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ABSTRACT

In this paper, the impact of Doppler radar radial velocity on the prediction of a heavy rainfall event is
examined. The three-dimensional variational data assimilation (3DVAR) system for use with the fifth-
generation Pennsylvania State University-NCAR Mesoscale Model (MMY) is further developed to enable
the assimilation of radial velocity observations. Doppler velocities from the Korean Jindo radar are assimi-
lated into MMS5 using the 3DVAR system for a heavy rainfall case that occurred on 10 June 2002. The
results show that the assimilation of Doppler velocities has a positive impact on the short-range prediction
of heavy rainfall. The dynamic balance between atmospheric wind and thermodynamic fields, based on the
Richardson equation, is introduced to the 3DV AR system. Vertical velocity (w) increments are included in
the 3DVAR system to enable the assimilation of the vertical velocity component of the Doppler radial
velocity observation. The forecast of the hydrometeor variables of cloud water (g.) and rainwater (g,) is
used in the 3DV AR background fields. The observation operator for Doppler radial velocity is developed
and implemented within the 3DV AR system. A series of experiments, assimilating the Korean Jindo radar
data for the 10 June 2002 heavy rainfall case, indicates that the scheme for Doppler velocity assimilation is
stable and robust in a cycling mode making use of high-frequency radar data. The 3DV AR with assimilation
of Doppler radial velocities is shown to improve the prediction of the rainband movement and intensity
change. As a result, an improved skill for the short-range heavy rainfall forecast is obtained. The forecasts
of other quantities, for example, winds, are also improved. Continuous assimilation with 3-h update cycles
is important in producing an improved heavy rainfall forecast. Assimilation of Doppler radar radial veloc-
ities using the 3DV AR background fields from a cycling procedure produces skillful rainfall forecasts when
verified against observations.

1. Introduction

Doppler radar observation is an important data
source for mesoscale and microscale weather analysis
and forecasting. Early work on Doppler radar data
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analysis mainly focused on the following two aspects:
rainfall R analysis, using radar reflectivity Z via the
Z-R relation (Jorgenson and Willis 1982; Fujiyoshi et
al. 1990), and the synthesis of two independent Doppler
velocities (Ray et al. 1980, 1981). Techniques to esti-
mate the velocity field by objectively determining the
motion of radar echo patterns have also received much
attention (Tuttle and Foote 1990). In recent years, as-
similation of Doppler radar data for short-term numeri-
cal weather forecasting or nowcasting has become a
focal point of research (Sun and Crook 2001; Weygandt
et al. 2002a,b).

Doppler radial wind observation is usually assimi-
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lated in the form of the velocity—azimuth display
(VAD) wind profiles in real-time applications (Lind-
skog et al. 2002; Benjamin et al. 2004). On the research
front, more sophisticated techniques have been applied
to the assimilation of high-resolution raw radar obser-
vations rather than radar-estimated fields, such as
VAD wind profiles. Sun and Crook (1997, 1998) re-
ported a study in which Doppler radial velocity and
reflectivity observations were assimilated into a cloud-
scale numerical model using the four-dimensional
Variational Doppler Radar Assimilation System
(VDRAS). Gao et al. (1999) developed a three-
dimensional variational data assimilation (3DVAR)
Doppler radar analysis system for the Advanced Re-
gional Prediction System (ARPS). Weygandt et al.
(2002a) used a technique that combines a single-
Doppler wind retrieval algorithm in a study to initialize
an observed supercell storm. Although these studies
have shown promising results, their applications are lim-
ited to isolated convective systems that have relatively
weak synoptic-scale forcing. In this paper, we examine
the impact of radar data on convective systems that are
associated with significant synoptic-scale forcing.

