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Abstract This study examines the effectiveness of an ensemble Kalman filter based on the weather research and forecasting
model to assimilate Doppler-radar radial-velocity observations for convection-permitting prediction of convection evolution in
a high-impact heavy-rainfall event over coastal areas of South China during the pre-summer rainy season. An ensemble of 40
deterministic forecast experiments (40 DADF) with data assimilation (DA) is conducted, in which the DA starts at the same time
but lasts for different time spans (up to 2 h) and with different time intervals of 6, 12, 24, and 30 min. The reference experiment
is conducted without DA (NODA).To show more clearly the impact of radar DA on mesoscale convective system (MCS)
forecasts, two sets of 60-member ensemble experiments (NODA EF and exp37 EF) are performed using the same 60-member
perturbed-ensemble initial fields but with the radar DA being conducted every 6 min in the exp37 EF experiments from 0200 to
0400 BST. It is found that the DA experiments generally improve the convection prediction. The 40 DADF experiments can
forecast a heavy-rain-producing MCS over land and an MCS over the ocean with high probability, despite slight displacement
errors. The exp37 EF improves the probability forecast of inland and offshore MCSs more than does NODA EF. Compared with
the experiments using the longer DA time intervals, assimilating the radial-velocity observations at 6-min intervals tends to
produce better forecasts. The experiment with the longest DA time span and shortest time interval shows the best performance.
However, a shorter DA time interval (e.g., 12 min) or a longer DA time span does not always help. The experiment with
the shortest DA time interval and maximum DA window shows the best performance, as it corrects errors in the simulated
convection evolution over both the inland and offshore areas. An improved representation of the initial state leads to dynamic
and thermodynamic conditions that are more conducive to earlier initiation of the inland MCS and longer maintenance of the
oftshore MCS.

Keywords Radial velocity, EnKF, Heavy rainfall forecast, Pre-summer rainy season, South China

Citation: Bao X H, Luo YL, SunJ X, Meng ZY, Yue J. 2017. Assimilating Doppler radar observations with an ensemble Kalman filter for convection-permitting
prediction of convective development in a heavy rainfall event during the pre-summer rainy season of South China. Science China Earth Sciences, 60:
1866—1885, doi: 10.1007/s11430-017-9076-9

* Corresponding author (email: yali@camscma.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2017 earth.scichina.com link.springer.com


http://earth.scichina.com
http://link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11430-017-9076-9&domain=pdf&date_stamp=2017-07-21
https://doi.org/10.1007/s11430-017-9076-9
https://doi.org/10.1007/s11430-017-9076-9

Bao X H, etal. Sci China Earth Sci

1. Introduction

The pre-summer rainy season (April-June) of South China
is the longest rainy season with the most abundant rainfall
amount over China. Precipitation in this rainy season ac-
counts for 40-50% of the annual cumulative precipitation in
South China (Ding, 1992, 1994). Precipitation during the pre-
summer rainy season is mostly of a convective nature with
mesoscale organizational characteristics (Xu et al., 2009; Luo
et al., 2013), is frequent and of strong intensity, and often
causes severe flooding and inundation. The heavy-rainfall-
producing mesoscale convective systems (MCSs) impact the
highly populated inland areas as well as the coastal and off-
shore areas where human activities such as fisheries, ma-
rine transportation, and marine leisure are intense. Moreover,
those MCSs often develop in prevailing low-level southwest-
erly flows with subtle synoptic lifting, and pose a major chal-
lenge to numerical weather prediction (NWP) for Southern
China.
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The Southern China Monsoon Rainfall Experiment (SCM-
REX; http://scmrex.cma.gov.cn) is a research and develop-
ment project (RDP) of the World Meteorological Organiza-
tion’s World Weather Research Program (Luo et al., 2017;
Luo, 2017). SCMREX aims to advance the understanding of
the key processes leading to heavy rain and to expedite the
efforts to improve the prediction of heavy rainfall during the
pre-summer rainy season in Southern China and its vicinity.
This is done via field campaigns, NWP studies (e.g., Zhang et
al., 2016), and studies of physical mechanisms (e.g., Wang et
al., 2014; Wu and Luo, 2016). The pilot field experiments of
SCMREX were carried out over Southern China during May
to mid-June of 2013-2015. Four heavy-rainfall events oc-
curred during the intensive observing periods (IOPs) of SCM-
REX-2013 (8-17 and 24-28 May). The first event occurred
on May 8, 2013, during which five MCSs—two mostly in-
land, one around the coastal line, and two offshore—were ob-
served by the Yangjiang S-band radar (Figure 1a—j; radar lo-
cation shown in Figure 1k). The accumulated rainfall reached
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Figure 1 (a)—(j) Radar reflectivity (dBZ; color bar at the bottom) at 3 km ASL derived from the Yangjiang radar during 0200-1100 BST 8 May 2013. Each
of ellipses 1-5 indicates the region of a correspondingly numbered MCS. (k) Accumulated rainfall during 0400-1100 BST 8 May 2013 based on rain-gauge
observations (color bar to the right). The gray shading and the red cross in (k) represent topography and the location of the Yangjiang radar, respectively. The

gray lines in each panel represent coastlines and provincial boundaries.
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a maximum of 285 mm, causing severe flooding and huge
economic losses. However, this heavy-rainfall event was
missed by the operational forecast at the National Meteoro-
logical Center of China. The present work examines the ef-
fectiveness of assimilating the Yangjiang-radar radial-veloc-
ity observations with an ensemble Kalman filter (EnKF) on
the prediction of these MCSs and the associated heavy pre-
cipitation.

