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ARTICLE INFO ABSTRACT

Keywords: Radar data assimilation is an important method for short-term convection forecasting or nowcasting. To improve
Severe convective storms the short-term (mainly 0-3h) precipitation forecasts for severe convective storms, an analysis nudging
RTFDDA

(Newtonian relaxation) based hydrometeor and latent heat nudging (HLHN) technique was developed to ef-
fectively assimilate radar reflectivity data in a Weather Research and Forecasting (WRF)-based real time four-
dimensional data assimilation and short-term forecasting system (RTFDDA). The purpose of this study is to
investigate the performance of the RTFDDA system with radar data assimilation (RTFDDA-RDA) with rapid-
cycling forecasting applications for Shenzhen, a subtropical coastal metropolis in southern China. The RTFDDA-
RDA system was run to produce hindcasts for ten severe convective storm events occurred in Guangdong region
during the 2017 rainy season. Results show that, through nudging cloud hydrometeors retrieved from radar
reflectivity and the associated latent heat release, RTFDDA-RDA is able to produce the meso- and convective-
scale features of the convective storms in a good accuracy and improve the short-term precipitation forecasting
of the convective storms. Subjective and statistical evaluation results demonstrate that RTFDDA-RDA presents a
reasonable capability for forecasting convective systems with improving the initial conditions and resulting in
significant improvements of precipitation forecasting skills, especially for the 0-3-h nowcasting range. The
sensitivity experiments on different latent heating schemes show that, the convective-stratiform separated
heating scheme has the best performance of forecasts. Finally, intercomparison of different radar data assim-
ilation approaches will be conducted in future.
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1. Introduction

Weather radar measures the wind fields and microphysical proper-
ties of convective storms with high spatiotemporal resolution, which is
very useful for forecasting of severe convective weather. As lots of
previous studies show, numerical weather prediction (NWP) models
always fail to replicate radar observations to high precision (Min et al.,
2015; Lompar et al., 2017, 2018). Radar data assimilation (RDA) has
been an important approach for improving NWP models' skills in short-
term convection forecasting or nowcasting. Currently, there are several
methods to assimilate radar data (reflectivity or radial wind) into nu-
merical models, such as three-dimensional variational data assimilation
(3DVAR, Xiao et al., 2005; Sugimoto et al., 2009; Gao and Stensrud,
2012; Wang et al., 2013a; Vendrasco et al., 2016), four-dimensional

variational data assimilation (4DVAR, Sun and Crook, 1997; Sun, 2005;
Sun and Wang, 2013; Wang et al., 2013b), ensemble Kalman filter
(EnKF, Snyder and Zhang, 2003; Tong and Xue, 2005; Zhang et al.,
2009; Dowell et al., 2011), and Newtonian relaxation-based nudging
method (Haase et al., 2000; Stephan et al., 2008; Xu et al., 2013).
The nudging method makes gradual, incremental adjustments to the
model state variables based on the departure of the model state from
observations. There are several algorithms to nudge radar data into
convective-scale NWP models. For example, Stephan et al. (2008) de-
rived surface precipitation rates from radar reflectivity data and applied
latent heat nudging based on the surface precipitation rate to improve
very short-range convective-scale forecasts. Korsholm et al. (2015)
proposed a new approach to assimilate two-dimensional radar-derived
precipitation into a high-resolution NWP model, in which a nudging
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term is added to the horizontal velocity divergence tendency equation
based on the offset between radar-derived precipitation and model
precipitation.

Developed at NCAR/RAL, RTFDDA is a WRF-based real-time four-
dimensional data assimilation and short-term forecasting system that
effectively assimilates diverse observations for real-time NWP (Liu
et al., 2008a,2008b). To improve the short-term precipitation forecasts
for severe convective storms, an analysis nudging (Newtonian relaxa-
tion)-based hydrometeor and latent heat nudging (HLHN) technique
was developed to assimilate radar reflectivity data in RTFDDA (Xu
et al, 2013). The RTFDDA system with radar data assimilation
(RTFDDA-RDA) has been running operationally at the U.S. Army test
ranges. The forecast experiments show that the hourly accumulated
precipitation forecast skill from the experiment with RTFDDA-RDA is
significantly higher than that without radar reflectivity assimilation,
especially in the first 5h (Xu et al., 2013; Sun et al., 2014). A RTFDDA-
RDA system was deployed and running operationally in Meteorological
Bureau of Shenzhen Municipality, China. The system assimilates three-
dimensional mosaic radar reflectivity and provides operational hourly-
cycled analysis and short-term (mainly 0-3 h) forecasting of convection.

