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ABSTRACT

A framework for Observing System Simulation Experiments (OSSEs) based on the ensemble square root
Kalman filter (EnSRF) technique for assimilating data from more than one radar network is described. The
system is tested by assimilating simulated radial velocity and reflectivity data from a Weather Surveillance
Radar-1988 Doppler (WSR-88D) radar and a network of four low-cost radars planned for the Oklahoma
test bed by the new National Science Foundation (NSF) Engineering Research Center for Collaborative
Adaptive Sensing of the Atmosphere (CASA). Such networks are meant to adaptively probe the lower
atmosphere that is often missed by the existing WSR-88D radar network, so as to improve the detection of
low-level hazardous weather events and to provide more complete data for the initialization of numerical
weather prediction models.

Different from earlier OSSE work with ensemble Kalman filters, the radar data are sampled on the radar
elevation levels and a more realistic forward operator based on the Gaussian power-gain function is used.
A stretched vertical grid with high vertical resolution near the ground allows for a better examination of the
impact of low-level data. Furthermore, the impacts of storm propagation and higher-volume scan frequen-
cies up to one volume scan per minute on the quality of analysis are examined, using a domain of a sufficient
size. The generally good analysis compared to earlier work indicates that the filter can effectively handle the
non-uniform-resolution data on the radar elevation levels.

The assimilation of additional data from a well-positioned (relative to the storm) CASA radar improves
the analysis of a supercell storm system that uses data from one WSR-88D radar alone; and the improve-
ment is most significant at the low levels. When data from a single CASA radar are assimilated and when
the radar does not provide full coverage of the storm system, significant errors develop in the analysis that
cannot be effectively corrected. The combination of three CASA radars produces analyses of similar quality
as the combination of one WSR-88D radar and one well-positioned CASA radar.

The most significant effect of storm propagation speed appears to be on the data coverage, which in turn
affects the analysis quality. It is generally true that the more observations, the better the analysis. The results
of the EnSRF assimilation are not very sensitive to the propagation speed. The quality of analysis can be
improved by employing faster volume scans. The sensitivity of the EnSRF analysis to the volume scan
interval is however much less than that of traditional velocity and thermodynamic retrieval schemes,
suggesting the superiority of the EnSRF method compared to traditional methods. The very frequent
update of the model state by the filter, even at 1-min intervals, does not show any negative effect, indicating
that the analyzed fields are well balanced.
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1. Introduction

A new National Science Foundation Engineering Re-
search Center, the Center for Collaborative Adaptive
Sensing of the Atmosphere (CASA), was established in
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2003 to develop innovative observing systems for high-
resolution sensing of the lower atmosphere. The devel-
opment of low-cost, high-spatial density (also short
range), and dynamically adaptive networks of Doppler
radars with polarimetric capabilities is one of the first
goals. Such networks are to probe the lower atmo-
sphere that is often missed by the existing operational
Weather Surveillance Radar-1988 Doppler (WSR-88D)
radar network, so as to significantly improve the detec-
tion of low-level hazardous weather events such as tor-
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nadoes, and to provide more complete data for the ini-
tialization of storm-scale numerical weather prediction
(NWP) models. A future upgrade to electronically
steered phased-array antennas will permit even more
dynamic scan strategies and collaborations among the
network radars.

To help with the design and optimal operation of the
first CASA radar test bed to be deployed in southwest-
ern Oklahoma, and to examine the potential impact of
the data from the test bed radars on storm-scale
weather prediction through the assimilation of these
data into the model initial conditions, an ensemble Kal-
man filter (EnKF)-based Observing Simulation System
Experiment (OSSE) system is established based on a
nonhydrostatic mesoscale weather prediction model.
The system, when coupled with realistic radar emula-
tors, permits a variety of OSSEs examining various is-
sues related to optimal use of radar configurations and
scan strategies.

