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1. INTRODUCTION 

For many years the Center for Analysis and 
Prediction of Storms (CAPS) has been developing and 
producing real-time high resolution analyses, nowcasts 
and forecasts.  Two major real-time forecasting projects 
for which CAPS is currently producing forecasts are 1) 
the Storm Scale Ensemble Forecasts (SSEF) produced 
for the NOAA Hazardous Weather Testbed (HWT) 
Spring Experiment (Kong et al., 2015) and 2) real-time 
analyses and forecasts in support of the Collaborative-
Adaptive Sensing of the Atmosphere (CASA) Dallas-
Fort Worth (D/FW) Urban Testbed (Philips and 
Chandrasekar, 2012).   In 2015 CAPS produced 3-km 
grid resolution forecasts over the Continental United 
States for the HWT on a 5031x3447-km grid. For the 
D/FW Testbed 400-m grid resolution analyses are 
generated every 5-min over a 180x180-km domain and 
1-km forecasts over a 360x320-km domain are 
generated whenever rainfall is expected in the testbed.  
The D/FW Testbed analyses and simulations are done 
with low latency on modest computing resources.  For 
example, a 2-hr 1-km data analysis, assimilation and 
forecast is completed about 20 minutes after final data 
cut-off on couple hundred Xeon cores. 

 
One element of the analyses produced for these 

systems is the analysis of hydrometeors, including 
clouds and precipitation-sized rain, snow, ice, and hail 
and/or graupel.  Adjustments to relative humidity and 
potential temperature are also made with the aim to 
provide an initial condition that will support the 
hydrometeors and storm structure and reduce or 
eliminate the common short-term spin-up required in a 
number of other mesoscale or storm-scale models 
initialized without such adjustments. 

 
Recently the hydrometeor analysis has been updated 

to accommodate new radar data and to customize it for 
many of the cloud and precipitation microphysics 
schemes now available in the CAPS Advanced 
Regional Prediction System (ARPS) and in the Weather 
Research and Forecasting (WRF) forecast systems. 

 
This work briefly gives an overview of the complex 

cloud analysis (Section 2) and presents some of the 
recent changes to the cloud analysis, including those 
made to the radar pre-processing with quality control 

and remapping and updates to the hydrometeor 
assignment algorithms (Section 3). Some examples of 
its application to 1-km short-term forecasts utilizing the 
incremental analysis updating (IAU) data assimilation 
technique over the D/FW Testbed are presented 
(Section 4) before concluding with a description of some 
ongoing and future planned work (Section 5). 

 

2. ADAS Complex Cloud Analysis 

 
  The ARPS Data Analysis System (ADAS) Complex 
Cloud Analysis has its roots in a code from the Local 
Analysis and Prediction System (LAPS) cloud analysis 
(Albers et al., 1996), but has evolved and been updated 
in a number of ways over the years as reported in 
Zhang et al., 1998, Brewster, 2002, Brewster et al. 
2005, and Hu et al. 2006a,b. 

In a nutshell, the cloud analysis uses surface and 
satellite data along with model background data to 
define the extent and type of cloud.   A one-dimensional  
cloud  model considering a parcel lifted from cloud base 
with entrainment is used to define the quantity of cloud 
in convective clouds.  Radar data is largely used to 
define the precipitation-sized hydrometeors and to 
remove spurious precipitation-sized hydrometeors 
where radar scans are available and no hydrometeor 
targets were detected.  The species type is determined 
from background temperature, reflectivity, and Zdr, or, in 
the cast of cycling mode, based on the relative 
distribution of the  species in the background forecast. 

In prior versions the conversion of radar reflectivity to 
hydrometeor mass followed three equations, one each 
for rain, snow and hail.  These equations had implicit 
assumptions about the dropsize distributions of the 
hydrometeors which were not necessarily consistent 
with the various microphysics options that are available 
in ARPS and WRF.  For that reason, in this work we 
seek to customize this conversion; that will be described 
in Section 3e. 