The RTFDDA-RDA has been continuously adjusted and improved in
the last a few years. The nudging-based radar data assimilation method
has several advantages, including its ability to adjust the model con-
vection according to the full-physics model dynamical and physical
equations for dynamical and physical consistency, and high computa-
tion efficiency. The limitations of the approach include its dependency
on empirical relationships between the hydrometeor variables and ob-
served radar reflectivity, and empirical determination of nudging
parameters. A crucial aspect of the latent heat nudging is the pre-
scription of the heating or cooling rates based on the radar reflectivity.
Given the mismatch of the observed and model-simulated storm loca-
tions and the complexity of the microphysical and dynamical processes,
it remains obscure where in space and time and how much heating/
cooling should be applied in order to best correct the model errors.
Several assumptions are adopted by operational centers. For example,
the High-Resolution Rapid Refresh (HRRR) model, an operational rapid
update model of the National Weather Service since 2014, assimilates
radar reflectivity and reflectivity derived from lightning data via a
radar-DFI-latent-heating technique, and it adds latent heating estimated
from observed reflectivity only in the regions where the observed re-
flectivity is greater than a threshold (Benjamin et al., 2016). The re-
flectivity threshold is uncertain and sensitive, and varies in different
versions of HRRR (Bytheway et al., 2017). A different latent heat
nudging approach is developed in the COSMO-DE model (Stephan
et al., 2008), where the nudging latent heat tendency is determined
from the model latent heat tendency and the ratio of radar-estimated
surface precipitation rate to model surface precipitation rate.

This paper intends to explore the forecast sensitivities with respect
to the heating and cooling schemes of the RTFDDA-RDA system de-
ployed at Shenzhen, a sub-tropical coastal metropolis in southern
China. The impact of latent heat nudging schemes with both heating
and cooling and only heating respectively is examined through careful
analyses of a case study of coastal rainbands. A new latent heating
scheme, with differential heating rates for the convective and stratiform
regions, is developed. In addition to the case study, the RTFDDA-RDA
system was run to produce hindcasts for ten severe convective storms
that occurred in Guangdong region during the rainy season in 2017.
The next section describes the RTFDDA-RDA methodology and model
experiment design. Results and verification of a case study with a single
forecast cycle are presented in Section 3. Statistical evaluation of the
RTFDDA-RDA forecast skills for the ten convection weather events with
hourly forecast cycles is presented in Section 4. Discussions and con-
clusions are given in Sections 5 and 6, respectively.
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2. Methodology and model setups
2.1. Data assimilation scheme

The radar data assimilation scheme used in this study is grid-nud-
ging based, where hydrometeor and latent heat nudging (HLHN) is
performed on each grid point of the model (Xu et al., 2013). The radar
data here are the three-dimensional gridded mosaic dataset for the
southern China region, merged from several individual radars. The data
mapping is provided by Meteorological Bureau of Shenzhen Munici-
pality, China. The mosaic radar datasets are updated every 12 min. The
mosaic reflectivity is firstly interpolated to the model grids in the 9- and
3-km fine mesh domains. Then empirical relationships between radar
reflectivity Z and rain water/snow mixing ratio Q,/Qs (i.e. Z — Q,
(Z — Q) relationships) are used to estimate Q, (Q;) from the reflectivity
on the model grids. They are Z, = 95.6 + 17.5log10(pQ,) when the
temperature is warmer than 0 °C and Z; = 83.6 + 17.5log;10(pQs) when
the temperature is cooler than 0 °C, respectively (Stoelinga, 2005). Here
p is air density (units of kgm ™). The reflectivity (Z,/Z,) is in units of
dBZ, and rain water/snow mixing ratio (Q,/Qs) is in units of kg kg_l.

In HLHN, the model mixing ratios of rain water and snow are
nudged toward the radar-retrieved three-dimensional Q, and Q; during
the integration of the rain water and snow prognostic equations.
Meanwhile, the corresponding latent heating or cooling is also added to
the WRF thermodynamic (temperature) equation. The simplified
equations in the nudging scheme are as follows,
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where Q, (Q° and Q,™¢ represent the observation and model vari-
ables, respectively) is the mixing ratio of rain water or snow, Sq,_is the
source of mixing ratio from physical processes (microphysical conver-
sion processes, land surface moisture flux, mixing, diffusion, etc.), St is
the source of air temperature from physical processes (latent heating,
sensible heating, etc.), L, is specific latent heat, and C, is the specific
heat of air at constant pressure. The third terms of the right-hand side in
the Egs. (1) and (2) are the nudging terms of hydrometeor mixing ratio
and latent heat, respectively. And w; and w, are nudging weighting
coefficients of hydrometeor mixing ratio and latent heat, respectively.
The weighting coefficient w, is a product of nudging coefficient (inverse
of nudging time scale), temporal weighting and spatial weighting. The
temporal weighting function depicting the assimilation time window
affected by any given radar observation is shown in Fig. 1. When a
radar echo is observed, cloud development and latent heat release have
already occurred. Therefore, maximum temporal weights are applied at
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Fig. 1. Temporal weighting function for assimilation of radar observations.
tlogs, t20ps, and t3pps mark the observations time and the color shades are
temperal weights corresponding to the observation in the same color. In this
study, the intervals between two successive radar observations are 12 min. The
time window for each radar observation is 18 min.
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Table 1

Severe convective storms and their time periods selected in this study.
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Events Event period (UTC, 12h) Convection types