In recent years, the National Center for Atmospheric
Research (NCAR), in partnership with the Korea Me-
teorological Administration (KMA) and Seoul Na-
tional University (SNU), has developed and imple-
mented a regional 3DVAR system (Barker et al. 2003,
2004) at KM A, in an attempt to replace KMA’s optimal
interpolation (OI)-based Regional Data Assimilation
and Prediction System (RDAPS). The fifth-generation
Pennsylvania State University-NCAR Mesoscale
Model (MM5) is the forecast component of RDAPS. In
this study, we assimilate Doppler radial velocities from
KMA'’s Jindo Doppler radar data using the 3DVAR
system. There are several technical and scientific chal-
lenges in such an undertaking. First of all, the radar
data are normally at the resolution of 1 km or higher.
Yet, at this time, the highest grid resolution of the cur-
rent KMA’s RDAPS system is 10 km. A technique of
data thinning (with the radar observations at a reduced
resolution, compatible with the analysis system) has to
be developed. Second, achieving data quality control is
a very important step before radar data are assimilated
into a 3DVAR system. Some undesired radar artifacts,
such as ground clutter and anomalously propagated
(AP) clutter, sea clutter, range folding, velocity folding,
and other noise have to be removed or corrected. These
errors are embedded in the normal weather returns, so
properly recovering or removing them is essential to
the success of the data assimilation. Third, the error
variance of the Doppler radar data needs to be deter-
mined and specified in order to assimilate the radar
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data observations effectively, together with other
sources of information.

Although there are challenges, radar data assimila-
tion could be very promising for short-range numerical
weather prediction. The purpose of this study is to ex-
amine whether Doppler radar data assimilation in
MMS5’s 3DVAR has the potential to increase the accu-
racy of mesoscale analysis and numerical weather pre-
diction over the Korean Peninsula. A prefrontal rain-
band observed by the Jindo radar on 10 June 2002 is
used for the investigation. There are two major objec-
tives in this study: one is to further develop the MMS5
3DVAR system by assimilating Doppler radar obser-
vations, and the other is to investigate the impact of
radar observations on the prediction of a mesoscale
precipitation system.

To assimilate Doppler radar observations, a number
of modifications to the existing 3DV AR system need to
be made. 1) The 3DVAR has been modified to include
vertical velocity (w) increments in the 3DVAR analy-
sis. This is important when radar data are included in
the analysis and for small-scale convective weather sys-
tems. 2) Mixing ratios of cloud water (g.) and rainwater
(gq,) are included in the background fields of the modi-
fied 3ADVAR system. When the 3DVAR system is run
in cycling mode, passing ¢, and g, to the next cycle can
alleviate the spinup problems for the subsequent fore-
cast. 3) The observation operator for Doppler radial
velocity has been developed and tested independently
and as part of the 3DVAR system. A series of experi-
ments assimilating KMA’s Jindo radar data for the 10
June 2002 case were carried out. The 3DVAR radar
data assimilation system is stable and robust in the cy-
cling mode, and the results from the 10 June 2002 case
study are positive.

This paper is organized as follows: Section 2 briefly
introduces the Korean Jindo radar data and the pre-
processing procedure, including data quality control,
data thinning, and simple observation error statistics. In
section 3, the 3DV AR system is reviewed and the tech-
nique for Doppler radial velocity assimilation in a cy-
cling configuration is described. In section 4, an over-
view of the selected case is given. The design of the
numerical experiments is summarized in section 5. Re-
sults from numerical experiments are diagnosed and
discussed in section 6. A summary and concluding re-
marks are given in section 7.

2. KMA Jindo radar data and preprocessing

a. Jindo radar data

Jindo is located at the southwestern tip of the Korean
Peninsula. The capability of the Jindo radar is compa-
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rable to the Weather Surveillance Radar-1988 Doppler
(WSR-88D) radar in the United States. It is an S-band
radar manufactured by Gematronik in Germany. The
radar has a dual-pulse repetition frequency (PRF) at a
four-to-three ratio (600/400 s~ '). The Nyquist velocity
(the maximum velocity that can be determined unam-
biguously) is 31.4 ms~! and the maximum unambigu-
ous range is 240 km. The data resolution of Jindo radar
observations is high, with the gate size of 1 km and a
beamwidth of 1°.

