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1.    INTRODUCTION  
           

Several methods have been successfully 
used to analyze and assimilate radar observa-
tions into a numerical weather prediction (NWP) 
model including a four dimensional variational 
method (Sun and Crook 1997, 1998), a single 
Doppler velocity retrieval method developed by 
Weygant et al. (2002), a three dimensional varia-
tional method (3DVAR) (Gao et al. 2001; Gao et 
al. 2004; Hu et al. 2006a, b) and an ensemble 
Kalman filter method (Dowell et al. 2004; Wicker 
et al. 2004). These methods usually include re-
trieving the three dimensional wind field as well 
as the thermodynamic and microphysical pa-
rameters from radar because radar can observe 
only radial velocity and reflectivity. 

Most of the previous research about radar 
data assimilation only used observations from 
one or two radars located close to the convection 
being studied, therefore limiting the information 
available to provide a complete set of initial con-
ditions, and which did not take full advantage of 
WSR-88D radar network. By only using data from 
one, or two nearby radars in an analysis, only a 
small portion of the atmosphere is observed, and 
a large part of atmosphere can not be effectively 
observed due to the cone of silence located 
above the radar. When including several addi-
tional radars located father away from targeted 
convection, such as a tornadic thunderstorm, it is 
possible that the upper portions of the atmos-
phere could also be observed giving a complete 
picture of the current atmospheric state. 

The impact of using the WSR-88D radar net-
work to perform a variational analysis and storm 
scale forecast is explored in this study using ra-
dar data from a supercell on 8 May 2003 in cen-
tral Oklahoma. The storm spawned a F4 tornado 
that tracked through southern Oklahoma City 
causing $370 million in damage and 134 injuries. 
By using data from up to five radars (including 
four WSR-88Ds and one TDWR), velocity and 
reflectivity measurements at both the low-level 
and upper levels of a thunderstorm can be ob-
served. This increases the accuracy of the esti-
mated, or retrieved, wind and thermodynamic 
variables, when compared to an analysis using 
data from only single radar. 
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Fig. 1. 0000 UTC 8 May 2003 sounding from 
Norman, OK. 
 

 
 
Fig. 2. The location of the four (KTLX, KVNX, 
KFDR, KINX) WSR-88D and one TDWR (KOKC) 
radars observing the atmosphere over central 
Oklahoma. 
 
2. THE MAY 8 TORNADIC STORM and 1-KM 
ANALYSIS DESIGN 
 
     The 8 May 2003 tornadic thunderstorm 
formed in a very unstable environment character-
ized by large values of CAPE (4942 J kg-1), very 
low CIN (-7 J kg-1), and high amounts of low level 
helicity (360 m2s-2) (Shown in Fig. 1). An ap-
proaching shortwave trough and surface based 
dryline helped to initiate isolated convection in 
central Oklahoma by 2100 UTC which tracked 
into the Oklahoma City area by 2200 UTC. 
 



     The analyses were performed using the Ad-
vanced Regional Prediction System (ARPS) 
3DVAR analysis package with a horizontal grid 
resolution of 1-km and an average vertical resolu-
tion of 500-m. In the vertical, the use of grid 
stretching was employed based on a cubic func-
tion with a minimum resolution of 100-m. The 
domain size was 157 x 143 x 47 grid points with 
the center of the domain located just south of Del 
City, Oklahoma, east-southeast of Oklahoma 
City, at the location where spotters reported a 
large tornado. An analysis was performed every 
5 minutes beginning from 2145 until 2240 UTC. 
     The background field was obtained from the 
operational ETA model, which was interpolated 
from a coarser grid resolution of 40-km to a 9-km 
grid for use in a forecast using only sounding 
data starting from 1800 UTC. This forecast was 
then used as the background for the analysis. 
Apart from radar data, the observational data 
used in this study also include Oklahoma Climate 
Survey (OCS) Mesonet observations, upper air 
soundings, and profiler data. Mesonet observa-
tions for each analysis were updated every five 
minutes to coincide with the analysis times. The 
radar data used in this study consisted of four, 
WSR-88D operational NWS radars, KINX, KVNX, 
KTLX, KFDR, and one terminal Doppler weather 
radar (TDWR), KOKC, operated by Will Rogers 
Airport in Oklahoma City (Shown in Fig. 2). Since 
radar observations were obtained at different 
times, scans closest (either before or after) to the 
time of the analysis were used. A complex cloud 
analysis package was used to adjust values of 
the cloud water, rain water, and water vapor mix-
ing ratios based on reflectivity data. No potential 
temperature adjustments were done to account 
for latent heat. This helped to avoid overestimat-
ing thermodynamic instability within the model 
since the background already included large val-
ues of CAPE through a significant portion of the 
atmosphere. 
 
