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The forecast accuracy of a numerical weather predic-
tion (NWP) model for a very short time range (<1 h)
for a meso-y-scale (2-20 km) extremely heavy rainfall
(M7YExHR) event that caused flooding at the Shibuya
railway station in Tokyo, Japan on 24 July 2015 was
compared with that of an extrapolation-based now-
cast (EXT). The NWP model used CReSS with 0.7 km
horizontal grid spacing, and storm-scale data from
dense observation networks (radars, lidars, and mi-
crowave radiometers) were assimilated using CReSS-
3DVAR. The forecast accuracy of the heavy rainfall
area (>20 mm h~!), as a function of forecast time
(FT), was investigated for the NWP model and EXT
predictions using the fractions skill score (FSS) for
various spatial scales of displacement error (L). These
predictions were started 30 minutes before the onset of
extremely heavy rainfall at Shibuya station. The FSS
for L=1 km, i.e., grid-scale verification, showed NWP
accuracy was lower than that of EXT before FT=40
min; however, NWP accuracy surpassed that of EXT
from FT=45 to 60 min. This suggests the possibility
of seamless, high-accuracy forecasts of heavy rainfall
(>20 mm h™!) associated with M7YExHR events within
a very short time range (<1 h) by blending EXT and
NWP outputs. The factors behind the fact that the
NWP model predicted heavy rainfall area within the
very short time range of <1 h more correctly than
did EXT are also discussed. To enable this discussion
of the factors, additional sensitivity experiments with
a different assimilation method of radar reflectivity
were performed. It was found that a moisture adjust-
ment above the lifting condensation level using radar
reflectivity was critical to the forecasting of heavy rain-
fall near Shibuya station after 25 min.

Keywords: meso-y-scale extreme heavy rainfall, nu-
merical weather prediction, extrapolation-based nowcast,
blending, predictability

1. Introduction

Meso-y-scale (2-20 km) extremely heavy rainfall
(MYExHR) events can cause urban flash flooding with ac-
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companying damage and potential loss of life, e.g., [1,2].
Therefore, the development and verification of an appro-
priate forecasting methodology for MYExHRs is very im-
portant.

There are two principal approaches to the forecasting
of rainfall on very short temporal scales, termed “now-
casting.” The first approach is called extrapolation-based
nowcast (EXT), in which a precipitation variable such
as rainfall rate is extrapolated temporally using radar
data, e.g., [3,4]. However, a simple extrapolation-based
nowcast cannot incorporate storm evolution: initiation,
growth, and dissipation. Therefore, EXT accuracy is gen-
erally highest in the very short term, and it decreases
rapidly with time. The second approach to forecasting
rainfall uses numerical weather prediction (NWP) mod-
els, e.g. [5]. In NWP models, time is needed to create
precipitation if the models, in their initial conditions, do
not include precipitation at the start of the forecast. The
assimilation of radar reflectivity at the start of a forecast
can reduce the time needed to create precipitation. How-
ever, it is difficult to embed thermodynamically-balanced,
small-scale convective features with precipitation in the
model initial conditions and then to correctly evolve these
features. The time needed to create such balanced con-
vective features with precipitation is called the “spin-up
time,” and the existence of the spin-up time inherent in
NWP models is referred to as the “spin-up problem” (e.g.,
[6]). Because of the spin-up problem, NWP model accu-
racy is generally low in the very short term. Over longer
periods, the forecast accuracy of NWP models tends to be
better than that of EXTs, primarily because NWP models
are able to simulate storm lifecycles through the consid-
eration of related atmospheric processes.

Kato et al. (2017) [7] examined the predictability, or
the forecast accuracy as a function of forecast time, of
23 selected MYExHR events (1-h accumulation rainfall
>50 mm) that occurred during the warm season of 2014
in Japan, using High-Resolution Precipitation Nowcasts
(HRPNs) [8,9] provided by the Japan Meteorological
Agency (JMA). Although the HRPNs incorporate pre-
diction algorithms for the initiation, growth, and dissi-
pation of heavy rainfall areas, the HRPNs are based on
extrapolation, i.e., EXTs, and differ from NWP, which
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Fig. 1. Calculation domains of 1km-CReSS and 0.7km-CReSS experiments as well as locations of
observation stations. Circles indicate the observational ranges of the radars (solid circles) and lidars
(dashed circles). The different colors indicate topographic elevations.