The EnKF technique for data assimilation was first
introduced by Evensen (1994). It has gained enormous
popularity in recent years because of its simple formu-
lation and relative ease of implementation compared
to, for example, the four-dimensional variational data
assimilation (4DVAR) method. Further, its computa-
tional requirements are comparable to sophisticated
methods such as the 4DVAR method (Le Dimet and
Talagrand 1986; Talagrand and Courtier 1987) and the
representer method (Bennett 1992). The method has
found applications in a number of fields, including me-
teorology and oceanography (see Evensen 2003 for a
review). In the standard EnKF formulation, observa-
tions are treated as random variables that are subject to
added perturbations (Burgers et al. 1998; Houtekamer
and Mitchell 1998, 2001; Evensen 2003) so that the
analysis error covariance is consistent with that of the
traditional Kalman filter. Deterministic methods have
been developed more recently to avoid sampling errors
associated with the use of perturbed observations or to
address the adaptive observational network design
problem; these methods include the ensemble square
root filter (EnSRF; Whitaker and Hamill 2002; Tippett
et al. 2003), ensemble adjustment filter (EAKF; Ander-
son 2001), and ensemble transform Kalman filter
(ETKF; Bishop et al. 2001), all of which belong to the
broader class of square root filters (Tippett et al. 2003).

In general, the EnKF and related methods are de-
signed to make possible the computation of flow-
dependent error statistics. Rather than solving the
equation for the time evolution of the probability den-
sity function of model state as in the traditional Kalman
filter, EnKF methods apply the Monte Carlo method to
estimate the forecast error statistics. An ensemble of
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model states is integrated forward in time using the
dynamic equations, the moments of the probability
density function are then calculated from this ensemble
for different times (Evensen 1994, 2003).

Most recently, EnKF and its variation, the EnSRF,
have been applied to the assimilation of simulated
Doppler radar data for modeled convective storms
(Snyder and Zhang 2003, hereafter SZ03; Zhang et al.
2004, hereafter ZSS04; Tong and Xue 2005, hereafter
TX05) and to the assimilation of real radar data by
Dowell et al. (2004). Encouraging results are obtained
in these studies in analyzing the state variables for con-
vective storms, even though none of these state vari-
ables are directly observed by the radar. SZ03 and
ZSS04 assimilated only radial velocity data while Dow-
ell et al. (2004) include reflectivity data, but their use is
limited to the update of rainwater mixing ratio only. All
three studies used an anelastic cloud model with warm-
rain microphysics. Very recently, Caya et al. (2005)
show through OSSEs that the similarly configured
EnSRF and 4DVAR methods perform comparably.
The 4DV AR method is able to produce better analyses
within a 10-15-min assimilation window, while the
EnSRF method does a better job after more assimila-
tion cycles, when more volume scans are assimilated.

In TXO05, the perturbed-observation EnKF method is
used with a general-purpose compressible model that
includes a multiclass ice microphysics parameterization.
Different from SZ03 and ZSS04, both radial velocity
and reflectivity data are assimilated and used to update
all state variables. The study demonstrates, through
OSSEs, the ability of EnKF in retrieving, from single-
Doppler radar data, multiple microphysical species as-
sociated with a multiclass ice microphysics scheme, and
in accurately retrieving the wind and thermodynamic
variables as well. In general, the filter is able, after a
number of assimilation cycles, to establish the model
storm not present in the initial guess. The best results
are obtained when both radial velocity and reflectivity
data are used, even though the observation operator for
reflectivity is highly nonlinear.

In this paper, an EnSRF (Whitaker and Hamill
2002)-based system is developed as an extension of the
EnKEF system of TXO05 (because the EnSRF belongs to
the general class of ensemble-based Kalman filters, we
also use EnKF to refer to the filter used in this study).
The system is used to assimilate simulated single- or
multiple-radar data from the WSR-88D and/or the
CASA networks. The single WSR-88D radar is located
at Oklahoma City while the CASA radars are located
in the Oklahoma test bed near Chickasha and Lawton,
about 80-100 km southwest of Oklahoma City. Details
on the assimilation system, the assumed configurations
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of CASA radars, the simulation of observations, and
the design of the OSSEs will be given in section 2. In
section 3, the results of the OSSEs are reported that
examine the value added by one well-positioned (rela-
tive to the storm location) CASA radar to the existing
WSR-88D radar network, and the effectiveness in as-
similating data from one or multiple CASA radars
alone. The evaluation is performed for both quasi-
stationary and fast-moving storm systems and for dif-
ferent volume scan frequencies. A general summary is
given in section 4, together with some general discus-
sions.