 

3. RECENT UPDATES 

The observation processing and analysis code has 
undergone near-continuous improvement over time to 
accommodate new data sources, changes to existing 
data sources and to refine quality control procedures.  
Notable among the changes made recently are five 
modifications described here:  
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a. NEXRAD Dual-Pol Variables  

Changes were made to the radar Cartesian 
remapping program (88d2arps) to read and process the 
dual-polarization variables now being provided in the 
Level-II WSR-88D data files.   Specifically, the 
Correlation Coefficient (ρHV), Differential Reflectivity 
(Zdr), and Phase (Φ) variables are now being read from 
the data files.   The correlation coefficient is being used 
as part of the quality control procedure; a user-specified 
threshold (default 0.85 for S-Band and 0.75 for X-Band) 
is applied to help remove non-meteorological targets 
from the reflectivity and velocity.  The Zdr data are 
remapped to the model Cartesian grid using the same 
local quadratic fit algorithm that is applied to reflectivity 
and radial velocity.  The remapped Zdr data are then 
used as part of the algorithm determining hydrometeor 
type, where grid points with low Zdr and high reflectivity 
are assigned the hail/graupel type.  An algorithm was 
written to robustly calculate Φdp from the Φ data 
provided in the WSR-88D data, for future use in 
estimating rainfall rates and local hydrometeor mixing 
ratios. 

 

b. New NEXRAD Volume Coverage Patterns  

Recently the Supplemental Adaptive Intra-Volume 
Low-Level Scan (SAILS) volume coverage pattern 
(VCP) to the WSR-88D data collection options.  In this 
VCP the antenna returns to lower elevation angles in 
the middle of the VCP which affected the logic 
previously applied to determine the end of a volume 
scan.   This logic was modified to avoid the false end-of- 
volume-scan detection.  For SAILS and other VCPs 
where duplicate sweeps are taken at low elevation 
angles, the logic was modified to select duplicate 
sweeps that contain the dual-polarization variables over 
sweeps that omit the dual-pol data. 

 

c. New X-band Radar Systems in the CASA D/FW 
Testbed 

The original CASA deployment in Oklahoma 
consisted of four identical magnetron X-band radars 
built by the University of Massachusetts (UMass, 
Mclaughlin et al., 2009).   The current CASA D/FW X-
band radar network (Figure 1) consists of some of the 
UMass radars and a variety of radars from three 
separate manufacturers, including some solid-state 
radars, such as the Ranger from EEC (Cao et al., 2015).  
While a network standard has been established for data 
distribution in single-sweep multi-variable NetCDF files, 
there remain a number of differences in the data 
variables and metadata among the files from different 
providers.   The ARPS NetCDF-based radar remapper 
(ncrad2arps) was modified to accommodate these 
differences and to take advantage of those X-band 
radars providing signal-to-noise (SNR) measurements in 
place of a separate algorithm to calculate SNR from 
reflectivity, range and radar characteristics that is used  

 

 
Fig 1. CASA D/FW Urban Testbed X-band radar 
network, with each radar indicated by a 40-km range 
ring, as it existed in early 2015.  Subsequently, the radar 
at Cleburne has been added.  With county boundaries 
of the North Central Texas Council of Governments as 
dotted lines. 
 
otherwise.  The output remapped data from all radars 
are presented in a uniform manner to the analysis 
program. 
 

d. Removal of hydrometeors below the radar beam 

One step of the complex cloud analysis involves 
removing hydrometeors from the model background 
field where those variables are provided in the 
background forecast fields and no meteorological 
targets are observed according to the quality-filtered, 
remapped and mosaicked reflectivity.   Part of that 
algorithm involves keeping track of the grid points that 
have been scanned by the radar(s).   Grid points that 
happen to lie below the radar scanning extent, due to 
distance from the nearest radar and Earth’s curvature, 
were not modified by the original clearing scheme.   This 
approach was creating hydrometeor analyses with 
orphaned hydrometeors below the lowest radar 
scanning elevation when there was a spurious or 
malpositioned storm that had otherwise been removed 
aloft.   

The updated algorithm keeps track of the extent of 
hydrometeor removal or reduction in each vertical 
column.  For grid points below 5-km and not observed 
by radar, the hydrometeor quantities are reduced by the 
same fraction as the average reduction to the total 
hydrometeor mass in the grid points above.  So, if 
precipitation is completely removed aloft where the 
radar observed no echoes, the adjustment ratio is zero, 
and the hydrometeors are removed from the remaining 
grid points below the radar coverage extent.  
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 Figure 2. Timeline for data assimilation strategy in 
CAPS operational nowcast and short-term forecast in 
the Dallas/Ft Worth Testbed 
 

e. Hydrometeor Retrieval from Reflectivity 

 
As mentioned in Section 2, the original equations for 

deriving hydrometeor mass from reflectivity were based 
on a set of equations that did not vary with the 
microphysics scheme.  This created a situation where 
the reflectivity plotted using the appropriate drop size 
distribution for the microphysics results would produce 
an inconsistent output reflectivity.  Besides the effect to 
the graphical output, this inconsistency could affect the 
forecasts because the microphysics scheme was not 
getting hydrometeor values consistent with its drop size 
distribution specifications or assumptions. 