The raw radial velocity data are preprocessed before
they are used in the 3DVAR system. Nine data levels
(with elevations of 1°-9°) are included in the process-
ing. The main steps include data quality control, data
thinning, and estimating radar observation errors.

b. Data quality control

There are several commonly seen nonmeteorological
returns in the Jindo raw radar data, including ground
clutter, anomalously propagated ground clutter, sec-
ond-trip echo, sea clutter, and other noise. For this
study, we interactively edited the radar data using
NCAR SOLO software (Oye et al. 1995) to conduct the
data quality control. Each scan was carefully examined
in order to identify unwanted radar echoes. These un-
wanted echoes were either recovered (e.g., velocity
folding) or removed (all other unwanted returns).

Data quality control is an important step in data as-
similation. Too many bad-quality data could ruin the
3DVAR analyses. We conducted 3DVAR experiments
without removal of the unwanted radar data. As ex-
pected, the minimization of the 3DVAR system does
not converge well. Information from the bad-quality
data entered the 3DVAR minimization, which could
make it fail to converge or produce large analysis de-
parture from other good observations. In the opera-
tional environment, an objective approach for Doppler
radar data quality control is necessary.

c¢. Data thinning

Radar data are sampled on radar spherical coordi-
nates (range, azimuth, and elevation) with a resolution
that is much higher than that of the KMA RDAPS
system (10 km). One strategy is to process the data to a
regular grid at a resolution that is compatible with the
analysis system In this study, the radar data are thinned
to the Cartesian grids with the same map projection as
the model before being injected into the 3DV AR sys-
tem. This reduces redundant data (especially near the
radar) and high-frequency features that cannot be re-
solved by the numerical model.

The thinning of Korean Jindo radar data is per-
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formed using NCAR’s Sorted Position Radar Interpo-
lation (SPRINT) and Custom Editing and Display of
Reduced Information in Cartesian Space (CEDRIC)
software, developed by Mohr and Vaughan (1979) and
Mohr et al. (1981). Data for each Cartesian grid are
interpolated using the surrounding eight points from
the four beams (two on either side, above, and below).
Each volume of data is analyzed at the same time. To
get rid of grid data that might be affected by noise
during the interpolation, a local standard deviation of
the eight points used in the interpolation is calculated
and the radial velocity data with a standard deviation
greater than 14 m s~ ' are removed (The threshold of 14
ms ™! is chosen because the radial velocity histogram
dips at 14 ms™'.) Spatial data filtering (with the influ-
ence radius of 2 km) is performed for the grid radar
data to remove small-scale features that cannot be rep-
resented in the model analyses.

d. Estimate of the radar observation errors

We use the standard deviation calculated in SPRINT
during the interpolation to represent the observation
errors. Because the four adjacent data points, each rep-
resenting a pulse volume, are used to perform the
interpolation, the standard deviation computed in
SPRINT represents the radial velocity errors in meters
per second. The horizontal distribution of the standard
deviation represents the error structure. However,
larger values are found due to some voids of the raw
radar data. Empirical rescaling of the calculated errors
is done before the error statistics are used in 3DVAR.
The Gaussian distribution of the errors is assumed at
each level during rescaling, and the maximum error is
set to 3 ms~'. The spatial observation error correla-
tions that are possibly present in the raw data, and also
are introduced during the data-thinning procedure, are
ignored. We believe data thinning is necessary, which
can result in a greater benefit even if the spatial error
correlations are neglected. After the thinned observa-
tions and related errors are calculated, they are con-
verted to the 3DVAR input format.