CASE01 2017-04-21_00:00-04-21_12:00 Squall lines

CASE02 2017-05-03_18:00-05-04_06:00 Squall lines

CASE03 2017-05-15_09:00-05-15_21:00 Multi-cell cluster storms

CASE04 2017-06-15_12:00-06-16_00:00 Multi-cell cluster storms

CASEO05 2017-06-16_03:00-06-16_15:00 Multi-cell cluster storms

CASE06 2017-06-18_21:00-06-19_09:00 Multi-cell cluster storms

CASE07 2017-07-17_06:00-07-17_18:00 Multi-cell cluster storms

CASE08 2017-08-03_18:00-08-04_06:00 Multi-cell cluster storms

CASE09 2017-08-22_06:00-08-22_18:00 Multi-cell cluster storms affected by Typhon HATO (1713)
CASE10 2017-08-26_18:00-08-27_06:00 Mesoscale spiral bands of Typhon PAKHAR (1714)
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Fig. 2. Model domain configuration. The horizontal grid sizes of d01, d02 and
d03 are 27, 9 and 3 km, respectively.
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Fig. 3. Schematics of radar data assimilation and forecast experiment schedule.
The black thick solid arrows represent the nudging periods, and the gray thick
solid arrows represent forecast periods.

the simulation time before the actual observation time. In the RTFDDA-
RDA system, the weighting coefficient of latent heat nudging, wo, is
tunable. Its functional forms with respect to regions of latent heating or
cooling, convective or stratiform precipitations, are subjects of the
sensitivity experiments in this study. The details of the sensitivity ex-
periments design are described in the next section.
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Table 2
Sensitivity experiments on the latent heating scheme.
Experiments Description
NO_RDA Model forecast without radar data assimilation
RDA_HC Equivalent heating and cooling weighting, namely w, = 1
RDA_H Just heating and neglect cooling, namely w, = 1 only when
AQy > 0 in the Eq. (2), else wo = 0
RDA_CS Use convective-stratiform separated heating scheme, detail in

Section 2.2

2.2. Model configuration and case description

Ten severe convective storms occurred in Guangdong Province,
China, during the 2017 flood season are selected in this study. The
RTFDDA-RDA version used here is based on the Weather Research and
Forecasting model (WRF), version 3.8.1. For each storm event, a 12-h
period, which roughly covers the lifecycles of the major convection
storms in the study domain, is selected for the modeling study. The
periods and descriptions for all the ten events are given in Table 1. The
model is configured with three nested-grid domains at 27-, 9-, and 3-km
horizontal grid spacings, respectively (Fig. 2). The Thompson micro-
physical parameterization scheme (Thompson et al., 2008) is used in all
domains, and Grell-Freitas cumulus parameterization scheme (Grell and
Freitas, 2014) is used in the 27- and 9-km grid domains. No cumulus
scheme is activated in the 3-km grid domain. The other physical
parameterization schemes are the same in the three domains, including
Yonsei University PBL physics scheme (Hong et al., 2006), RRTMG
longwave and shortwave radiation scheme (lacono et al., 2008), and
Unified Noah land surface scheme (Tewari et al., 2004). The model
initial and boundary conditions are driven from the NCEP-GFS data
(0.5-degree  resolution, https://nomads.ncdc.noaa.gov/data/gfs4).
Radar data are assimilated in the 9- and 3-km domains. The data as-
similation and forecast timelines are schematically shown in Fig. 3. The
model firstly assimilated the radar data at 12-min intervals for 3 h, and
then was integrated to generate 9 h forecasts. Henceforth, the hourly
assimilation and forecast cycles started from the third hour, and the last
cycle run assimilated radar data for 11 h and generated 1h forecast
(Fig. 3).

For each severe storm event, a RTFDDA run without radar data
assimilation, NO_RDA, is first conducted as the control experiment,
which is used as a baseline for evaluating the impact of radar data as-
similation. Then three RTFDDA-RDA sensitivity experiments are con-
ducted using different settings of the weighting coefficient of latent heat
nudging (w») (Table 2). The setups of the three RDA sensitivity ex-
periments are as follows: the first experiment, RDA_HC, uses equivalent
weights for heating and cooling (i.e., w; =1 in both regions of
AQ, > 0 and AQ, < 0); the second experiment, RDA_H, includes only
latent heating but not cooling (i.e., w, = 1 for AQ, > 0, and w, = 0 for
AQ, < 0) considering cooling will disturb the dynamic fields of con-
vective system when the storm locations are different between ob-
servation and model forecast; and in the third experiment, RDA_CS,
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Fig. 4. Observed radar composite reflectivity (units: dBZ) at 0100-0300 UTC 04 May 2017 (1st row) and the corresponding 1-3-h composite reflectivity forecasts of
the NO_RDA (2nd row), RDA_HC (3rd row), RDA_H (4th row) and RDA_CS (5th row), respectively. Thick solid lines in the panels (AB) denote the location of cross

section in Fig. 5.