The EnKF data assimilation (DA) technique uses an en-
semble of short-term forecasts to estimate the flow-dependent
background error covariance (Evensen, 1994). Focusing on
tropical cyclone (TC) prediction, a number of studies have
utilized the EnKF method to assimilate ground-based-radar
radial velocity (Zhang et al., 2009; Zhu et al., 2016; Yue and
Meng, 2017; Yue et al., 2017), ground-based-radar reflectiv-
ity and radial velocity (Xue and Dong, 2013; Dong and Xue,
2013), and airborne-radar radial velocity (Weng and Zhang,
2012; Zhang and Weng, 2015). Because of the DA, those
studies found remarkable improvement in the forecasts of
TC vortex initialization, intensity, track, and precipitation, as
well as the analysis of TC structure. Moreover, some stud-
ies have demonstrated significant improvements in forecast-
ing the evolution of tornadic MCSs over the United States
(Snook etal., 2011, 2012, 2015) and the location of MCS-pro-
duced extreme precipitation over central East China (Qiu and
Zhang, 2016) by assimilating radar observations using the
EnKF technique.

Although there is a dearth of conventional observations
over the oceans, Doppler weather radars in coastal areas can
scan parts of the offshore areas and offer complete spatial and
temporal coverage of kinematic fields. Such coastal radars
can therefore potentially improve NWP performance through
successful DA. A few studies have assimilated coastal-radar
data with EnKFs to explore the impact of the latter on the pre-
diction of TCs impacting China (e.g., Zhu et al., 2016). How-
ever, the literature still contains relatively few studies on the
influence of radar DA on the forecast of heavy-rain-produc-
ing MCSs over Southern China. Moreover, the time intervals
of radar DA differ among previous studies. For example, the
time interval varies from 10 min (Xue and Dong, 2013; Dong
and Xue, 2013) to 1 h (Zhang et al., 2009) in the TC studies,
and from 5 min (Snook et al., 2011, 2012, 2015) to 1 h (Qiu
and Zhang, 2016) in the MCS studies. The time interval also
varied during the DA period in a TC case study (Weng and
Zhang, 2012). However, the influence of different DA time
intervals on MCS prediction is unknown.

The present study has two objectives. One is to show the
potential benefit of the EnKF technique assimilated with
radar radial velocity from operational weather radars in
coastal Southern China in simulating heavy-rain-producing
MCSs during the pre-summer rainy season. The other is to
examine the influence of different time intervals and time
spans of the radar DA on the forecasting of MCSs.
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2. Case overview

This study investigates the MCSs that occurred in west
coastal Guangdong and the nearby offshore areas on May 8§,
2013, several days before the onset of the summer monsoon
over the South China Sea. The control region in this study
is an approximately 400 kmx400 km square area centered
on the Yangjiang S-band radar (Figure 1). To demonstrate
the convection initiation and evolution, Figure la—j shows
hourly time series of radar reflectivity at 3 km above sea level
(ASL) derived from the Yangjiang radar during 0200-1100
Beijing Standard Time (BST; BST=UTC+8 h) on May 8§,
2013, during which there were five MCSs in the observing
area of the Yangjiang radar. One of those (MCS1) produced
a large amount of rainfall in western Guangdong over a
period of 7h (0400-1100 BST), with heavy precipitation
(>50 mm) extending from the southwest to the northeast,
and a maximum amount of 284.7 mm (Figure 1k). The
heavy rain-producing MCS1 was initiated near the city of
Yangjiang at 0200 BST. It then intensified, extended toward
northeast, and then moved eastward. At 0200 BST, there
were two other MCSs, one in the southwest Guangdong
coastal area (MCS2) and the other located further south
over the sea (MCS3). Initiated at the junction of sea and
land, MCS2 developed and strengthened until 0700 BST.
It then moved eastward, comprising a few linear-shaped
convective elements over the sea. Meanwhile, MCS3 moved
eastward and disappeared from the control region at 0700
BST. At 0300 BST, MCS4 emerged to the north of MCS2,
developed and propagated northeastward until 0500 BST,
then started to weaken and disappeared around 1100 BST. At
0500 BST, a few new convective cells were initiated over the
ocean. These grew and formed another MCS (MCSS5) around
0700 BST. Afterward, MCSS5 gathered, strengthened, and
moved eastward. At 1100 BST, MCS1 over the land, MCS5
over the sea, and MCS2 offshore near the coast remained in
the control region.

Figure 2 shows the major features of the synoptic back-
ground under which the heavy-rainfall event took place. The
control region lay in front of a trough at 500 hPa, was domi-
nated by southwesterly winds at 500 and 700 hPa, and was lo-
cated in the convergence zone of the southwesterly and south-
easterly winds in the South China coastal region at 850 and
925 hPa. The southeasterly winds in the planetary bound-
ary layer (PBL) transported the high-6. air over the sea to-
ward the control region (Figure 2d). The horizontal wind
speeds from 925 to 700 hPa over South China and its ad-
jacent waters were lower than 10 m s™!, i.e., no strong low-
level jets from the ocean were found. The precipitable wa-
ter was 50-55 and 55-60 mm over the coastal South China
and the offshore sea area, respectively (Figure 2a). More-
over, the convective available potential energy (CAPE) was
500-1000 J kg™! around the control region (Figure 2¢). The



Bao X H, et al.

(a) 500 hPa temp, GH, wind, and PW

100°E 105°E 110°E 115°E 120°E
Precipitable water (mm)
| \ |
35 40 45 50 55

(c) 850 hPa Cape, 8., and wind

Sci China Earth Sci

soNfE T = ' .-:__".‘_l
CUiRE

25°N T2 : 5
A
20°N ; R
AL e~ A .
15°N Rb4d. / J[ X s
1 0
10°N k- ‘ . ¥
f T f
100°E 105°E 110°E 115°E 120°E
Cape

500 1000 1500 2000 2500 3000

October (2017) Vol. 60 No. 10

(b) 700 hPa RH, 8, and wind

105°E 110°E

Relative humidity (%)

L [ TN [ [ ]

30 40 50 60 70 80 90

(d) 925 hPa 8, GH, and wind

30°N L
25°N
20°N
15°N—
10°N— L7
100°E 105°E 110°E 115°E 120°E
Equivalent potential temperature (K)