3. IMPACT OF THE USE OF MULTIPLE 
RADARS IN THE 1-KM ANALYSIS 
 
     Two analyses were performed, one control 
run using all five available radars, and one analy-
sis only using data from the KOKC radar. In both 
analyses surface data and upper air data was 
used. The control experiment in Fig. 3 shows a 
right split and a left split thunderstorm located just 
east of the dryline at (a) 2145 UTC and continues 
to develop into a mature supercell by (b) 2200 
UTC when a hook echo structure is most appar-
ent. 
     When performing an analysis using radars 
close to the thunderstorm, areas directly above 
the radars can not be observed due to the cone 
of silence. However, radars located far from the 
thunderstorm could observe the structure above 
the 3-km AGL due to the increase of the altitude 

of each observation with increasing distance from 
the radar. This is evident in Fig. 4 where large 
chunks of reflectivity data are missing above the 
8-km AGL in Fig. 4b, when compared to Fig. 4a. 
     This area of missing information in the KOKC 
radar analysis is replaced with information from 
the background field and upper air observations 
which are poor estimates of analyzed fields in 
areas of deep convection. The impact of this is 
most noticeable in the divergent structure above 
the updraft at the 12-km AGL (Fig. 5). 

 

 
Fig. 3. Control analysis 1-km reflectivity using 
data from five radars at (a) 2145 UTC and (b) 
2200 UTC. The black line denotes the location of 
the cross section in Fig. 3. 
 
     A second aspect of using data from only one 
radar is the cross beam component of the wind 
which cannot be observed. Poor estimates in the 
cross beam component of the wind in the analy-
sis were most noticeable at 2200 UTC along the 
front flank of the thunderstorm at the 1-km AGL 
just east of the mesocyclone. The underesti-
mated magnitude of the wind in this region con-

(a) Control 

(b) Control 



tributed to values of negative vorticity just north-
east of the mesocyclone shown in Fig. 6. At 
higher levels in the atmosphere the vorticity 
structure was still improved in the control run 
when compared to the one radar (KOKC) analy-
sis. Fig. 6a clearly shows the cyclonic and anti-
cyclonic dipole structure described by Rotunno 
(1981) and simulated by Wilhelmson and Klemp 
(1978). This structure shows that the supercell 
features in this case are best resolved using data 
from multiple radars, which can avoid the under-
determined problems that are associated with the 
cross beam component of the wind and cannot 
be well estimated due to the lack of radar cover-
age. 

 

 
Fig. 4. Cross sections at the location denoted in 
Fig 3. at 2145 UTC for (a) the control run and (b) 
the analysis using data from only KOKC. 
 
     Other findings from the analysis experiments 
showed the importance of a three dimensional 
divergence constraint on eliminating noise and 
smoothing the analysis (not shown). 
 

4.    1-KM FORECAST RESULTS 
 
     Several forecasts were performed at different 
analysis times and with a varying radius of influ-
ence to determine the impact on the forecast.  

 

 
Fig. 5. 12-km divergence and 35dbz reflectivity 
contours at 2145 UTC for (a) the control run and 
(b) the analysis using data from only KOKC. 
 