time-integrates hydrodynamic and thermodynamic equa-
tions with cloud physics. Kato et al. (2017) [7] showed
that the predictability limit for areas of heavy rainfall
(>20mmh~!) was ~30 minif a displacement error (L) of
~10 km is tolerated. Strictly speaking, L indicates neigh-
borhood length in calculating the fractions skill score
(FSS) [10]. This suggests that NWP models with accept-
able accuracy beyond ~30 min for areas of heavy rainfall
(>20 mm h~!, L: ~10 km) are necessary for useful fore-
casts to be provided beyond this time limit. If such an
NWP model exists, it should be possible to provide use-
ful forecasts of the heavy rainfall areas associated with
M7YExHR events by seamlessly blending the HRPN and
NWP outputs.

Most blending methods are intended to improve fore-
cast accuracy for large-scale (>meso-f-scale) precipita-
tion events over a time range of more than several hours
(e.g., [11]), whereas the applicability of blending meth-
ods to MYExHR events on very short time scales (<1 h)
has rarely been examined. This is partly because of the
lower forecast accuracy of NWP models over a very short
time range due to spin-up problems. However, these have
recently been reduced by storm-scale data assimilation in
high-resolution, rapid-update-cycle NWP models [5].

There have been earlier studies of MYExHR events
using NWP models with storm-scale data assimilation
(e.g., [12, 13]); however, they did not compare the accura-
cies of NWP models and EXTs. Therefore, it is necessary
to investigate first whether NWP accuracy for MyExHRs
can outperform that of EXTs before examining the appli-
cability of a blending method for MYExHRs.

In this study, we investigated and compared the fore-
cast accuracies of an NWP model and those of EXT over
a very short time range (<1 h) for an MYExHR event
that caused flooding at the Shibuya railway station in
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Tokyo, Japan on 24 July 2015. For the EXT, we used
HRPNs provided by the JMA. For the NWP model, a
high-resolution (0.7 km) cloud-resolving storm simulator
(CReSS) [14, 15] was used with a three-dimensional vari-
ational (3DVAR) data assimilation system called CReSS-
3DVAR. For the CReSS-3DVAR, unique storm-scale ob-
servational data obtained from dense networks of radars,
lidars, and microwave radiometers (MWRs), developed in
the Tokyo metropolitan area by the National Research In-
stitute for Earth Science and Disaster Resilience (NIED),
were assimilated. The unique aspect of this study was the
comparison of the forecast accuracies of the NWP model
and EXT within a very short time range (<1 h) for an
MYExHR event.

The remainder of this paper is organized as follows. In
section 2, the observational data and CReSS-3DVAR sys-
tem are explained. In section 3, a brief introduction of
the HRPN data is presented. In section 4, the verification
methods that use FSS are explained. The results are pre-
sented in section 5 and discussed in section 6. Finally, a
summary of the study and thoughts regarding future work
are given in section 7.

2. Observations and Assimilation System of
CReSS-3DVAR

2.1. Observations
2.1.1. Radar

For the assimilation of radar reflectivity, five X-band
multiparameter (X-MP) Doppler radars [16] operated by
Japan’s Ministry of Land, Infrastructure, Transport, and
Tourism were used (Shinyokohama, Funabashi, Saitama,
Yattajima, and Ujiie; Fig. 1). The observation range of
the radars was 80 km. The radial and azimuthal sam-
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pling intervals of the radars were 150 m and 1.2°, respec-
tively. Quality control of the radar reflectivity data was
conducted to eliminate noise, ground clutter, and non-
meteorological echoes with the help of polarimetric pa-
rameters [16]. The attenuation of reflectivity was cor-
rected using specific attenuation calculated from a spe-
cific differential phase [16]. The radars were operated in a
volume-scan mode with 12 elevation angles (0.5° —20.0°)
every 5 min.