320 325 330 345 350 355 360

Figure 2 NCEP FNL analysis at 0200 BST 8 May 2013. (a) The 500-hPa geopotential height (solid contours at intervals of 20 m), temperature (dashed
contours at intervals of 1°C), horizontal wind barbs, and precipitable water (mm, shaded). (b) The 700-hPa equivalent potential temperature (., contours at
intervals of 5 K), relative humidity (%, shaded), and horizontal wind barbs. (c¢) The 850-hPa 6. (contours at intervals of 5 K), horizontal wind barbs, and CAPE
(Jkg!, shaded). (d) The 925-hPa geopotential height (solid contours at intervals of 10 m),f. (K, shaded), and horizontal wind barbs. A full bar represents
5 m s, The location of the Yangjiang radar is marked with a red dot in each panel.

aforementioned observations suggest that the atmospheric en-
vironment of the MCSs on May 8, 2013 was characterized by
abundant moisture, moderate CAPE, and a lack of low-level
jets. These environmental features are largely similar to those
two days later when another localized extreme-rainfall event
occurred over the Yangjiang area (Wang et al., 2014).

3. Methodology

3.1 The WRF-EnKF system

In the present study, 40 deterministic forecast experiments

and 60-member ensemble experiments with radar DA are
conducted using the WRF-based EnKF system that was
originally developed for regional-scale DA at the Penn-
sylvania State University (Zhang et al., 2006b; Meng and
Zhang, 2008a, 2008b; Zhang et al., 2009). Version 3.5.1
of the Advanced Research WRF (WRF-ARW) model (Ska-
marock et al., 2008) is employed in the present study. Four
one-way-nested domains (D1-D4) are used with 43 vertical
levels and a model top at 10 hPa. The domains consist of
166x166, 301x289, 529%x508, and 916x664 grid points in
the horizontal with grid spacings of 27, 9, 3, and 1 km, re-
spectively (Figure 3). The initial and boundary conditions
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Figure 3 Model domain configuration. Location of Yangjiang radar is
marked with a black cross. Red dots show the distribution of the super ob-
servations (SOs) at 0200 BST 8 May 2013.

are generated from the National Centers for Environmental
Prediction (NCEP) final analyses (FNL) that are on 1°x1°
grids and available every 6 h. The WRF single-moment
(WSM) six-class microphysics (Hong et al., 2004), the YSU
PBL scheme (Noh et al., 2003), and the thermal-diffusion
land-surface scheme (Chen and Dudhia, 2001) are used for
DI1-D4. The Grell-Freitas ensemble cumulus scheme (Grell
and Freitas, 2014) is turned on in D1 and D2, whereas no
cumulus parameterization is used in D3 and D4.

For each DA experiment, the initial states of 60 mem-
bers are generated by adding balanced perturbations to the
NCEP/FNL analysis at 2000 BST 07 May 2013. The per-
turbations are generated using the “cv3” background error
covariance option in the WRF 3DVar package (Barker et
al., 2004). The perturbed variables include horizontal wind
components, potential temperature, and mixing ratio for
water vapor, and their standard deviations are approximated
by the analysis errors of the FNL data, namely 2 m s™ for
wind, 1K for temperature, and 0.5 g kg™' for water-vapor
mixing ratio. The lateral boundaries are produced using the
same method. This ensemble initialization method has been
used in previous studies (Meng and Zhang, 2008a, 2008b;
Zhang et al., 2009; Luo and Chen, 2015; Zhu et al., 2016).
The covariance relaxation method proposed by Zhang et al.
(2004) (their eq. (5)) is used to inflate the background-error
covariance with a relaxation coefficient of 0.8 (Zhang et al.,
2009; Weng and Zhang, 2012; Zhu et al., 2016).

The DA is performed for the outer three domains (D1-D3).
Following previous studies (Zhang et al., 2009; Weng and
Zhang, 2012; Zhang and Weng, 2015; Zhu et al., 2016; Qiu
and Zhang, 2016), the successive covariance localization

Sci China Earth Sci
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(SCL) method (Zhang et al., 2009) is adopted to assimilate
the radar observations. This method uses the fifth-order
correlation function proposed by Gaspari and Cohn (1999)
for covariance localization. A different horizontal-localiza-
tion radius of influence (ROI) is used to acquire information
about weather systems of different scales. In the present
study, ROIs of 810, 270, and 90 km are used and 11%, 22%,
and 67% of the data are assimilated in D1, D2, and D3, re-
spectively, while the ROI in the vertical direction is set to the
model depth (including all of the 43 vertical levels). The DA
cycles of D1-D3 are performed sequentially. Namely, the DA
cycle of each child domain is performed after completion of
the DA cycle of its parent domain, using the parent-domain’s
ensemble boundary conditions.

3.2 Doppler-radar data processing

The radial velocities measured by the Yangjiang radar (e.g.,
Figure 3) are assimilated using the EnKF system in the DA
experiments. The Yangjiang S-band Doppler radar is simi-
lar to the WSR-88D radars used in the United States (Zhu
and Zhu, 2004). Detailed information about the features of
this radar can be found in Wang et al. (2014). The au-
tomated Doppler-radar velocity dealiasing algorithm (Xiao
et al., 2012) is used for velocity unfolding, whereupon the
method of Zhang et al. (2009) is used for additional quality
control and data thinning. For each angle, we obtain discrete
data of 3-km resolution in the radial direction and 3° resolu-
tion in the azimuthal direction to produce a “super” observa-
tion (SO). The observation error of radial velocity is set to be
3 m s™! for the assimilation. Distributions of SOs in the model
domain at 0200 BST 7 May 2013 are shown in Figure 3. To
show the real observations more clearly, the radar reflectivity
and SO radial velocity from three scans (1.4°, 3.3°, and 6.0°)
of the Yangjiang radar at 0400 BST 8 May 2013 are shown
in Figure 4.