different values of the weighting coefficient w, are applied to regions of
convective and stratiform precipitations. The algorithm for convective
and stratiform region segregation based on radar reflectivity is adopted
from Zhang et al. (2008), which is used as an operational application
algorithm at National Oceanic and Atmospheric Administration
(NOAA). A grid column is defined as convective column if it meets one
of the two following criteria: (1) Observed radar reflectivity factor at
any height in the column is > 50dBZ; and (2) Observed radar re-
flectivity factor at or above the —10 °C height is > 30 dBZ. All other
columns with observed radar reflectivity > 20 dBZ at any height in the
column are classified as stratiform cloud columns. For each column, the
layer limited by 25 dBZ from the bottom to the top is defined as a cloud
layer. In RDA_CS, the weighting coefficient (w) is specified as

1.0c, AQ, > 0 and convective column and at cloud layer,
or AQx < 0 and not at cloud layer;
0.8¢, AQy > 0 and convective column and not at cloud layer,
w, = or stratiform column and at cloud layer;
0.6c, AQ, > 0 and stratiform column and not at cloud layer,
or AQ, < 0 and convective column and at cloud layer;
1.0c, Others do not belong to above.

where ¢ =1 when AQ, > 0, and ¢ = 0.5 when AQ, < 0. The main
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purpose of this heating scheme is to concentrate the radar data impact
to strengthen the convective cloud development.

2.3. Evaluation method

A case study of the ten events is first evaluated through subjective
analysis (Section 3) comparing the model simulated fields with the
radar reflectivity and in-situ observational datasets from Meteorological
Bureau of Shenzhen Municipality, China. Then objective statistical
verification of all ten convection cases with multiple hourly forecast
cycles are performed (presented in Section 4). The Fractions Skill Score
(FSS), introduced by Roberts and Lean (2008), is employed to evaluate
the forecast results. The formulation of FSS is,

1 «N N

N z,-=1 (Pf - B))z _ Ei=1 (Pf - Po)2
1 <N 2 1N 52 <N 2 N 2
N2i=1pf + Nzi=1po Zi=1Pf + Zi=1po

where N is the number of grid points in the domain, and P; and P, are
the forecast and observed fraction of an elementary area, respectively.
If FSS is 1.0, namely Py is equal to P,, it means that forecast is perfect.
The FSS is one of fuzzy or neighborhood verification methods, which
can properly display forecast skills dependent on different spatial scales
for high-resolution precipitation forecasts. Mittermaier and Roberts

FSS=1-—
4
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Fig. 5. Vertical cross sections of radar reflectivity (units: dBZ) from A to B (thick solid lines shown in Fig. 4) of observation (1st row), NO_RDA (2nd row), RDA_HC
(3rd row), RDA_H (4th row) and RDA_CS (5th row) at 0100-0300 UTC 04 May 2017 from the 1st to 3rd column, respectively.

(2010)'s study shows that the FSS is a good measure of the spatial ac-
curacy of precipitation forecasts.

3. Case study of 03-04 May 2017

In this section, detailed analyses of the experimental results for the
event of 03-04 May 2017 (CASEQ2, Table 1) are presented, due to the
better organization of squall line and more available observation data
in this event than those of the other events. The forecast cycle selected
here is with 6-h radar data nudging period (1800 UTC 03 May to 0000
UTC 04 May 2017) before the forecast started.

3.1. Radar reflectivity

The composite reflectivity from multiple radar observations and
1-3-h model forecasts are shown in Fig. 4. Sun et al. (2014) demon-
strated that RTFDDA-RDA can improve the hourly accumulated pre-
cipitation forecast in the first 12 h, however, we only focus on 0-3-h
forecasts due to the small innermost domain (d03) and more statistical
samples needed in this study. Here the model simulated reflectivity is
computed using a diagnostic algorithm described in Stoelinga (2005).
The observations reveal that in the local morning hours an intense
convection band had developed along the southwest-northeast-

oriented coast of Guangdong Province and was moving southeast-ward
(the 1st row panels of Fig. 4). The model forecasts without radar data
assimilation (NO_RDA, the 2nd row panels of Fig. 4) do not predict
well-defined band structures near the coast, presenting larger forecast
errors than the forecasts with RDA, which was also reported by Lompar
et al. (2017, 2018). The forecasts from the three experiments with RDA,
i.e., RDA_HC, RDA_H and RDA_CS, all show improved skills in terms of
echo patterns and intensity (panels in the 3rd-5th rows of Fig. 4).
Among the three experiments with RDA, the intensity centers of the
composite reflectivity in RDA_HC forecasts (especially the 1-h forecast)
appear less connected compared with those in the RDA_H and RDA_CS
experiments. In the RDA_H experiment where no cooling is applied
during the nudging period, both the stratiform (> 15 dBZ) and con-
vective clouds (> 35dBZ) are broader. In the RDA_CS forecasts, the
stratiform cloud region is slightly wider than that in the observations,
while the width of convective cloud region is similar to the observed.
However, in all three experiments with RDA, the convective cloud re-
gion east of the Pearl River Estuary is not well predicted.