2. The OSSE system and EnKF analysis procedure

a. The prediction model and truth simulations

While our OSSE system is general and can be applied
to any convective systems, in this paper, we (as in
TXO05) test our system and evaluate the data impact
with the 20 May 1977 Del City, Oklahoma, supercell
storm (Ray et al. 1981). Both simulation and analysis
use the Advanced Regional Prediction System (ARPS)
model (Xue et al. 2000, 2001, 2003), a fully compress-
ible and nonhydrostatic atmospheric prediction system.
The ARPS contains 12 prognostic state variables, in-
cluding wind components u, v, w, potential temperature
0, pressure p, the mixing ratios for water vapor g,, cloud
water ¢, rainwater g¢,, cloud ice ¢;, snow ¢, and hail ¢,
plus the turbulent kinetic energy (TKE) used by the
1.5-order subgrid-scale turbulent closure scheme. The
microphysical processes are parameterized using the
three-category ice scheme of Lin et al. (1983). More
details on the model can be found in Xue et al. (2000,
2001).

Different from TXO05, a smaller horizontal grid spac-
ing of 1.5 km is used in this study. Further, to better
resolve the lower atmosphere, a vertically stretched
grid with a minimum vertical resolution of 100 m is
used, instead of the uniform 500-m vertical resolution
that is used by TXO05, SZ03, and ZSS04. The vertically
stretched grid is defined using the hyperbolic tangent
function, which is one of the built-in options in the
ARPS (Xue et al. 1995). The model domain is 16 km
deep with 40 physical layers. Two domain sizes are used
(see Fig. 1); the smaller one has 47 X 47 horizontal
points, which, excluding two boundary points, is 66 km
on each side. The larger domain, needed to accommo-
date fast-moving storms, has 55 X 103 horizontal points
and is 78 km X 150 km in physical size. The small
domain is centered at 34.8°N and 98.1°W and the large
domain is centered at 34.75°N and 98.11°W, and both
use Lambert projection. The true latitudes of projec-
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FIG. 1. A map with county borders showing the locations of the
first four planned CASA Oklahoma test bed radars, near Chick-
asha (CHI), Rush Springs (RUS), Lawton (LAW), and Cyris
(CRY), together with the Twin Lake (KTLX) WSR-88D radar
near Oklahoma City. The assumed 30-km maximum range of
CASA radars are shown by the low-level 30-km range circles, and
the two (large and small) analysis and forecast domains are shown
as square and rectangular boxes with axis tick marks and labels.
The origin of both domains is set at the center of the domains.
Also plotted are the 10-dBZ low-level (50 m AGL) reflectivity
contours of truth simulations FML (thick solid contours, with that
for 60 min the thickest) and SMS (thick dashed), at the times
labeled in the figure. The 10-dBZ contours for SML are similarly
located as those of FML at 60 min, and are therefore not shown.

tion are 30° and 60°N and the true longitude circle goes
through the center of each grid. These domains roughly
center on the four-radar Oklahoma CASA test bed.

The truth simulations or nature runs are initialized in
the same way as in TX05. A sounding of 3300 J kg™
CAPE (see Xue et al. 2001 for a skew 7-logp plot of the
sounding) is used to define the environmental condi-
tion, and a 4-K ellipsoidal thermal bubble is used to
initiate the storm. Three truth simulations were cre-
ated; one for a slow-moving storm system with a quasi-
stationary right-moving cell in the small domain (re-
ferred to as SMS), one for a fast-moving system in the
large domain (FML), and one for a slow-moving system
in the large domain (SML).

The center location of the bubble is at x = 16, 0, and
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9km, and y = —12, —62, and —12 km, respectively, for
SMS, FML, and SML. In the vertical, the bubble is
centered at z = 1.5 km. The origin of horizontal coor-
dinates is located at the domain center for both grids.
The initial location of the bubble for FML is chosen so
that over most of the assimilation period, much of the
storm system remains within the coverage of the four-
radar CASA network (see Fig. 1). The choice for SML
is such that at 60 min, the storm system is located at
roughly the same location as that in FML so as to fa-
cilitate more direct comparisons.