3.3 Experimental design

To investigate the influence of the DA time interval and span
on the prediction of the MCSs, 40 DA deterministic forecast
experiments (40 DADF) are conducted using the WRF-EnKF
system with the DA time interval varying from 6—30 min and
the DA time span from 0 to 2 h (Figure 5a). In each DADF
experiment, the 60 members (D1-D3) are first integrated for
6 h to develop a high-resolution, flow-dependent background
error covariance structure. The DA starts at the same time in
each case (0200 BST 8 May 2013) but ends at different times
between 0200-0400 BST, with a time interval of 6, 12, 24,
and 30 min in the three domains D1-D3, respectively. De-
terministic forecasts are initiated from the ensemble mean of
the EnKF analyses right after the DA procedure is completed.
Figure 5d gives the DA end time and the DA time interval of
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Figure 4 Radar reflectivity ((a)—(c)) and SO radial velocity ((d)—(f)) from the ((a), (d)) 1.4°, ((b), (¢)) 3.3°, and ((c), (f)) 6.0° scans of the Yangjiang radar at
0400 BST 8 May 2013. Gray shading represents topography and gray lines denote the coastlines and provincial boundaries. The pink star in (a)—(c) denotes

the location of the Yangjiang radar.
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Figure5 (a)—(c) Schematic flowcharts for (a) the 40 DADF experiment, (b) the NODA experiment, and (c) the exp37 EF and NODA EF experiments. Navy,
blue, green, and orange thin arrows represent 6-min, 12-min, 24-min, and 30-min DA experiments, respectively. (d) List of the 40 DADF experiments. The
numbers in color represent the experiment index. The DA time intervals (in min) are listed in the left column, while the DA end times (hh mm) are listed in

the bottom row.

each DADF experiment. As a benchmark, an NODA exper-
iment is performed using the WRF model as a deterministic
forecast initiated from the NCEP FNL analyses at 2000 BST
7 May 2013 without the radar DA (Figure 5b). To analyze
the impact of EnKF assimilation of radar observations on the
probability forecast of the MCSs, the exp37 60-member en-
semble forecast (exp37 EF) and NODA 60-member ensemble
forecast (NODA EF) experiments are conducted (Figure 5c).
The exp37 EF experiments are initiated from the 60 ensem-
ble members of the EnKF analyses at the DA end time (0400
BST) of exp37 with 6-min time interval and 2-h time span.
For comparison convenience, the NODA EF experiments are
performed using the same perturbed ensemble members at
2000 BST 7 May 2013 as both the 40 DADF experiments
and the exp37 EF experiments. Domain 4 (D4) is turned on

at 0400 BST 8 May 2013 in all of these experiments. All ex-
periments are integrated to 1100 BST 8 May 2013.

4. Convection prediction by NODA and the 40
DADF experiments

4.1 Convective evolution in NODA

Figure 6 shows radar reflectivity (dBZ) at 3 km ASL de-
rived from NODA D4 during 0400-1100 BST 8 May 2013.
Comparisons between Figure 6 and Figure 1¢c—j suggest that
NODA largely captured the formation and morphology of
MCS1 and MCS5 but missed the occurrences of MCS2,
MCS3, and MCS4. Initiation and evolution of the simulated
MCSI1 and MCSS still differ from the observations. The
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Figure 6 Radar reflectivity (dBZ) at 3 km ASL derived from NODA D4 during 0400-1100 BST 8 May 2013.

initiation of MCS1 at 0600 BST in NODA was 4 h later than
that observed (at 0200 BST). The NODA-simulated MCS5
started to weaken at around 0900 BST and almost disap-
peared at 1100 BST, whereas the observed MCS5 maintained
its strength until 1100 BST.

4.2 Convective evolution in the 40 DADF experiments

To evaluate the convective evolution in the 40 DADF exper-
iments, a neighborhood ensemble probability (NEP) method
(Schwartz et al., 2010) is used to verify the radar reflectivity
forecasts. Similar to Snook et al. (2015), the radar observa-
tions are interpolated from the full radar reflectivity volumes
to the model grid for the verification. A neighborhood radius
of 2.5 km is used, resulting in a neighborhood consisting of
21 points in each member; thus, for the 40-member ensemble
used, the ensemble-wide neighborhood consists of 840 fore-
cast values.

Using the NEP method, the forecast probability of radar re-
flectivity exceeding 15 dBZ at 3 km ASL is calculated during
0400-1100 BST 8 May 2013, and compared with the cor-
responding reflectivity contours observed by the Yangjiang
radar. These results are shown in Figure 7a—h. The areas
with a high NEP of MCS1 closely match the regions where
the observed reflectivity exceeds 15 dBZ throughout the fore-
cast period, except that the high-NEP area is shifted slightly
to the north of the observed MCS1 at 0600 BST and, at the
late stage of the forecast (1000—1100 BST), the high-NEP ar-
eas corresponding to MCS 1 move eastward more rapidly than
does the observed MCS1. For MCSS, at the initial state (0500

and 0600 BST), there is a low-NEP area of large reflectiv-
ity to the south of the observed MCSS5, suggesting that only
several experiments simulated the initiation of MCS5 with
some location errors. Shortly after, the NEP increases and the
high-NEP area expands. Although the high-NEP area is still
shifted somewhat to the south of the observed MCS5, the en-
semble produces the evolution and movement of MCSS5 with
high probability during 0800—-1100 BST.

The forecast probability of strong radar reflectivity (>30
dBZ) at 3 km ASL is also calculated using the NEP method.
The results during 08001100 BST are shown in Figure 7i-1,
while the results during the earlier hours are not shown be-
cause the MCSs are too weak, with very small areas exceed-
ing 30 dBZ in both the observations and the ensemble exper-
iments. The ensemble experiments overestimate the spatial
coverage of large radar reflectivity (>30 dBZ) of MCS1. The
NEP over land increases with forecast time. The high-NEP
area over the land is slightly north of the observed MCSI1 at
0800 BST and moves southeastward faster than does the ob-
servation. The high-NEP over the sea is located south of the
observed MCS5, and moves eastward faster than does the ob-
servation, too. The NEP over the sea decreases after 0900
BST, indicating that fewer DADF experiments correctly pre-
dict the sustaining of MCSS5 that is observed.

