spring (summer), respectively.  The IWC and IWP results are consistent with the 

precipitation patterns in the MCSs SR regions, in which summer and the SGP have larger SR 

precipitation than spring and the NGP. 

Through comparing the peaks of MCSs’ precipitation and IWP from the diurnal cycles and 

their composite evolutions, we found that when using the SR IWP peak as a reference, the heaviest 

precipitation in the MCSs’ convective core is earlier, whereas the strongest SR precipitation occurs 

~0.5-1 hr later.  The shift of peaks in MCSs CC and SR precipitation related to the SR IWP could 

be explained by the stratiform precipitation formation process: (1) MCSs CC regions contribute 
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heavy precipitation first; then (2) the ice particles in the CC regions are detrained to the SR regions 

with depositional grow; and finally (3) the large ice particles travel/survive long distance, fall into 

dry layers, and eventually melt to rain drops and form the stratiform precipitation. 

The relationships between IWP and precipitation in the SR regions of MCSs are also 

investigated at MCSs genesis, mature and decay stages.  It is notice that the slopes/correlations of 

the relationships are larger at genesis and decay stages, while the slope/correlation is smallest at 

the mature stage.  Our results indicate different IWPSR and PRSR relationships should be used in 

the surface rain rate estimations, especially in those retrieval algorithms, which retrieve IWP first 

and then use retrieved IWP to estimate surface rain rate with pre-derived empirical relationship. 

In this study, it is found the transition from ice to precipitation is related to the low-level 

humidity.  With the same amount of ice (IWP), more precipitation can form at surface in a more 

humid sub-cloud layer due to the less evaporation of raindrops. Based on the findings in the 

dependence of IWP-rain relations on relative humidity, in the future, efforts in improving the RH 

accuracy could be made to improve satellite precipitation retrieval.   

Through an analysis of 3-yr of MCSs’ ice cloud properties, we found different 

spatiotemporal distributions of retrieved IWPs during spring and summer over the Northern and 

Southern Great Plains.  What about model simulations?  Are they similar to the observations?  In 

addition, from observations and retrievals, we found that the peaks of CC precipitation and SR 

precipitation are earlier and later than the peak of SR IWP, respectively.  Can the shift of peak 

timing be detected in the model simulation and represent similar processes for the precipitation 

formation in the stratiform regions of MCSs?  Those questions could be answered in the further 

work.  Combining this dataset with model simulations would have great potential to better 

understand the microphysical processes of MCSs.   
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Table 1.  The means and standard deviations of MCSs’ precipitation at Northern Great Plain (NGP, 
40–48°N, 95-103°W) and Southern Great Plain (SGP, 32–40°N, 95-103°W) in spring and summer.  
PRall and PRCC+SR represent the mean values of MCSs’ precipitation with and without considering 
samples in the (non-precipitating) anvil regions of MCSs. 

 NGP Spring NGP Summer SGP Spring SGP Summer 
PRall  (mm day-1) 1.03 ± 0.60 1.21 ± 0.48 1.39 ± 0.80 0.73 ± 0.46 
PRCC+SR  (mm hr-1) 2.83 ± 0.75 4.03 ± 0.76 4.15 ± 0.94 4.27 ± 0.94 
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Table 2.  The means and standard deviations of precipitation, IWC and IWP of MCSs SR regions 
at NGP and SGP in spring and summer. The values in IWC columns before and after slash 
represent the mean or median values of IWCs calculated starting from 5 km or 6 km. 

 NGP Spring NGP Summer SGP Spring SGP Summer 
PRSR (mm hr-1) 2.14 ± 0.42 2.48 ± 0.33 2.38 ± 0.35 2.55 ± 0.37 
IWPSR (kg m-2) 1.23 ± 0.25 1.89 ± 0.34 1.69 ± 0.30 2.12 ± 0.29 
IWCSR (g m-3) 0.29 ± 0.31/  

0.24 ± 0.28 
0.40 ± 0.34/ 
0.34 ± 0.30 

0.37 ± 0.33/ 
0.31 ± 0.30 

0.48 ± 0.35/ 
0.38 ± 0.31 
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Table 3.  The phase, amplitude and percent variance explained for the first harmonic of 
precipitation and IWP of MCSs at NGP and SGP in spring and summer.  