For the assimilation of radial velocity, eight X-MP
Doppler radars were used, including the five mentioned
above. The other three radars were research radars:
two that belonged to NIED, located at Ebina (EBN) and
Kisarazu (KSR), and one that belonged to the Central Re-
search Institute of the Electric Power Industry, located at
Abiko (ABK). The beam widths of the EBN and KSR
radars were 1.3° and 1.0°, respectively, and the observa-
tional range of these radars was 80 km. The beam width
and observational range of the ABK were 1.2° and 64 km,
respectively. The radial sampling interval of the EBN,
KSR, and ABK radars was 150 m. The EBN and KSR
radars were operated in a volume-scan mode with 10 el-
evation angles (0.7°-6.9°) every 5 min. The ABK radar
was operated in a volume-scan mode with 14 elevation
angles (0.6°-24.4°) every 5 min.

For both the reflectivity and the radial velocity data, 5
minutes of observational data before the starting time of
the NWP forecast (13:55-14:00 JST) were assimilated.
JST stands for Japan Standard Time (JST = UTC + 9 h).

2.1.2. Lidar

The two Doppler lidars used in this study were devel-
oped by the Mitsubishi Electric Corporation and NIED,
and they were located at Okayama (OKY) and Iwatsuki
(IWT) (Fig. 1). These lidars observed radial velocity
using an eye-safe laser with a wavelength of 1.55 pum.
The laser of this wavelength is strongly backscattered by
aerosols. The pulse width was 500 ns and the pulse rep-
etition frequency was 4000 Hz. The range and azimuthal
sampling intervals were 150 m and 1°, respectively. The
observational range typical during summer was approx-
imately 15 km, depending on atmospheric conditions.
In this study, 10 minutes of radial velocity data before
the starting time of the NWP forecast (13:50-14:00 JST)
were assimilated. The data included one scan of plan po-
sition indicator (PPI) from the IWT lidar (elevation angle
= 6.9°, rotation speed RS = 240 deg min~!, sampling
number: number of Doppler spectra averaged for Doppler
velocity N = 1000), and two scans of PPI from the OKY
lidar (elevation angle = 1.9°, RS = 240 and 60 deg min~!,
N = 1000 and 4000).

2.1.3. Microwave Radiometer (MWR)

The MWR network with 10 MWRs was developed in
2014 by NIED in the Tokyo metropolitan area, and contin-
uous observations using the MWR network commenced
in April 2015. The MWRs used in this study were Humid-
ity And Temperature PROfilers (HATPRO) models man-
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ufactured by Radiometer Physics Gmbh (Germany). Us-
ing the MWRs, precipitable water vapor (PWV) was re-
trieved based on statistical analysis with a neural network-
ing method [17] using a training set of radiosonde upper
sounding data from the past 30 years (09:00 and 21:00
JST), observed at Tateno (Fig. 1). Seven channels of
brightness temperature in the water vapor absorption band
(22.24-31.4 GHz) and seven channels of brightness tem-
perature in the oxygen absorption band (51.0-58.0 GHz)
were used. In this study, 9 of the 10 MWRs which were
normally working were used to retrieve the horizontal dis-
tribution of PWYV, and the PWV was assimilated using
the 3DVAR. In this study, 5 minutes of averaged obser-
vational data before the starting time of the NWP forecast
(13:55-14:00 JST) were assimilated.

2.2. CReSS

Forecast experiments were conducted using
CReSS [14,15]. The basic equations of CReSS are
composed of the Navier-Stokes equations with a map
factor, the continuity equation, the equation of ther-
modynamics, and conservation equations related to
microphysics. The vertical momentum equation is non-
hydrostatic, and the continuity equation is expressed
in a quasicompressible form. In the microphysics of
CReSS, six species, namely, water vapor, cloud water,
rainwater, cloud ice, snow, and graupel, are considered.
In this study, a two-moment bulk cold-rain scheme was
used [18], and the mixing ratio of the six species and
number concentrations of ice, snow, and graupel were
predicted. For the turbulence scheme, a 1.5-order closure
with a turbulent kinematic energy prediction based on
the method of [19,20] was used. Surface fluxes of
momentum and energy and the surface radiation process
[21-23] were included.