4.3 Comparison of AUC between NODA and the 40
DADF ensemble experiments

In this subsection, the performance of the NODA and 40
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Figure 7 (a)-(h) Neighborhood ensemble probabilities (NEP; shaded) of the 40 DADF experiments that predicted radar reflectivity exceeding 15 dBZ at
3 km ASL during 0400-1100 BST. (i)—(1) As in (e)—(h), except for NEP of radar reflectivity exceeding 30 dBZ at 3 km ASL during 0800—1100 BST. The regions
of radar reflectivity exceeding 15 and 30 dBZ in (a)—(h) and (i)—(1), respectively, observed by the Yangjiang radar at the corresponding times are outlined by

bold black lines.

DADF experiments is compared using the area under the rel-
ative operating characteristic (ROC) curve (AUC; Mason and
Graham, 1999, 2002) to examine the DA impact. The AUC
has a maximum value of 1.0 for a perfect probabilistic fore-
cast and a minimum value of zero. Scores at or below 0.5
indicate poor forecasts. Figure 8 shows the AUCs of the 40
DADF experiments and NODA for the radar reflectivity ex-
ceeding 15 dBZ at 3 km ASL over the control region. The
AUC of NODA was less than 0.5 at 0400 and 0500 BST,
suggesting that NODA is poor in the early stage. This is con-
sistent with the feature of the simulated radar reflectivity at
3 km ASL, i.e., NODA does not correctly forecast the initi-
ation and development of the MCSs. The AUC of NODA
gradually increases with time after 0600 BST from 0.53 to
0.69 (Figure 8c-h), as NODA reasonably well simulates the
development and shape feature of MCS1 during 0600—1100

BST (Figure 5). Although NODA already displays good fore-
casting ability after 0600 BST, more than half of the DADF
experiments have a higher AUC compared to NODA during
0400-1100 BST except for 0600 and 0700 BST (Figure 8).
These results confirm that assimilating the Yangjiang radar
radial velocity using the EnKF method generally improves
the simulation of convection initiation and evolution.

5. Influence of different DA time intervals and
spans

Figure 8 shows that six maximal values of AUC during
0400-1100 BST belong to three experiments with 6-min
time interval, i.e., exp28 (at 0800 and 0900 BST), exp36 (at
0400 and 0700 BST), and exp37 (at 0500 and 0600 BST),
accounting for 75% of the eight times examined. Exp37 has
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Figure 8 (a)—(h) Area under the ROC curve (AUC) of radar reflectivity at the 15-dBZ threshold at 3 km ASL from the 40 DADF experiments and NODA
during 0400-1100 BST. (i) Sum of the 8-h (0400-1100 BST) AUC for radar reflectivity at the 15-dBZ threshold at 3 km ASL from the 40 DADF experiments
and NODA. The numbers of DADF experiments with an AUC exceeding that of NODA and the experiment with the maximum AUC are labeled at the top
right of each panel. The numbers 1-40 along the horizontal axis represent the 40 DADF experiments.

the largest AUC when summed over the eight evaluation
times. The other two maximal values of AUC are obtained
by expl5 and exp38, which use a 12-min DA time interval.
However, the least skillful experiments (exp23, exp27, and
exp31) also use 12-min DA time intervals, suggesting that a
shorter time interval (i.e., 12 min) does not always help and

could even result in degradation of the simulated convective
evolution. Furthermore, the experiments with a 6-min DA
time interval tend to have AUCs that increase with longer
DA time span. This characteristic is hardly seen in the
experiments with longer DA time intervals. For example, for
the experiments with a 12-min time interval, the AUCs of
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the experiments with longer DA time spans (exp23, exp27,
and exp31) are even lower than those of the experiments
with shorter time spans (e.g., exp4 and exp7) (Figure 8i).
Nevertheless, exp37 with the shortest time interval and the
longest DA time span has the highest AUC (Figure 8i).

To better understand these features, the root-mean-square
errors of the radial velocity (RV RMSEs) for the EnKF fore-
cast (ensemble mean field before DA) and the analysis (en-
semble mean field after DA) are calculated. Almost all of
the 6-min-interval experiments have the minimum RV RMSE
of both the forecast and analysis, whereas the experiments
with longer DA time interval do not have monotonic reduc-
tion of RV RMSE with shortening the DA time interval (not
shown). Because the small errors of the initial state tend to
grow rapidly and finally impact the forecast (Zhang et al.,
2006a), it is unsurprising that the 6-min-interval experiments
always show the best results and that the experiments with
longer time intervals result in unstable forecasts.

We also calculate the hourly AUC of the 40 DADF experi-
ments and NODA for radar reflectivity exceeding 30 dBZ at
3 km ASL during 0800-1100 BST and the sum of the four
AUC values (Figure 9). NODA has an AUC of roughly 0.7,
suggesting that the NODA experiment reasonably simulates
the spatial distribution of convective cores with large radar
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reflectivity (>30 dBZ). Given this, it is not surprising that
only 12 DADF simulations shows slightly better forecasting
ability than that of NODA (Figure 9¢). The majority of the
12 DADF experiments are those with a 6-min time interval.
Similar to what has been found in the AUC results with a
threshold of 15 dBZ (Figure 8), the lowest four values belong
to experiments with a 12-min time interval (exp27, exp23,
exp31, and exp19) (Figure 9¢). In contrast to the AUC re-
sults using a threshold value of 15 dBZ, the experiment with
highest AUC value is expl5 instead of exp37.

However, exp37 is identified as the optimal experiment for
two reasons. Firstly, the AUC of exp37 for reflectivity greater
than 30 dBZ is just slightly lower than that of exp15 (2.88 vs.
2.93), whereas the AUC of exp37 for reflectivity greater than
15 dBZ is much greater than that of expl5 (5.12 vs. 4.89).
Secondly, the forecasting ability of the 6-min-interval exper-
iments is more stable, showing fewer variations with differ-
ent DA time spans compared with the experiments with a
12-min DA time interval. Therefore, in the following sub-
section, exp37 is compared with NODA and the observations
to help understand the physical reasons contributing to the
higher forecasting ability of exp37.