 
To address this issue, the equations for mass-to-

radar reflectivity for several of the microphysics 
schemes supported by the ARPS and WRF models 
were inverted to create relations for retrieving the 
hydrometeor mass from the observed reflectivity.  The 
schemes that were addressed include the Lin 5-class 
Ice microphysics scheme (Lin et al, 1983), the WRF 
single-moment 6-class (WSM6, Hong and Lin, 2006) 
microphysics scheme, Thompson scheme (Thompson 
et al., 2008), Milbrandt and Yau (MY) single-moment 
bulk microphysics scheme, MY double-moment bulk 
microphysics scheme, and MY triple-moment bulk 
microphysics scheme (Milbrandt and Yau, 2005a,b).  
Equations and constants provided in the WRFpost and 
ARPSplt programs are used as the basis for the 
retrieval code. 

 
In some cases the equations did not have a unique 

inversion because the hydrometeor mass was involved 
in determining a drop size distribution shape parameter.   
In those cases the background or a seed value for the 
hydrometeor mass was first provided to find an initial 
value for the shape parameter and a solution was found 
iteratively.   After testing each scheme in a standalone 
program it was found that convergence is obtained 
quickly, so five iterations are done in those cases. 

 

4. Demonstration of Updated System  

In order to demonstrate the latest version of the cloud 
analysis and the morphology of the hydrometeors in the 
model during the incremental analysis period a case of 
a mature squall line with hail over the Dallas-Fort Worth 
metroplex is chosen.   We chose the case of 0000 UTC 
25 April for this demonstration. This is a challenging 
case for the modeling system as strong updrafts 
associated with the hail will have to be established and 
the large mass of hydrometeors supported.  The ARPS 
model will be used with cycled incremental analysis 
updating (IAU) applied as indicated in Fig 2.   Data from 
2350-0000 UTC are used to form an analysis and 
analysis increments to apply during that 10-minute 
window.   A triangular time weighting is used to 
introduce the increments.  Then, in the same manner, 
data from 0000-0010 are introduced in the next cycle. 

First we examine the impact of the revised reflectivity 
equations on the plotted reflectivity.  Figure 3 shows the 
observed mosaicked reflectivity in a horizontal (model 
level 8) and vertical cross section (y=40.5 km) at the 
top.  In the left column is the output reflectivity using the 
reflectivity forward model from four different 
microphysics schemes.  In the center column is the 
same horizontal cross-section after applying the 
microphysics-scheme-specific hydrometeor retrieval 
algorithms.  It is evident that the original scheme 
introduced inconsistencies that varied from under-
representing the maximum in the case of the Lin 
scheme, to overstating the maximum in the MY 
schemes.  Note that grid points with reflectivity less than 
a user-defined threshold (15 dBZ at this level) are not 
assigned hydrometeors to help prevent residual non-
meteorological targets from being used near the ground. 
The vertical cross-section plots (right hand column) 
confirm that the hydrometeor mass scheme has 
recovered values consistent with each method’s forward 
model for reflectivity for all heights/temperatures. 

Figure 4 shows a sample vertical cross-section (at 
Y=40.5 km) of the hydrometeors retrieved for each 
scheme.   There is little difference among the rain mass 
values (left column) whereas there are more significant 
differences among the frozen hydrometeors, particularly 
graupel (center) and hail (color shading in right column).  

Having confirmed successful retrieval of the 
hydrometeor mass in the analysis it is of interest to see 
how well the model adapts to these increments being 
applied during the IAU window.   Figure 5 shows the 
same sample cross-section after the increments from 
the analysis are applied over a 10-minute IAU window, 
which can be compared to the original, input, analysis or 
the second analysis (Fig 6) valid 10-minutes later.  It is 
apparent that all schemes have some difficulty in 
maintaining the maximum values of hail and/or graupel, 
with the WSM-6 retaining the highest value of graupel.  
The Lin and WSM-6 schemes end-up with greater rain 
water than the analyses possibly due to the hail or 
graupel falling and melting.  The MY-Double Moment 
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scheme seems to have retained the best structure in 
this sample vertical cross-section after the first cycle. 