In order to examine the vertical structure of the storms, cross sec-
tions of radar reflectivity across the squall line (indicated by the thick
solid lines from A to B in Fig. 4) are shown in Fig. 5. The model fore-
casts without RDA (NO_RDA, the 2nd row panels of Fig. 5) do not
capture the location of the strong convections (> 35 dBZ), while the
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Fig. 6. Contoured frequency by altitude diagrams (CFADs) of radar reflectivity (units: dBZ) of observation (1st row), NO_RDA (2nd row), RDA_HC (3rd row), RDA_H
(4th row) and RDA_CS (5th row) at 0100-0300 UTC 04 May 2017 from the 1st to 3rd column, respectively. Contour intervals are 0.001, 0.1, 0.3, 0.5, 1, 2, 4, 6, and

10%.

other forecasts with RDA (RDA_HC, RDA_H and RDA_CS, panels in the
3rd-5th rows of Fig. 5) basically do. As the discrete distribution of
strong composite reflectivity factor centers in the RDA_HC experiment
is shown in Fig. 4, the convection cores are discrete, and convective
clouds of the RDA_HC experiment is lower and weaker than the ob-
served (the 3rd row panels of Fig. 5). In the RDA_H experiment, stra-
tiform and convective clouds are broader than those of observation and
other experiments (the 4th row panels of Fig. 5). And the convective
clouds in the RDA_CS experiment are most similar to those of ob-
servation among all the model forecasts. However, the stratiform clouds
are still a bit wider than observed clouds (the last row of Fig. 5).

Fig. 6 shows the contoured frequency by altitude diagrams (CFADs)
of the observed and forecast radar reflectivity over the entire model
domain. The CFADs was proposed by Yuter and Houze (1995) to reveal
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statistical changes in vertical distributions of storm properties. From the
CFADs of observed reflectivity (panels in the 1st row of Fig. 6), strong
reflectivity is mainly located in the layer below 6 km where the re-
flectivity intensity is mostly over 30 dBZ. In contrast, in the upper level
(above 6-km height), the observed radar reflectivity has a narrow dis-
tribution, and the dominant reflectivity intensity is around 20 dBZ. The
model forecasts in the RDA_H and RDA_CS experiments resemble the
observations in the lower level, but show broader distributions in the
upper level. The overall magnitudes of the forecast reflectivity in
RDA_H and RDA_CS (4th and 5th rows of Fig. 6) are larger than the
observed. Especially, the frequency for 20-30-dBZ intensity is large in
the RDA _H experiment, indicating there is an over-forecast of spatial
extent of reflectivity in this intensity range. And it is easy to understand
that there is just heating but no cooling in this experiment, which is
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2017-05-04 01:00:00 (1-hour Forecast) 2017-05-04 02:00:00
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Fig. 7. 1-h accumulated precipitation (units: mm) of observation (1st row), NO_RDA (2nd row), RDA_HC (3rd row), RDA_H (4th row) and RDA_CS (5th row) at
0100-0300 UTC 04 May 2017 from the 1st to 3rd column, respectively. Small black dots in the panels of 1st row represent surface weather station locations.

more conducive to the development of cloud height and convective
intensity. Besides, there is a big gap between the model forecasts of
radar reflectivity distribution in the NO_RDA and RDA_HC experiments
and the observed distribution (1st-3rd rows of Fig. 6).

Overall, the analysis of radar composite reflectivity, vertical cross
sections, and CFADs of radar reflectivity shows that the model forecasts
using convective-stratiform separated heating scheme are generally the
best among all the model forecasts, in terms of reflectivity distribution
and intensity.

3.2. Precipitation

The 1-h accumulated precipitation from observations and model
forecasts from 0100 to 0300 UTC 04 May 2017 are shown in Fig. 7.
Strong rain bands (> 12 mm) are mainly observed along the coast of
Guangdong Province (panels in the 1st row of Fig. 7). The maximum 1-
h observed accumulated precipitations all exceed 60 mm from 0100 to
0300 UTC. All the experiments except NO_RDA capture the main heavy
rain bands along the coast of Guangdong Province (Fig. 7). The pre-
cipitation intensity in the RDA_HC experiment is weaker than the ob-
served, while the forecast precipitation of the RDA_H experiment is
stronger than the observed precipitation (panels in the 3rd—4th rows of
Fig. 7). There are more strong precipitation centers in the RDA_H ex-
periment than the observed, especially in the area to the northeast of

the Pearl River Estuary (panels in the 4th rows of Fig. 7). Though some
differences exist between the observed precipitation and forecast pre-
cipitation in the RDA_CS experiment, precipitation in the RDA_CS ex-
periment resembles the observed precipitation, in terms of its dis-
tribution and intensity, especially in the west of the Pearl River Estuary
(panels in the last row of Fig. 7).