We reason that the group with a 6-min DA time interval
show higher forecasting ability on the whole compared with
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Figure 9 (a)—(d) Area under the ROC curve (AUC) of radar reflectivity at the 30-dBZ threshold at 3 km ASL from the 40 DADF experiments and NODA
during 08001100 BST. () Sum of the 4-h (0800—-1100 BST) AUC for radar reflectivity at the 30-dBZ threshold at 3 km ASL from the 40 DADF experiments
and NODA. The numbers of DADF experiments with an AUC exceeding that of NODA and the experiment with the maximum AUC are labeled at the top
right of each panel. The numbers 1-40 along the horizontal axis represent the 40 DADF experiments.
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the other groups, and that the ability tends to improve with
longer DA span, suggesting that assimilating more complete
information of the radar velocity helps the convection predic-
tion. In contrast, experiments using the longer time intervals
(12, 24, and 30 min) result in less stable forecasts that do not
tend to improve with longer DA span. The lower ability of
some of those experiments could be attributed to the absence
of important information contained in the radar radial-veloc-
ity observations that is not assimilated. Based on these re-
sults, we may state that, to better forecast the fast-evolving
MCSs, it is safer to assimilate all observed radar velocity data
with the shortest time interval (depending on the observation
period of the equipment) and over as long a time span as pos-
sible.

6. Comparison between an optimal DADF ex-
periment and NODA

This section compares an optimal DADF experiment (exp37)

() OBS 05BST

(b) OBS 07 BST
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with NODA in relation to both their forecasts of convec-
tive evolution and their analysis fields. Figure 10 shows the
radar reflectivity at 3 km ASL derived from the observation,
NODA, and exp37 at four selected times. Compared with
NODA, exp37 shows better simulations for MCS1, MCS4,
and MCSS5. The simulated radar reflectivity from exp37 at
0500 BST is close to the observation in relation to the pres-
ence and locations of MCS1, MCS2, MCS4, and MCS5 ex-
cept for a larger extent and stronger intensity of MCS1, MCS4
and MCS5, whereas NODA produces only scattered convec-
tive cells over the sea that are similar to the observed MCS5
and misses the other MCSs at 0500 BST. The development of
the major rain-producer in this case, namely MCS1, during
0700-1100 BST is captured well by both NODA and exp37,
although its extent is smaller in NODA than it is in exp37. For
MCS4, NODA essentially misses it whereas exp37 correctly
simulates its location and its evolution from its powerful stage
into its dying-out stage from 0500 BST to 0900 BST, despite
some overestimation of its intensity. For MCS5, NODA suc-
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Figure 10 Radar reflectivity (dBZ) at 3 km ASL derived from the Yangjiang radar observations ((a)—(d)), NODA ((e)—(h)), and exp37 ((i)—(1)) at 0500, 0700,
0900, and 1100 BST. Ellipses 1-5 in (a)—(d) denote the regions of individual MCSs. The solid lines AB in (f) and CD in (j) represent the cross sections used in

Figure 13a and 13D, respectively.
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ceeds in simulating its initiation and intensification during
0500-0700 BST, but fails to simulate its maintenance: MCS5
weakens and disappears during 0800—1100 BST in NODA.
In contrast, exp37 reproduces the maintenance of MCS5 un-
til 1100 BST. These comparison results clearly demonstrate
the better performance of exp37 over NODA for predicting
MCS1, MCS4, and MCS5. However, neither NODA nor
exp37 predict the development of MCS2 and MCS3.

Previous studies suggest that near-surface winds and un-
derlying surface inhomogeneous features (topography and
land/sea contrast) play important roles in convection initia-
tion, as well as the fact that a surface mesoscale boundary that
results from convective feedbacks (cold outflows) maintains
heavy-rain-producing convective systems over the coastal
areas of Guangdong in May (Wang et al., 2014; Wu and Luo,
2016). Therefore, wind and temperature fields on the first
model level from NODA (Figure 11d—f) and exp37 (Figure
11g-i) at 0400 BST, 0700 BST, and 1100 BST are compared
to the observations collected at the surface meteorological
stations and automatic weather stations at the same times
(Figure 11a—c). The regions of radar reflectivity exceeding
30 dBZ are outlined by blue contours in Figure 11a-i. To
more clearly illustrate the difference between exp37 and
NODA, the differences of the first-model-level temperature
are shown in Figure 11j-1.

The surface observations show that southeasterly winds
carry warm air over the sea toward the west-Guangdong
coastal and offshore areas at 0400 BST (Figure 11a) support-
ing the development of the convective systems there (Figure
lc). After sunrise, the southeasterly inflows carrying warm
(~27°C) and moist air are strengthened (cf. Figure 1la—c)
and a mesoscale boundary between the warm airflow and the
MCS1-generated cold outflows is formed at the southeast
leading edge of the quasi-linear-shaped MCS1 (Figure 11c),
supporting continuous convection initiation there and leading
to maintenance of MCS1. The interaction of the southeast-
ward vector (representing propagation of convective cells)
and the northeastward vector (representing the environmen-
tal steering flow governing movement of convective cells)
produces the eastward vector that represents the movement
direction of MCS1 (Corfidi et al., 1996). That is, MCSI
moves eastward (Figure 1a—j) because of its interaction with
the environmental steering flow (Figure 2a and b) and the
contrast between the convectively generated cold outflow
and the high-6. onshore inflow near the surface (Figure 11c¢).