As indicated the operational forecasts have a second 
cycle.  During this cycle the background ratios between 
the hydrometeor species (in reflectivity, Z, space) are 
preserved, and then the total quantities are updated to 
match the observed total reflectivity, again using the 
customized reflectivity retrieval equations.  Also in this 
pass latent heat and water vapor are not added, to 
avoid pumping too much heat and water into the 
system.  

The results after the second IAU wind are shown in 
Fig. 8.  As in the first cycle, some excess rain is 
observed in the Lin and WSM-6 schemes, and in this 
cycle the cores advance to the east beyond the analysis 
extent.  After the second IAU window there is a general 
increase in the hail and graupel aloft, which is likely due 
to the updraft having accelerated to sufficient speed to 
loft frozen hydrometeors higher by this time.   

 

5. Conclusions and Future Plans 

A number of updates have been applied to the 
hydrometeor retrieval in the ADAS Complex Cloud 
Analysis and these will be applied to the ongoing 
forecasting efforts at CAPS.   

In a related study many of these updates were 
applied to a case study involving multiple interacting 
supercell storms on 24 May 2011 (Stratman and 
Brewster, 2015).  The simulations using the 3DVAR and 
cloud analysis a single-cycle IAU system, produced 
some notable successes in predicting these storms, 
including some remarkably accurate predictions of 
rotation centers in the storms. 

Examining the vertical cross sections in this way 
underscored the difficulties in establishing an updraft in 
a strong convective storm from a larger-scale 
background without such a storm.   There was some 
evidence in the first cycle of difficulty in maintaining the 
observed hail/graupel maxima.   In this demonstration, 
as in our current real-time system, the increments from 
all variables are applied using same triangular 
distribution with the largest increments applied in the 
middle of the time window (as indicated in Fig 2.).   It 
may be possible to improve the support of the weight of 
the hail and heavy rain by applying more of the latent 
heat increments before the hydrometeors to allow the 
updraft velocities to become established without rain 
and hail loading, and possible decelerating cooling due 
to ice melt.   This can be accomplished by adjusting the 
increment distribution in time so that a larger fraction of 
the latent heat increments are applied early in the IAU 
window while the hydrometeors are introduced using a 
different time weighting that applies most of those 
increments toward the end of the IAU window (Fig 8).   
The capability for this will be added to the software and 
tested in the near future. 

 
Fig 8. Proposed IAU increment distribution scheme, 
showing distribution of increments for potential 
temperature and wind (red) leading the distribution of 
other variables, including hydrometeors (blue). 
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Figure 3.  Validation of radar reflectivity inversion for four different microphysics schemes. Top row: Lin Ice; 2

nd
 

row: WSM-6, 3
rd

 M-Y Single Moment, 4
th

 row: M-Y Double moment.   First column, radar reflectivity produced after 
using original radar reflectivity inversion equations for all microphysics schemes.  Second column, after using custom 
inversion scheme for each microphysics scheme.   Third column: vertical cross section using custom inversion. 
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Figure 4. Analyses of hydrometeors for at 25 April 2015 0000 UTC for four different microphysics schemes.  Top 

row: Lin Ice; 2
nd

 row: WSM-6, 3
rd

 M-Y Single Moment, 4
th

 row: M-Y Double moment.  For four types of hydrometeors, 
First column: rain (g kg

-1
), 2

nd
: graupel (g kg

-1
), 3

rd
 hail (g kg

-1
, color fill) and snow (g kg

-1
, contours).  Contours are 

color-coded for quantitative value. 
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Forecast After 10-min IAU 
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Figure 5.  As in Fig. 4, but after 10 minutes of Incremental Analysis Updating beginning at 2350 UTC and ending at 
0000 UTC, 25 April 2015. 
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Figure 6. As in Fig. 4, but analysis using radar data valid between 0000 and 0010 UTC 25 April 2015. 
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Forecast at 0010 UTC, After 10-min IAU 
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Figure 7. As in Figure 4, but after 10 minutes of Incremental Analysis Updating beginning at 0000 UTC and ending at 
0010 UTC, 25 April 2015. 

 
 