3. The 3DVAR system with Doppler radial
velocity assimilation

a. Brief description of the 3DV AR system for use
with MM5

The 3DVAR system developed by Barker et al.
(2003, 2004) is used in this study. Its configuration is
based on an incremental formulation (Courtier et al.
1994), producing a multivariate incremental analysis for
pressure, wind, temperature, and relative humidity in
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the model space. The incremental cost function mini-
mization is performed in a preconditioned control vari-
able space. The preconditioned control variables are
streamfunction, velocity potential, unbalanced pres-
sure, and humidity. The linearized mass—wind balance
is used to define a balanced pressure. Following Lorenc
et al. (2000), the background error covariance matrix
allows for a separate definition of the vertical and hori-
zontal correlation functions. Horizontal filter param-
eters are a function of the vertical eigenvector. The
vertical modes are obtained from the decomposition in
EOFs of statistical model forecast error covariance.
Statistics of differences between 24- and 12-h forecasts
are used to estimate background error covariances via
the National Meteorological Center (NMC) method
(Parrish and Derber 1992). In this study, the KMA op-
erational forecasts in the month of July 2001 are used to
perform the statistics. The typical correlation length
scale for wind is about 55 km. After projection onto the
vertical modes, three-dimensional fields are normalized
by the square root of the eigenvalue of the relevant
vertical mode. These normalized fields are then passed
through a series of recursive filters that create the
smoothing effect of a convolution with a covariance
matrix. The current assumption under the application
of the filter is that horizontal model forecast error cor-
relations are homogeneous and isotropic. A detailed
description of the MM5 3DVAR system can be found
in Barker et al. (2003). Applications of the system have
been reported in real-time analysis and forecasting
(Barker et al. 2004).

b. Vertical velocity increments

To include a capability to assimilate Doppler radial
velocity data, the regional 3DV AR system for use with
MMS5 was modified to include vertical velocity incre-
ments. Based on Richardson (1922) and White (2000),
a balance equation that combines the continuity equa-
tion, adiabatic thermodynamic equation, and hydro-
static relation is derived (see the appendix) and ex-
pressed as

o0

w

vp§=—vpV-Vh—Vh-Vp+gf V- (pVa) dz,

@

where w is vertical velocity, V,, is the vector of horizon-
tal velocity (components u and v), vy is the ratio of spe-
cific heat capacities of air at a constant pressure/
volume, p is pressure, p is density, T is temperature, c,
is specific heat capacity of air at constant pressure, z is
height, and g is the acceleration due to gravity. For
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simplicity, hereinafter Eq. (1) will be referred to as the
Richardson equation. Linearizing Eq. (1) by writing
each variable in terms of a basic state (overbar) plus a
small increment (prime) gives

NN — YV — V-V
’Ypaz—_‘yp az_YP V= YPV V= Vo VD
—Vi/.'VPJng V- (pV,) dz
z
g f V- ('V,) dz. @

The basic state (overbar) variables satisfy Eq. (1).
They also satisfy the continuity, adiabatic, and hydro-
static equations. The linear Eq. (2) is discretized, and its
adjoint code is developed according to the code of the
linearized equation. The correctness of the adjoint
check following the method proposed by Navon et al.
(1992) is verified.

The Richardson equation is chosen because of the
following reasons: (a) It is a higher-order approxima-
tion of the continuity equation than the incompressible
continuity equation or anelastic continuity equation,
and the computation is affordable. (b) It can build an
efficient linkage between dynamic and thermodynamic
fields because the thermodynamic equation is directly
involved in the derivation. The analysis fields should be
more balanced than using a simple incompressible con-
tinuity equation or anelastic continuity equation. (c) In
the Richardson equation, the local derivative of air
density is dropped from the continuity equation by as-
suming a hydrostatic and adiabatic atmosphere. It,
therefore, avoids the difficulties in the implementation
of the continuity equation in the 3DV AR system, which
is not designed to take local time derivates into account.
Although the four-dimensional variational data assimi-
lation (4DVAR) can handle the time derivates with
integrations, it is much more expensive and complicates
than 3DVAR. It must be noted that the Richardson
equation (with adiabatic assumption) can still induce
errors for a heavy rain event where latent heat release
and evaporation are important. However, in the
3DVAR cycling procedure, the influence of latent heat
release, evaporation, and other microphysical processes
is reflected in the model forecast. The 3DVAR cycling
uses the model forecast as the first guess for the next
cycle. This can alleviate the problem. In the future, it is
necessary to further assess the impact of the adiabatic
assumption on the 3DV AR analyses by comparing the
adiabatic and diabatic Richardson equations in the
3DVAR system.






















