At 0400 BST, both exp37 and NODA similarly produce a
2-3°C temperature contrast between the offshore (24-25°C)
and land areas (~22°C) and a decrease in wind speed across
the coastline (cf. Figure 11d and g). At 0700 BST and 1100
BST, although both NODA and exp37 simulate the southeast-
erly inflow feeding MCSI1, the convectively generated cold
outflow is much stronger in exp37 than it is in NODA (com-
pare Figure 11e and h with Figure 11f and i) because of the
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earlier initiation and development of MCS1 in exp37. At
1100 BST, a mesoscale boundary is present in exp37 (Fig-
ure 11i) which is consistent with the observations, but it is
not found in NODA (Figure 11f). A narrow band of negative
temperature difference between exp37 and NODA over the
leading edge of MCS1 (Figure 111) reflects a stronger cold
pool in exp37.

To better understand the improvements in exp37 rela-
tive to NODA (i.e., earlier initiation of MCS1 and longer
maintenance of MCS5), Figure 12 shows the precipitable
water (PW) and horizontal wind at 925 hPa from NODA and
exp37 at the DA start time (0200 BST) and the DA end time
(0400 BST) (Figurel2a—d), as well as the corresponding
difference of PW between exp37 and NODA (exp37 minus
NODA) (Figure 12e—f) and the vertical profiles of the top
10% and the maximum vertical velocity (W) below 6 km in
the environmental inflow area of MCS1 (green rectangles in
Figure 12a—f) at the appropriate times (Figure 12g—h). At
the DA start time, the PW differences range from —2 mm to
2 mm (Figure 12a, c, and e). When the DA is finished (0400
BST), the PW around the control region in exp37 becomes
generally larger than that in NODA (0-2 mm). Moreover,
the upward velocity of the environmental inflow in the
low-middle layer has larger values in exp37 at both the DA
start and end times. At 0200 BST, the max W (the top-10%
W) in exp37 is 8-33 cm s (1-13 cm s7') larger than that
in NODA. At the lower levels (i.e., ~0.6 km), the max W
in exp37 has a peak of roughly 52 cm s™!, whereas the peak
of max W is roughly 35 cms™ in NODA. At 0400 BST,
the max W (the top-10% W) in exp37 is clearly larger than
that in NODA as well. Between 0.2-2 km, the max-W
value in exp37 is 32-37 cm s~ whereas that in NODA is
24-32 cm s, Therefore, compared with NODA, although
the PW over the southeasterly inflow area in exp37 is only
slightly more abundant (with a difference of 0—2 mm), the
stronger upward motion in exp37 could lift the warm and
moist inflow air to higher levels to trigger convection.

Around 0700 BST, MCS5 in NODA begins to weaken,
whereas MCSS5 in exp37 maintains its convective intensity.
To better understand this difference in behavior, the vertical
structures of MCS5 in NODA and exp37 at 0700 BST are
compared (Figure 13). Specifically, Figure 13a and b shows
the vertical cross sections of radar reflectivity, negative
virtual-potential-temperature (6,) perturbation, and in-plane
flow vectors through the MCSS5 (along the black lines AB in
Figure 10f (NODA) and CD in Figure 10j (exp37)) in NODA
(exp37) at 0700 BST. The virtual-potential-temperature
perturbation (6,) along the black line AB (the coordinates of
points A and B are A (ia, ja) and B(is, ja)) is defined by
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In exp37, MCS5 is wide (~100 km across), deep (echo
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top extending up to ~14 km), and intense, with maximal re-
flectivity reaching 50—55 dBZ and updrafts extending up to
13 km (Figure 13b). Below 3 km ASL, there is a negative
peak in 6, (<—1.5°C) located at the base of the maximum
echo. At the top of this cold pool, the low-level inflow air
is turning upward. This is similar to findings of Houze et
al. (2009), who investigated continuous convective initiation
in rain bands over the tropical ocean. They found that the
cold pool generated by rain evaporative cooling at the base of
the rain cell was strong enough to act as an impediment that
raised the inflow air to its level of free convection and helped
the convective initiation and maintenance. In contrast, at

the same time in NODA (Figure 13a), MCSS5 is significantly
weaker in convective intensity, smaller in horizontal span,
and shallower in vertical extension; for example, the updrafts
with smaller magnitudes barely reach 9 km ASL. There is no
cold pool at the base of the rain cell, while negative 6, values
(<—0.5°C) are noticed in the middle layer (3—5 km). Conse-
quently, the low-level inflow air hardly rises above its level
of free convection, which contributes to rapid weakening of
MCSS5 in NODA.

In short, after assimilating the radar velocity data, the sur-
face air on the land becomes moister and the rising velocity
of the inflow air is greater in exp37. These are more favor-
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able for the MCS1 initiation. In contrast, MCS5 at its earlier
stage in exp37 is wider, deeper, and more intense than it is
in NODA, leading to the production of a cold pool near the
sea surface that lifts the unstable inflow air to the level of free
convection and maintains MCS5 in exp37.

7. Influence of radar data assimilation on
probabilistic forecasts

To investigate the impact of DA on probabilistic forecasts of
the MCSs, we compare the NEP of radar reflectivity from
the two sets of 60-member ensemble experiments, i.e., the
NODA EF experiments and the exp37 EF experiments. As
introduced in subsection 3.2, the two sets of ensemble ex-
periments are initiated from the same 60-member perturbed
ensemble initial fields at 2000 BST 7 May 2013; however,
the DA is applied to the exp37 EF experiments every 6 min
during 0200-0400 BST (Figure 5c). The NEPs of radar re-

(@) 04 BST 15dBZ (b) 05 BST 15 dBZ

Sci China Earth Sci

October (2017) Vol. 60 No. 10

flectivity exceeding 15 dBZ (30 dBZ) at 3 km ASL during
0400-1100 BST (0800-1100 BST) in the NODA EF experi-
ments and the exp37 EF experiments are shown in Figures 14
and 15, respectively. For the 60-member ensemble used, the
ensemble-wide neighborhood consists of 1260 forecast val-
ues.