2.3. Basic CReSS-3DVAR Schemes

The 3DVAR system is based largely on [24,25] but
modified appropriately for convective-scale data assimila-
tion. The standard cost function of 3DVAR can be written
as follows:

J®) = Sx—x")TB ! (x—x))
2

) (1)
SIH() =y TR HX) 7]+ 1),
where the first term on the right-hand side J,(x) measures
the departure of the analysis vector x from the background
x”, weighted by the inverse of the background error co-
variance matrix B. In the current CReSS-3DVAR system,
the analysis vector x contains the three wind components
(u, v, and w) and pseudo relative humidity (g,; [26]). Hy-
drometeors are not analyzed variationally. Cross correla-
tions between different types of variable are not included
in B, as is the case in most convective-storm-scale assim-
ilation systems [27,28]. The assumption of the lack of
correlation between different types of variable is partly
supported by the very small value of the background cross

+
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correlation of forecast errors between u and v for a high
horizontal resolution (2 km) and a short time range (4—
5 h) forecast [27]. The second observation term J,(x)
measures the departure of the analysis from the obser-
vation vector y°. The analysis is projected to the obser-
vation space by the forward observation operator H, and
the observation term is weighted by the inverse of the ob-
servation error covariance matrix R, which includes both
instrument and representativeness errors. For simplifica-
tion, the observation errors are assumed to be uncorre-
lated; hence, R is a diagonal matrix. Term J.(x) in Eq. (1)
represents dynamic or equation constraints, which were
set to zero in this study. The standard cost function J(x)
is changed into incremental form, and the square root of
B is used [29, 30] to precondition the minimization prob-
lem effectively. The transformed cost function is mini-
mized through a limited memory, quasi-Newton method
(L-BFGS method) [31].

2.3.1. Radial Velocity from Radars and Lidars

For J, in Eq. (1), the radial velocity obtained from
the radars and lidars is a part of the observation vector
y°. In the radar forward observation operator H(x), the
analysis (u, v, and w in X) is a trilinear interpolation from
model grid points to radar observation locations. The ra-
dial velocity is calculated from the interpolated wind vec-
tors, with the effects of both Earth’s curvature and refrac-
tion (downward bending) of the radar beam due to atmo-
spheric stratification accounted for [32]. We assume R
is diagonal with constant diagonal elements given by the
standard deviations of the errors for the radial velocity of
1 m s~ for both radars and lidars, i.e., the same values as
those used in [12]). For radial velocity observations from
the radars, low-elevation-angle (<10°) radial velocity was
adjusted to remove the effect of the fall velocity of pre-
cipitation by using an empirical relationship between the
reflectivity factor and the raindrop terminal fall velocity
([33], Eq. (2) in [34]). Since this relationship is empir-
ical, some error in the estimation of the terminal fall ve-
locity is included, and this error could be larger at higher
angles of elevation. Thus, high-elevation-angle observa-
tions (>10°) were neglected. For quality control, lidar ra-
dial velocity data with a signal-to-noise ratio of <12 were
neglected for the assimilation. Further quality control for
both radar and lidar data was conducted by removing spu-
rious observational data with radial velocities that had dif-
ferences from those of the first guess of the background of
>40m s~ 1.

For J, in Eq. (1), both horizontal and vertical com-
ponents of B for u, v, and w were modeled by a spatial
recursive filter (RF) [35-37]. For the RF, the horizontal
correlation scale of u and v was set to 5 km, while that
of w was set to 2 km. The vertical correlation scale of u
and v was set to 2 km, while that of w was set to 1 km.
These scales were estimated using the National Meteoro-
logical Center (NMC) method [38]. In the NMC method,
1-h forecast errors of CReSS that have a horizontal reso-
lution of 1 km and 50 vertical levels are calculated for all
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grids, regardless of the occurrence of precipitation, from
the differences of the 2-h and 3-h forecasts every 1 h dur-
ing the summer season (August 2009-2011). Because the
forecast errors calculated from the NMC method were cli-
matological value, they were probably underestimated for
severe convective events. Thus, the standard deviations
of the background errors for u, v, and w were taken as
10 m s~ !, which were more than twice those calculated
using the NMC method.