A balanced analysis may be obtained with a 
radius of influence small enough to resolve the 
mesocyclone structure while mitigating noise in 
the wind field that can trigger spurious convection 
within the unstable and weakly capped environ-
ment. During some of the experiments convec-
tion formed into a multicell cluster by 2220 UTC. 
Observations using radar data from this event 
showed that convection trended towards a multi-
cellular mode until dissipating due to the increase 
in convective inhibition during the early evening. 
One of the most successful analyses used as the 
initial conditions for a forecast was performed at 
2155 UTC, which had a minimum radius of influ-
ence of 5-km and only included radar data within 

(b) KOKC 
 

(a) Control 
 

(b) KOKC 

(a) Control 



the thunderstorm and areas to the southeast 
within the storm inflow. The development of in-
tense low level rotation at 0.5-km was evident 
just after 2200 UTC (Shown in Fig. 8b for 2210 
UTC) and continued until 2220 UTC when it 
weakened. The variation of maximum vorticity 
during this period below the 2-km AGL are shown 
in Fig. 9 along with the maximum vertical velocity. 
The peak of maximum vorticity in Fig. 9 coincided 
roughly with the touchdown time of the actual 
tornado at 2210 UTC.    

 

 
Fig. 6. 1-km vertical vorticity and 35dbz reflectiv-
ity contours at 2200 UTC for (a) the control run 
and (b) the analysis using data from only KOKC. 
 
Although in reality the tornado continued until 
2038 UTC, The location of the mesocyclone 
agreed well with the damage survey (Shown in 
Fig. 8b) and the analysis performed at 2210 UTC 
(Shown in Fig. 10) which can be compared to the 
forecast in Fig. 8a for the same time. 
 
 
 

5. CONCLUSION AND FUTURE WORK 
 
     The goal of this research was to improve the 
initial conditions using the 3DVAR analysis tech-
nique in hopes of accurately forecasting severe 
convection on the storm-scale as well as examin-
ing the precursors in tornado producing thunder-
storms from examining archived data. 
     In this study the ARPS 3DVAR analysis pack-
age was used to create the initial conditions for a 
forecast of the 8 May 2003 central Oklahoma 
tornadic supercell. Findings from this study 
showed that the use data from multiple radars 
that observe both the lower and upper portions of 
a convective storm can significantly improve the 
quality of the analysis by resolving the low level 
mesocyclone and upper level divergence within 
the thunderstorm with more detail. 

 

 
Fig. 7. 3-km vertical vorticity and 35dbz reflectiv-
ity contours at 2200 UTC for (a) the control run 
and (b) the analysis using data from only KOKC. 
 
 

(b) KOKC 
 

(a) Control 
 

(b) KOKC 

(a) Control 



 
 

 
Fig. 8. 0.5-km (a) reflectivity and (b) vertical vor-
ticity and 35dbz reflectivity contours at 2210 UTC 
for the 1-km forecast. The thick black line (in b) 
denotes the observed damage path of the actual 
tornado. 
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Fig. 9. Maximum vertical vorticity below the 2-km 
level and maximum vertical velocity for the 1-km 
forecast. 

 
Fig. 10. Observed 0.5-km reflectivity at 2210 UTC 
from the control analysis. 
 
     Using an analysis at 2155 UTC, a 1-km fore-
cast was performed that developed strong low 
level rotation from 2200–2220 UTC in close prox-
imity to the documented damage path of a F4 
tornado in the Oklahoma City area. 
     Future work includes performing a forecast 
using an analysis performed at an earlier time, to 
determine the quality of the initial conditions dur-
ing convection initiation at 2120 UTC. Other fu-
ture work includes cycling the model with inter-
mittent 3DVAR analysis at different time intervals. 
Lastly, to resolve the fine scale structure of the 
forecast presented in this study, a high resolution 
forecast will be performed with the same initial 
conditions but with radar scans interpolated to 
the exact same time.  
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