In order to understand the radar data impact on the model wind and
thermodynamic fields, the observed and forecast air temperatures at 2-
m level, wind vectors at 850-hPa level and geopotential height at 500-
hPa level are shown in Fig. 8. Since sounding data during 0100-0300
UTC 04 May 2017 are not available, the observed wind fields and
geopotential height fields shown in the 1st row panels of Fig. 8 are
plotted using the sounding data at 0000 UTC 04 May 2017. The ob-
served 850-hPa wind directions over the coastal areas are mainly
southwesterly along the coast of Guangdong Province, and all the
model forecasts show similar wind directions over these areas. And in
observation (the 1st row panels of Fig. 8), northwesterly and south-
westerly winds are dominant on the northwest and northeast regions of
the Pearl River Estuary, respectively. Therefore, the wind convergence
is mainly located along the coast, where the main precipitation locates,
especially in the region to the west of the Pearl River Estuary. The
NO_RDA experiment produces southwesterly winds basically in the
most part of Guangdong Province (panels in the 2nd row of Fig. 8), and
that is why the model did not capture the main rain bands in the
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Fig. 8. Air temperature at 2-m level (shaded, units: °C), wind vectors at 850-hPa level (units: m s~ 1), areas whose 500-hPa geopotential height are larger 5880 gpm
(diamond fill pattern). In observation (1st row), air temperature fields (shaded) are at 0100-0300 UTC 04 May 2017, respectively, and all wind barbs at 850-hPa and
geopotential height fields are at 0000 UTC 04 May 2017. In the forecast experiments, NO_RDA (2nd row), RDA_HC (3rd row), RDA_H (4th row) and RDA_CS (5th
row), all fields are at 0100-0300 UTC 04 May 2017 from the 1st to 3rd column, respectively.

NO_RDA experiment. The wind fields of the model forecasts with RDA,
especially in the RDA_CS experiment, generally resemble the observed
wind fields (panels in the 3rd-5th rows of Fig. 8).

Also noteworthy is that the northern edge of the subtropical high
(areas where 500-hPa geopotential height are over 5880 gpm) in the
observation is located along the coast of Guangdong Province (panels in
the 1st row of Fig. 8). The northern edge of the subtropical high in the
NO_RDA experiment is further north, while it is located near the coast
in the model forecasts with RDA, especially in the RDA_CS experiment
(Fig. 8), which is the main factor affecting the location of rain bands.
Besides, because the precipitation distributions in the experiments with
RDA are similar to that of observation, the locations of cold pools also
resemble the observed cold pool locations, especially in the RDA_CS
experiment. However, the cold pools in the NO_RDA experiment are
very different from those of observation (Fig. 8).

Overall, the case study demonstrates that the radar data nudging
schemes, especially the one using convective-stratiform separated
heating algorithm, are capable of analyzing convective storm mesoscale
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and convective-scale features in a good accuracy and significantly im-
prove the short-term precipitation forecast of the convective storm.

4, Statistical verification results

In this section, Fractions Skill Score (FSS) is firstly computed for
CASEO2 to evaluate all 1-3-h forecasts in the CASE02 with hourly
forecast cycles objectively, and then statistical verification scores over
all ten convection cases with hourly forecast cycles are presented.

Fig. 9 shows the FSSs of all 1-3-h composite reflectivity forecasts at
35-dBZ threshold and 60-km (30-km radius) horizontal scale in
CASEOQ2. It is obvious that, the FSSs of the forecasts with RDA (RDA_HC,
RDA_H and RDA_CS, whose averaged FSSs are all > 0.58) are appar-
ently higher compared to the FSSs of the forecasts without RDA
(NO_RDA, whose averaged FSSs are < 0.26) for the 1-3-h forecasts
(Figs. 9a—c). Among the FSSs of the forecasts with RDA (RDA_HC,
RDA_H and RDA_CS), none always has the highest FSSs. On average, the
FSSs of RDA_CS are the highest in the 1-h (0.795) and 2-h (0.688)
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Fig. 9. Fractions skill scores (FSSs) of all 1-3-h composite reflectivity forecasts at 35-dBZ threshold and 60-km (30-km radius) horizontal scale in CASE02. Averaged
FSSs in the 1-3-h forecasts are shown in the bottom-left regions of each panel. The numbers inside brackets below the time axis represent radar data nudging periods.

forecasts, while it ranks second (0.613) in the 3-h forecast, which is
slightly lower than that of RDA_H (0.649) (Fig. 9). In general, the
forecasts with convective-stratiform separated heating scheme outper-
forms those of the other two experiments in this case.

The numerical experiments described in in Table 2 have been car-
ried out for the ten severe convection cases (Table 1) and FSSs are
computed over all the cases. The box-and-whisker plots shown in
Fig. 10 give the spread of FSSs of all 1-3-h composite reflectivity
forecasts of the ten severe convective storms at 25-, 35- and 45-dBZ
thresholds and 60-km (30-km radius) horizontal scale. There are a total
of 90, 80 and 70 samples for the 1-, 2-, and 3-h forecasts, respectively.
The ends of the whiskers indicate the minimal and maximal values of
the scores. The lower and upper limits of the box correspond to the 25th
and 75th percentiles, and the point and dividing line within the box are
the mean and median scores, respectively. At the 25-dBZ threshold, the
averaged FSSs of RDA_CS are the highest except for the 1-h forecasts
(Fig. 10a). For the 1-h forecasts, the RDA_CS skill is slightly lower than
that of RDA_HC, with a small difference between 0.872 in RDA_CS and
0.879 in RDA_HC. The analysis of Section 3.1 has pointed out that the
RDA_CS forecasts produce broader stratiform cloud region, which may
be the reason why the FSS of RDA_CS is slightly lower than that of
RDA_HC at the 25-dBZ threshold in the 1-h forecast. Moreover, the
height of the boxes between the 25th and 75th percentiles in the
RDA_CS experiment are smaller compared with those of the other ex-
periments, especially NO_RDA (Fig. 10a). It indicates that the FSS of
RDA_CS is relatively stable. And as for the FSSs at 35- and 45-dBZ
thresholds, the averaged FSSs of RDA_CS are the highest among all the
1-3-h forecasts (Figs. 10b and c). Besides, the FSSs of RDA_HC are
mostly higher than those of RDA_H, indicating that latent-heat cooling
effect during the nudging period should not be neglected. Based on the
FSSs for the hourly forecast cycles with ten convective cases, the model
forecasts with the RDA are all much better than those without RDA, and