Note that w was included as a control variable in the
CReSS-3DVAR, but we finally set the increment of w to
zero as an initial condition of the CReSS integration. That
is to say, vertical velocity at the start of the CReSS cal-
culation was not modified by the assimilation of radial
velocities. This procedure was partly supported by the
fact that the assimilation system used radial velocities of
low elevation angle (<10°) where the horizontal compo-
nent of radial velocity was dominant. To introduce an ap-
propriate vertical velocity field as an initial condition is a
challenging task [39—41], and future works related to this
will be described in section 6.

2.3.2. Precipitable Water Vapor Retrieved from the
MWRs

For J, in Eq. (1), the PWV obtained from the MWRs is
a part of the observation vector y°. As PWYV data repre-
sent the vertically integrated amount of water vapor from
the altitude of the MWR receiver to the top of the at-
mosphere, the forward observation operator H(x) of the
MWR PWYV is approximated as follows:

k=model_top

PWVmodel = Z

k=model _bottom

GiPrAZ - . ..o (2)

where ¢, is the mixing ratio of water vapor, p is air den-
sity, and Az is the thickness of the k-th vertical layer.
These variables were bilinearly interpolated from model
grid points to the MWR locations before the vertical in-
tegration. We assumed R was diagonal, with constant di-
agonal elements given by the standard deviations of the
errors for PWV opwyy of 1.5 mm. Quality control was
performed by rejecting data with |O-B|>10 mm, where O
indicates the observation and B indicates the background.
For J, in Eq. (1), the pseudo relative humidity [26] was
chosen:
_ @
Vs
where qlv’s is the saturation mixing ratio of water vapor
given by the background. The vertical component of B
for g, was diagonalized by empirical orthogonal functions
(EOFs), using the NMC method explained above. The
horizontal component of B for ¢, was modeled by the RF
with horizontal correlation scales (11 km for the 1% mode
and <4 km for modes larger than the 2% mode) estimated
by each of the vertical modes of the EOFs. The standard
deviation of the background error for g, was 4.0% (3.7%)
for the 1%t (2"Y) mode. The explained variance ratio was
25% (21%) for the 1% (2") mode.

qu 3)
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2.4. Assimilation of Radar Reflectivity

Assimilation of radar reflectivity was performed out-
side the framework of the 3DVAR. With reflectivity data
observed by the radars used, (a) the model first guess of
the 3D field of precipitation (mixing ratio of rainwater g,
snow gy, and graupel g,) and (b) the model first guess
of the 3D field of relative humidity was modified. Ap-
proach (a) is similar to that of “cloud analysis” (e.g., [42])
in that the precipitation field is introduced in the first
guess, but approach (a) differs in that the adjustment of
cloud or temperature is not implemented. The idea be-
hind approach (b) related to modifying humidity is simi-
lar to that of the “1D+3DVAR” method [43,44]. In the
“1D+3DVAR” method, (1D) vertical profiles of relative
humidity are retrieved from observed vertical profiles of
reflectivity through a Bayesian inversion method, which
is followed by the implementation of the 3DVAR system.
Approach (b) does not include such a Bayesian inversion
method; instead, it modifies the 3D field of relative hu-
midity using precipitation or no-precipitation information
from the model and the observations. The method of radar
reflectivity assimilation is explained in more detail below.

To perform the reflectivity assimilation, we first inter-
polated radar reflectivity from radar observation points to
a model grid. We did not select an interpolation method
using the radius of influence, e.g., Cressman interpola-
tion, but we instead selected the RF for the interpolation
because the processing speed of the RF is much faster
than that of Cressman interpolation. The faster processing
speed of RF is necessary for real-time forecasts with rapid
updates (every ~10 min) to be performed. The interpola-
tion method using the RF is as follows. The PPI reflectiv-
ity data from those radars with values of >15 dBZ were
remapped to the analysis grid, resulting in the remapped
reflectivity value Z,¢4p. In the remapping procedure, ob-
served reflectivity values in radar polar coordinates were
simply substituted for the closest analysis Cartesian grid
point and averaged with a weight of the distance from the
radar grid point to the analysis grid if more than two val-
ues were substituted in the analysis grid. Then, to obtain
a continuous reflectivity profile, especially in the verti-
cal direction, the Z.qp, Was smoothed using the RF (six
passes, i.e., six applications of a single RF) with the hor-
izontal (vertical) correlation scale of 1.5 km (1.0 km),
resulting in the smoothed reflectivity value Zg,o,. If
Zsmoorr, Was smaller than Z.,,.,, the value of Zqp, wWas
used instead of Zg,en. This replacement of reflectiv-
ity is important for the sharp distribution of the original
reflectivity profile to be maintained. If this replacement
were not performed, the distribution near the peak value
of the original reflectivity would be flattened considerably
by the RF, and this could result in underestimation of the
forecast surface rainfall. Hereinafter, Zg,,, . is referred to
as Z for simplicity.