 NGP Spring NGP Summer SGP Spring SGP Summer 
PRall  23.19 / 0.73 / 46.75 0.42 / 1.14 / 49.30 23.78 / 0.46 /45.64 0.16 / 0.62 / 49.33 

PRCC+SR  21.66 / 0.87 / 46.79 22.63 / 2.00 / 48.47 21.08 / 1.02 / 46.19 22.62 / 1.77 / 48.04 
PRSR  22.94 / 0.47 / 47.68 23.56 / 0.77 / 46.33 21.85 / 0.32 / 40.95 23.25 / 0.78 / 47.77 

IWPSR  22.38 / 0.42 / 48.07 22.61 / 0.62 / 47.17 22.01 / 0.34 / 43.09 22.04 / 0.69 / 48.16 
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Figure 1.  Probability density functions (PDFs) and cumulative distribution functions (CDFs) of 
MCSs (a) lifetime and (b) area occurred during the warm seasons (April to August) from 2010 to 
2012 over the Great Plains (32–48°N, 95-103°W).  Numbers in the legends are the averaged (a) 
duration (in hours) and (b) area (in 103 km2).   
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Figure 2.   Spatial distributions of the data density of MCSs’ precipitation during two seasons in 
2010-2012: (a) April-May (spring), (b) June-July-August (summer).  Note that the sum of data 
density over entire domain is 100% in both (a) and (b).  (c) and (d) are the spatial distributions of 
MCSs’ precipitation for all samples, including the samples in convective core (CC), stratiform rain 
(SR) and anvil regions (AC) of MCSs.  (e) and (f) are the same as (c) and (d) except for the MCSs’ 
precipitations are the mean precipitation rates in the CC and SR regions of MCSs.   
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Figure 3.  Data densities of the diurnal cycles of MCSs’ precipitation as a function of latitude and 
longitude during spring (a, c) and summer (b, d).  
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Figure 4.  Diurnal cycles of MCSs’ precipitation for all samples, including the samples in CC, SR 
and AC regions of MCSs, as a function of latitude and longitude during spring (a, c) and summer 
(b, d). 
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Figure 5.  Same as Fig. 4, except for the MCSs’ precipitations are the mean precipitation rates in 
the CC and SR regions of MCSs. 
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Figure 6.  Spatial distributions of precipitation in the SR regions of MCSs during two seasons in 
2010-2012: (a) spring, (b) summer. 
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Figure 7.  The diurnal cycles of precipitation in the SR regions of MCSs as a function of latitude 
and longitude during spring (a, c) and summer (b, d). 
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Figure 8.  Vertical profiles of retrieved ice water contents (IWCs) for two seasons (spring and 
summer) at SGP and NGP.  Lines show the median values, and shaded areas denote between the 
25th and 75th percentiles.   
 
 
 
 



 
 

 161 

 
 
 
 
 

 
Figure 9.  Spatial distributions of the retrieved IWPs in the SR regions of MCSs during (a) spring 
and (b) summer.  
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Figure 10.  Same as Fig. 5, except for the diurnal cycles of IWP in the SR regions of MCSs. 
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Figure 11.  Diurnal cycles of (a) MCSs’ precipitation, (b) the precipitation in the CC and SR 
regions of MCSs, (c) the precipitation in the SR regions of MCSs, and (d) the IWP in the SR 
regions of MCSs over the SGP and NGP during spring and summer. 
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Figure 12.  Composite evolutions of MCSs for (a) the precipitation in the CC regions of MCSs, 
(b) the IWP in the SR regions of MCSs, and (c) the precipitation in the SR regions of MCSs.  X-
axis shows normalized MCSs time, where 0 denotes convective initiation and 1 denotes dissipation.   
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Figure 13.  Scatter plot of IWP against precipitation in the SR regions of MCSs at three different 
stages of MCSs (Genesis, blue; Mature, red; Decay, black).  The precipitation data are averaged 
in each IWP bin.  The bin width of IWP is 0.1 kg m-2.  The colorful lines represent the linear fit 
for each stage of MCSs.   
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Figure 14.  Scatter plots of IWP against precipitation in the SR regions of MCSs for two seasons 
(spring and summer) at SGP and NGP.  The relative humidity (RH) data are averaged in each 
precipitation and IWP bins.  The bin widths of precipitation and IWP are 0.2 mm hr-1 and 0.2 kg 
m-2. 
 
 
 