the performance of forecasts with the refined convective-stratiform
separated heating scheme outperforms the experiments with bulk latent
heating/cooling or heating only approaches.

5. Discussions

The subjective and statistical verification of the extensive modeling
experiments with RTFDDA-RDA in the last two sections shows that
RTFDDA-RDA is able to significantly improve the short-term pre-
cipitation forecasting of the convective storms through nudging cloud
hydrometeors retrieved from radar reflectivity and the associated latent
heat release. Nevertheless, there are many rooms for future improve-
ments. An assumption in the original RTFDDA-RDA scheme is that the
latent heat innovation is proportional to the radar reflectivity innova-
tion, i.e. the differences between the observed and simulated radar
reflectivity. As a matter of fact, radar reflectivity only reflects an in-
stantaneous sum effect of precipitation particles (rain water, snow and
graupel) at grid boxes. These precipitation particles were produced by
complex microphysical processes (condensation/deposition, evapora-
tion sublimation, accretion, breaking, etc. of cloud/precipitation par-
ticles) and affected by dynamical advection and diffusion processes
(CuriC and Janc, 1987). The exact location and time of the latent heat
release are affected by these microphysical and dynamical processes,
and thus there is not a one-to-one correspondence between the re-
flectivity-derived precipitation particles (rain water, snow and graupel)
at a grid box and the latent heat release occurred at this grid. Our re-
sults show that model performance is improved when a convective-
stratiform separated latent-heating scheme is applied. Earlier works
divide a convective storm into the two basic types of cloud and pre-
cipitation regions, convective and stratiform precipitation respectively
(e.g. Houze, 2014). Convective regions are always associated with
strong vertical motion throughout the troposphere, while stratiform
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regions are characterized by a relatively uniform weak ascending or
descending motion (Xu, 1995; Sui et al., 2007; Ahmed and Schumacher,
2015). Many studies have shown that cloud microphysical processes are
distinctly different in convective and stratiform regions (e.g. Steiner
et al., 1995; Morrison et al., 2009; Luo et al., 2010; Feng et al., 2011;
Penide et al., 2013; Wu et al. 2013; Houze, 2014; Thurai et al., 2016),
and dramatically different latent heating distributions in the convective
and stratiform regions (Houze, 1982; Xu, 1995; Yang and Smith, 2000).
Tao et al. (2001, 2010) developed convective-stratiform heating algo-
rithms to estimate heating profiles and temporal evolution of the cloud
latent heating structures. Therefore, applying differentiated latent
heating rates in convective and stratiform regions can be considered as
an initial step to tackle the aforementioned issue of hydrometeors and
latent heat release inconsistency, and in future it is important to im-
prove the latent heating algorithm for more accurate simulation of the
timing, location and amount of the latent heat release.

Besides the uncertainties in determining latent heat release from
radar reflectivity measurements, the assumptions and empirical para-
meters in the relationships of hydrometeor variables and the observed
radar reflectivity (Rasmussen et al.,, 2003), microphysical para-
meterizations (Thompson et al., 2008), and the nudging parameters'
specification (weighting coefficient w;, and w,) also affects the perfor-
mance of radar data assimilation. To illustrate the impact of these un-
certainties, Fig. 11 shows observed and model radar composite re-
flectivity factor (Figs. 11al-b3), and their difference (Figs. 11c1-c3) for
the RDA_CS experiment of CASE02 with 6-h radar data nudging period
(1800 UTC 03 May—-0000 UTC 04 May 2017) during the data assim-
ilation period. The composite reflectivity in RDA_CS experiment re-
sembles the observation, in terms of its intensity and distribution pat-
tern of the squall line system (Figs. 11al-b3). At the 2nd hour of radar
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data nudging (at 2000 UTC 03 May), the observed composite re-
flectivity was larger than that of RDA_CS experiment over the most
cloud regions (Fig. 11cl).