Secondly, the assessment of precipitation or no-
precipitation was conducted in the following way. For the
interpolated observed reflectivity, grid points were clas-
sified into clear or precipitation-filled categories, based
on a 15-dBZ reflectivity threshold. This threshold was
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chosen because most non-hydrometeor targets, such as
ground clutter, have reflectivity values <15 dBZ but often
>0 dBZ. For the model, the grid points were classified
into precipitation-filled categories by the same reflectiv-
ity threshold used for the observations: 10logio(Z(g,) +
Z(qq) +Z(qs)) > 15 dBZ, where Z(q,), Z(q,), and Z(gy)
indicate reflectivity retrieved from g, g, or, g; by using
Egs. (4)—(6), explained below.

2.4.1. Adjustment of Precipitation Species from
Radar Reflectivity

At grid points where precipitation was observed, the
precipitation species (g,, gy, and g, kg kg~!) in the
model were modified from the observed reflectivity fac-
tor (Z mm® m~3). While at grid points where precipita-
tion was not observed, the precipitation species (g, ¢s,
and ¢,) in the model were set to zero. If the temperature
was >0°C, g, was calculated from Eq. (3) of [45] based
on [46] as follows:

3.44506 x 107620571 /p.
3.63 x 10°(pg,)' 7,

qr =
from Z =

“4)

where p (kg m~3) is atmospheric density. If the temper-
ature was <0°C, precipitation species were categorized
into graupel (g,) and snow (g,), depending on the value
of the customary logarithmic scale (dBZ) of Z, i.e., Zy.
= 10 log1oZ. If Zy, > 45(dBZ), the precipitation was
categorized as graupel, and the reflectivity formulation of
Eq. (15) in [47] was used, with

1.26 x 10762%37 /p
2.11036 x 10'%(pg,)t7

rs =

= 7 - (&)

If Zy, <45(dBZ), the precipitation was categorized as
(dry) snow, and the reflectivity formulation of Eq. (4) of
[45] was used, with

7.28042 x 10762971 /p,
9.80 x 108(pg,)'7

qs =

from Z(qs) = ©

The hydrometeor classification method employed here
was based on temperature and the reflectivity factor for
horizontally polarized waves (i.e. single polarimetric in-
formation) for simplicity. It should be noted that the
method leaves large ambiguities. For example, rain re-
gions could exist below 0°C or graupel regions could exist
below 45 dBZ. These ambiguities will likely decrease if
dual polarimetric information is used for the hydrometeor
classification. The use of the polarimetric information is
left for future studies.

2.4.2. Adjustment of Moisture

Moisture was adjusted in a way similar to that in pre-
vious studies [39—41]. Through the moisture adjustment,
the atmosphere of a grid was saturated. In other words,
relative humidity was set to 100% if all of the follow-
ing conditions were satisfied: (1) no precipitation was
predicted in the model but precipitation was observed
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(missed forecast), (2) the grid was above the lifting con-
densation level and (3) the grid was in convective re-
gions of Zy, > 35 dBZ. To adjust relative humidity, the
water vapor mixing ratio ¢, was used in the following
way. First, the increment of g,(dg,) that was required to
moisten the atmosphere was calculated. Second, the dg,
was smoothed using the RF (six passes) with the horizon-
tal (vertical) correlation scale of 1.5 km (1.0 km). Lastly,
dq, was added to the first guess of g,,.