The NEPs of radar reflectivity exceeding 15 dBZ from the
NODA EF experiments at 0400 BST are close to zero in the
analysis domain, except for a few scattered regions with low
NEP (<0.3) located to the west of the observed MCS1 (Figure
14a), suggesting that most members fail to forecast MCSs at
the initial state. Soon afterward, the NEP values near the ob-
served MCS1 become higher with a larger area. However, the
NEP values do not exceed 0.6 and the high-NEP area is still
smaller than the observed MCS1 through the entire forecast
period. For MCSS5, there is a low-NEP region located to the
south of the observed MCS35, and the NEP values are smaller
than 0.4 during 0500-1100 BST (Figure 14b-h).
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(a)—(h) Neighborhood ensemble probabilities (NEP; shaded) of the NODA EF experiments that predicted radar reflectivity exceeding 15 dBZ at 3

km ASL during 0400—1100 BST. (i)—(1) As in (e)—(h), except for NEP of radar reflectivity exceeding 30 dBZ at 3 km ASL during 0800—-1100 BST. The regions
of radar reflectivity exceeding 15 and 30 dBZ in (a)—(h) and (i)—(1), respectively, observed by the Yangjiang radar at the corresponding times are outlined by

bold black lines. Gray lines represent the coastlines and provincial boundaries.
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Figure 15 (a)—(h) Neighborhood ensemble probabilities (NEP; shaded) of the exp37 EF experiments that predicted radar reflectivity exceeding 15 dBZ at 3
km ASL during 0400-1100 BST. (i)—(1) As in (e)—(h), except for NEP of radar reflectivity exceeding 30 dBZ at 3 km ASL during 0800—1100 BST. The regions
of radar reflectivity exceeding 15 and 30 dBZ in (a)—(h) and (i)—(1), respectively, observed by the Yangjiang radar at the corresponding times are outlined by

bold black lines. Gray lines represent the coastlines and provincial boundaries.

Compared with the NODA EF experiments, the NEP of
radar reflectivity exceeding 15 dBZ from the exp37 EF exper-
iments is clearly more skillful for MCS1, MCS4, and MCS5
during the entire forecast period (Figure 15a—h). The NEP
values are 0.8—1 in most of the high-NEP regions near MCS1
and MCS4. Although the high-NEP regions are wider than
the observation at 0400 BST and with some displacement
errors during 0500-0700 BST, the exp37 EF experiments
reproduce MCS1 and MCS4 with high probability after the
assimilation cycle. For MCSI1, the high-NEP region closely
matches the observation both in shape and extent during
0800—1100 BST. For MCS5, the exp37 EF experiments have
higher NEP than those of the NODA EF experiments during
0500-1100 BST.

The NEP of strong radar reflectivity (>30 dBZ) at
3 km ASL during 0800-1100 BST is compared between
the two ensemble experiments (Figures 14i—1, 15i-1). The
NEP near MCSI is substantially greater in the exp37 EF
experiments (up to 0.8) than in the NODA EF experiments

(<0.45), while the NEP value near MCSS5 is also slightly
larger. All these results suggest that the radar DA greatly
improves the probability forecast of MCS1 over the land and
MCSS over the ocean.

8. Summary and conclusions

This work investigates the performance of a WRF-based
EnKF in assimilating Doppler-radar radial-velocity data for
convection-permitting prediction of MCSs over South China
in the first heavy-rainfall event that occurred during the
SCMREX 2013-10P. Forty deterministic experiments with
DA (40 DADF experiments) are generated using different
time intervals and spans to assimilate the quality-controlled
radial-velocity observations from the Yangjiang S-band
radar. The initial ensemble (60 members) for the EnKF
DA is generated by adding balanced perturbations to the
FNL/NCEP analysis data at 2000 BST 7 May 2013, and
integrated for 6 h to develop an approximately realistic,
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flow-dependent background-error covariance structure be-
fore the first observation is assimilated. In the experiments,
the DA starts at the same time (0200 BST 8 May) but lasts
for different time spans (6 min to 2 h), with the time intervals
used being 6, 12, 24, and 30min. Each deterministic forecast
is initiated from the ensemble mean of the EnKF analyses.
The reference experiment is conducted without DA (i.e.,
the NODA experiment) using the FNL/NCEP analysis at
2000 BST 7 May 2013 as the initial and lateral boundary
conditions. To more clearly show the impact on the MCSs
forecast by the radar DA, two sets of 60-member ensemble
experiments (NODA EF and exp37 EF) are performed using
the same 60-member perturbed ensembile initial fields at 2000
BST 7 May 2013, but with the radar DA being conducted
every 6 min in the exp37 EF experiments from 0200-0400
BST. The major conclusions are as follows.

(1) The ensemble of 40 DADF experiments can predict the
heavy-rain-producing MCSs over the land and another MCS
over the ocean with high probability, despite slight displace-
ment errors. The individual DADF experiments are generally
better at convection prediction than is NODA. The exp37 EF
greatly improves the probability forecast of the inland and
offshore MCSs compared to the NODA EF. These findings
support the effectiveness of DA and the advantage of con-
vection-permitting ensemble forecasting for predicting con-
vection development over the land and sea.

(2) Compared with the experiments using the longer DA
time intervals, assimilating the radial-velocity observations
at 6-min intervals tends to produce better forecasts. The ex-
periment with the longest DA time span and shortest time in-
terval shows the best performance. However, a shorter DA
time interval (e.g., 12 min) or a longer DA time span does
not always help, and could even result in degradation of the
simulated convection evolution.

(3) Compared with NODA, the best-performing experi-
ment with DA corrects errors in the simulated convective
evolution in the inland, coastal, and offshore areas. By
improving the representation of the initial state through
the DA procedure, the dynamic and thermodynamic fields
become more conducive for earlier initialization of the
heavy-rain-producing MCSs in the inland area and longer
maintenance of the MCS over the South China Sea.

Investigations of other heavy-rainfall cases during the
SCMREX are ongoing, which is necessary for examining
the generality of the findings obtained in the present study.
Nevertheless, the encouraging results presented in this study
demonstrate the great potential of assimilating Doppler-radar
radial-velocity data in improving the forecasts of MCSs
impacting the inland, costal, and offshore areas of South
China during the pre-summer rainy season.
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