A radiation condition is applied at the lateral bound-
aries. The top boundary is a rigid lid combined with a
wave-absorbing layer; the lower boundary is free slip.
For the experiments with a slow-moving supercell sys-
tem, a constant wind of u = 3ms 'andv =14 ms !
is subtracted from the original sounding to keep the
right-moving cell near the center of model grid, as is
done in TXO05. For the experiments with a fast-moving
storm system, the original wind profile is used.

The time evolutions of the simulated storm intensi-
ties and structures are very similar. During each simu-
lation, the strength of the initial cell that develops out
of the initial bubble increases quickly over the first 20
min then decreases over the next 30 min because of the
splitting of the cell into two at around 55 min (see Fig.
S). The right-moving (relative to the storm motion vec-
tor toward the north-northeast) cell tends to dominate
the system; the updraft reaches a peak value of 56 m s~
at 101 min. The left-moving cell starts to split again at
90 min. The initial cloud started to form at about 10
min, and rainwater formed shortly thereafter. Signifi-
cant ice phase fields appeared at about 15 min. The
general evolution of the storm is similar to that docu-
mented in Xue et al. (2001).

b. Simulation of radar observations

One WSR-88D and up to four CASA test bed radars
are involved in this OSSE study. For the WSR-88D
radar, standard precipitation-mode parameters are as-
sumed, including 10-cm wavelength, 1° beamwidth, and
a total of 14 elevations with the lowest elevation at 0.5°
and the highest at 19.5°. The radial resolution is 250 m
for radial velocity and 1 km for reflectivity (the radial
resolution does not matter in this study because data
are sampled in Cartesian coordinates in the horizontal,
see later); the maximum range is assumed to be 230 km
(which is sufficient to cover the entire computational
domain). For the first four CASA radars to be installed
in the Oklahoma test bed, whose primary goal is for the
detection of low-level hazardous weather including tor-
nadoes, and for improving weather prediction, the
wavelength will be 3 cm (X band) and the beamwidth
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will be about 2°. The maximum range will be 30 km.
Because the CASA radars will be dynamically config-
urable in real time in response to weather situation and
user needs, their scanning strategies will remain flex-
ible. For the purpose of this study, we assume a total of
10 elevations at 2° increments, with the elevation of the
center of the lowest beam at 1°. The impact of a variety
of scanning strategies, including the vertical data cov-
erage, on the quality of storm analysis will be the sub-
ject of future study.

The locations of the initial four Oklahoma test bed
radars to be installed as early as fall 2005 are near
Chickasha, Rush Springs, Lawton, and Cyril in Okla-
homa, about 90 km to the southwest of the Twin Lakes
(KTLX) WSR-88D radar near Oklahoma City. The lo-
cations of the four CASA radars are shown in Fig. 1,
together with their assumed 30-km low-level range
circles.

Different from the earlier OSSE studies of SZ03,
75504, and TX05, we assume that the simulated obser-
vations are available in the plan position indicator
(PPI) planes or the elevation levels of the radar rather
than at the model grid points. We do assume that the
radar observations are already interpolated to the Car-
tesian coordinate in the horizontal directions; in other
words, the observations are found in the vertical col-
umns through the model scalar points. This assumption
is reasonable because a horizontal interpolation to
bring real radar data to the vertical columns is usually
done before assimilating the data (e.g., in the 4DVAR
work of Sun and Crook 2001). The main purpose of
interpolation is to make the data distribution more uni-
form in the horizontal so as to avoid the cost of assimi-
lating an excessive number of data at the close ranges of
the radar. Still, we plan to examine in the future the
effect of such horizontal interpolation by comparing
with the analyses using data in native radar coordinates.

The effects of the curvature of the earth and the
beam bending resulting from the vertical change of re-
fractivity are taken into account by using the simple 4/3
effective earth radius model discussed in Doviak and
Zrnic (1993); it is mainly the earth curvature effect that
prevents the radars from seeing the lower atmosphere
far away. The radar beams of one WSR-88D radar and
one CASA radar located 90 km apart are illustrated in
Fig. 2, together with the coverage by these beams up to
their half-power width.

Because the observations are not at the model grid
points, a forward observation operator is needed to
bring the data from the model vertical levels to the
radar elevation levels. This is achieved by using a sim-
plified radar emulator that does power-gain-based sam-
pling only in the vertical direction,






















