2.5. Design of the Assimilation Experiment

First, a large-domain forecast (2.691° x 2.295°, lon-
gitude x latitude) covering most of the Kanto Plain
was conducted with 1-km horizontal grid spacing (1km-
CReSS; Fig. 1) from 12:00-15:00 JST on 24 July 2015.
The horizontal grid points were 300 X256, and the time
step of integration was set to 1 s. Initial and lateral bound-
ary conditions of the 1km-CReSS were provided by the
outputs of the JMA mesoscale model (JMA-MSM: [48])
initialized at 12:00 JST. Using the 1km-CReSS as the ini-
tial and lateral boundary conditions, a small-domain fore-
cast (1.253°x1.157°) was conducted with 0.7-km hori-
zontal grid spacing (0.7km-CReSS; Fig. 1) from 14:00—
15:00 JST. The calculation domain covers the Tokyo
metropolitan area, which has dense radar, lidar, and MWR
observation networks. The horizontal grid points were
180 x 192, and the time step of integration was set to 0.5
s. The starting time of the 0.7km-CReSS forecast (14:00
JST) was 30 min before extremely heavy rainfall was ob-
served at the Shibuya railway station.

The mutual settings for the 1km-CReSS and the 0.7km-
CReSS forecasts are described in the following. The ver-
tical grid contained 50 levels with variable grid inter-
vals of 100 m near the surface and 350 m on average.
The model top was set to 17.182 km. To set the initial
sea surface temperature, we employed the Merged satel-
lite and in situ data Global Daily Surface Temperatures
(MGDSST) of the IMA, with a horizontal grid interval of
0.25°. Terrain and land use data in the simulation domain
were determined using the GTOPO30 and Global Land
Cover Characterization datasets (30-arcsecond elevation
data produced by the U.S. Geological Survey’s Earth Re-
sources Observation System Data center). No cumulus
parameterization was used.

The settings of the assimilation forecasts were as fol-
lows. As the control run, all types of available observa-
tional data were assimilated, i.e., the radial velocity (VR)
from the radars and lidars, PWV from the MWRs, and
radar reflectivity Z from the radars were assimilated for
the 1km-CReSS and 0.7km-CReSS. In section 6, the as-
similation impact of Z on the predicted surface rainfall
rate is investigated briefly.

3. High-Resolution Precipitation Nowcasts

The HRPN data [8, 9], created by the IMA, were used
as predictions for the EXTs. The data are provided to
the public every 5 min, and they include both the analysis
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and the forecast of the rainfall rate at the surface. The
forecast data include 5-60-min forecast times (FTs) with
5-min intervals. The HRPN data also include analysis at
FT = 0 min, which was used as truth for verification. A
horizontal grid spacing of Ax = 250 m was used for both
the analysis (FT = 0 min) and the forecasts from FT =
5-30 min, and Ax = 1 km was used for the forecasts from
FT = 35-60 min. A detailed description of the HRPN
data can be found in [8, 9], and it is summarized in [7].

4. Verification Method

We verified the forecasts of the CReSS-0.7km and
HRPNSs at each forecast time by analysis of the HRPNs
every 5 min during the verification period (14:00-15:00
JST) with a variable rainfall rate at the surface. As the
HRPN data were provided with different resolutions (as
outlined in section 3), the HRPN data of Ax = 250 m (FT
= 0 to 30 min) were bilinearly interpolated onto Ax =
1 km grids before verification, yielding Ax = 1 km data
for FT = 0 to 60 min. The CReSS-3DVAR data were also
bilinearly interpolated onto the Ax = 1 km grids.

Forecast accuracy was verified using FSS [10], which
is often used for verifying precipitation (e.g. [7]). Us-
ing FSS, we can verify the closeness between an observed
and forecast fractional occurrence of rainfall exceeding a
given threshold for various values of L. To examine the
sensitivity of L to the FSS, we used values of L =1, 5,
and 11 km, and in order to focus on heavy rainfall, we
selected the threshold rainfall rate of 20 mm h™! in calcu-
lating the FSS.

To focus on the heavy rainfall observed around Shibuya
station, the verification area was set to 0.6°x0.6° (lon-
gitude x latitude) with its center over Shibuya station
(Fig. 1). This verification area was within the dense ob-
servation area of radars, lidars, and MWRs, indicating the
area benefits from assimilation with high probability.