From the cross section of the hydrometeor mixing ratio difference
between the radar retrieved and the model simulation, it can be seen
that the observed total hydrometeor content was higher in the lower
troposphere and lower in the upper troposphere than those in the model
(Fig. 11d1). As a result, latent heat was mainly added in the lower
troposphere (Fig. 11el), which stimulated and supported the develop-
ment of convection. By the 4th hour of radar data nudging (2200 UTC
03 May), two zones in the composite reflectivity difference (Fig. 11¢2)
can be found, one is positive (the observation is larger than the model)
and the other is negative (the observation is less than the model). This is
because the observed squall line was moving slightly faster than that of
the model (Figs. 11c2 and d2). Consequently, the latent heating
(cooling) regions were mainly in front (rear) of the squall line, re-
spectively (Fig. 11e2). At the end of the 6-h radar data nudging window
(0000 UTC 04 May), the locations of the observed and model squall
lines were close to each other, especially within the boxes shown in
Fig. 11c3. However, there are still some differences in the vertical
structure of hydrometeors (Fig. 11d3), leading to a certain amount of
latent heat nudged (Fig. 11e3).

These results show that it remains a challenging work to retrieve
and replicate the complex microphysical, thermodynamic and dyna-
mical structures and processes of severe convection with radar data
assimilation. Besides the large uncertainty in the relationships between
the observed radar reflectivity and the hydrometeors in the cloud, the
model hydrometeor “climatology” of a microphysical scheme can differ
significantly from those in nature clouds. These differences can result in
persistent artificial imbalance between the nudged hydrometeors and
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the hydrometeors that a microphysical scheme sustains. For example, in
the current experiment, the retrieved hydrometeor content was mostly
less than that of the model simulation in the upper troposphere
(Figs. 11d1-d3), which led to continuously unrealistic drying and
cooling by nudging, even after 6 h of the RDA processes. Future works
should be conducted toward improving the accuracy of the relation-
ships of observed radar reflectivity and hydrometeors (e.g. with dual-
polarization radar measurements), microphysical processes (e.g.,
graupel growth through riming, ice crystal to snow conversion, snow's
terminal velocity, etc. Thompson et al., 2008), spatiotemporal differ-
ence between latent heat release and reflectivity growth, and nudging
coefficients. Besides radar data assimilation method, better micro-
physics scheme and more appropriate initial conditions also are very
important to the precipitation forecasting improvement (Curi¢ and
Janc, 2011a, 2011b).

6. Conclusions

In this study, the NCAR WRF-based real-time four-dimensional data
assimilation and short-term forecasting system, enhanced with radar
data assimilation, RTFDDA-RDA, was evaluated for the short-term
(mainly 0-3 h) precipitation forecasts of severe convective storms. The
system employed an analysis nudging (Newtonian relaxation) tech-
nique for assimilating radar reflectivity data into the WRF model.
Hydrometeors and latent heat, retrieved from radar reflectivity are
nudged into the WRF hydrometeor and thermodynamic equations,
termed as the hydrometeor and latent heat nudging (HLHN) scheme. A
RTFDDA-RDA system has been running for an operational rapid-update
forecasting in the Meteorological Bureau of Shenzhen Municipality,
China. Recently, a new latent heating scheme, convective-stratiform
separated heating scheme, has been developed in RTFDDA-RDA. The
system was run to produce hindcasts for ten severe convective storms
occurred in the Guangdong region during the 2017 rainy season. The
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radar data assimilation impact was analyzed through subjective ver-
ification of a case study and statistical verification of hourly forecast
cycles for ten convective storms. The major results can be summarized
as follows,

(1) By nudging cloud hydrometeors retrieved from radar reflectivity
and the corresponding latent heat, the RTFDDA-RDA system is
capable of analyzing mesoscale and convective-scale features in a
good accuracy and it leads to significantly improve short-term
precipitation forecasting of convective storms.

(2) Subjective analyses of a case study demonstrate that RTFDDA-RDA
is capable of forecasting the locations and structures of convective
storms with good accuracy. The statistical FSSs of nine hourly
forecast cycles for ten severe convective storms show 130%, 80%
and 49% improvements of the RDA_CS than the NO_RDA runs at 35-
dBZ threshold and 60-km (30-km radius) horizontal scale, for 1-, 2-
and 3-h forecasts, respectively.

(3) The sensitivity experiments with three different latent heating al-
gorithms show that the newly introduced latent heating scheme,
convective-stratiform separated heating scheme, outperforms the
original single heating scheme.

We pointed out that even though the convective-stratiform sepa-
rated heating scheme forecasted the convective storms pretty accu-
rately, it produced broader stratiform cloud regions than the observa-
tion. We also found that the empirical latent-heating nudging
coefficient is sensitive. More studies should be conducted to understand
and optimize its effect. This can be done with controlled experiments
with observing system simulation experiments (OSSEs). Furthermore,
there are only ten cases included in this study. More case studies and
long-term real-time operation evaluation should be taken to generalize
the conclusions. In addition, intercomparison of different assimilation
approaches (e.g., RTFDDA-RDA, 4DVAR and EnKF) will be conducted
for same convective cases at the same region in future. We also wanted
to note that RTFDDA-RDA modifies cloud dynamics mainly through the
thermodynamic feedback of the hydrometer and latent heat nudging
processes. In future, three-dimensional wind fields retrieved from radar
radial winds should be assimilated into the model to further improve
the forecast of convection. Finally, with the development of dual-po-
larization radars, RTFDDA-RDA with improved hydrometeor classifi-
cation shall be studied.
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