5. Results

5.1. Summary of the MYExHR Event

The MYExHR event occurred on 24 July 2015. Dur-
ing the daytime hours that day, many localized meso-
Y-scale heavy rainfall events occurred across the Kanto
Plain under unstable atmospheric conditions. At around
12:00 JST, the convective storm that caused flooding at
the Shibuya railway station developed to the west of
the Tokyo metropolitan area, beyond the dense lidar and
MWR observational networks. The convective storm
propagated east-southeastward, and the extremely heavy
rainfall that flooded the station occurred at around 14:30
JST. The 1-h accumulated rainfall analysis (P1h), created
by the JMA using radars and rain gauges [11], recorded a
maximum value of P1h (P1h,,,,) of 65 mm approximately
10 km west of the station at 15:00 JST. The horizontal
scale of the heavy rainfall area L;, was 8.5 km, estimated
from the enclosed areas of P1h > 30 mm, indicating that
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Fig. 2. Time series of rainfall rate (mm h~') of (a) OBS, (b) EXT, and (c) NWP from 14:00-15:00 JST on 24 July 2015. The area
plotted in this figure corresponds to the verification domain in Fig. 1.

the heavy rainfall event was meso-7y-scale. Thus, this
event satisfied the conditions of a MYExHR event (P1h,,,
> 50 mm and L, < 10 km) used in [7]. In this study, the
predictions of the EXT and NWP model (CReSS-0.7km)
were started at 14:00 JST, or 30 min before the onset of
the extremely heavy rainfall of >80 mm h~! was analyzed
at the Shibuya railway station.

5.2. Time Evolution of Rainfall Rate

The time series of observed (OBS), EXT, and NWP
rainfall rates from 14:00-15:00 JST on 24 July 2015 are
shown in Fig. 2. In the NWP experiment, all available ob-
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servational data were assimilated with VR, Z, and PWV.
In the OBS time series (Fig. 2a), an area of heavy rainfall
of >20 mm h™! was observed to the west of Shibuya sta-
tion at FT = 0 min. Until FT = 35 min, the area of heavy
rainfall moved east-southeastward, with its peak value
nearly preserved but with the areal extent of the rainfall
>20 mm h~! decreasing. After FT=40 min, the direc-
tion of movement changed to the south-southeast, but the
area of rainfall >20 mm h~! changed little, although the
strength of the storm seemed to weaken because the area
of rainfall >50 mm h~! decreased. For the EXT time
series (Fig. 2b), the area of heavy rainfall >20 mm h~!
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moved to the east-southeast with its areal extent almost
preserved until FT = 60 min. The locations of the EXT
and OBS areas of heavy rainfall were similar until FT =
60 min; however, the areal extent of rainfall >20 mm h™!
of the EXT was greater than that of the OBS.

In the time series of rainfall rate predicted by the NWP
model (Fig. 2¢), there was no rainfall at FT = 0 min,
unlike in the case of both OBS and EXT. This is be-
cause assimilation of Z introduces a 3D precipitation dis-
tribution above the surface at FT = 0 min. The rainfall
rate of CReSS was calculated strictly using the vertical
flux of the sum of the precipitation species at the lowest
level of CReSS (z = 50 m). Since (1) no precipitation
species were predicted by the 1km-CReSS at the level
at 14:00 JST (FT = 0) and (2) no precipitation species
were introduced by the assimilation of Z at the level at
FT = 0, the rainfall rate of the NWP was zero at FT
= 0. The precipitation introduced above the surface fell
to the surface, resulting in an area of heavy rainfall of
>20 mm h™! and locally an extremely heavy rainfall of
>50 mm h~! at FT = 5 min. At FT = 10 min, the area
of extremely heavy rainfall of >50 mm h~! disappeared,
which indicates weakening of the surface rainfall. At FT
= 15 min, the area of rainfall of >20 mm h~! decreased
further; however, an area of extremely heavy rainfall of
>50 mm h~! reappeared. The areal extents of the rain-
fall of >50 and >20 mm h~! at FT = 15 min developed
until FT = 40 min. After 40 min, the area of rainfall of
>20 mm h~! did not change much. The behavior of the
area of heavy rainfall predicted by the NWP model can be
categorized into three stages: (1) the decay stage (FT = 5—
15 min), (2) redevelopment stage (FT = 15—40 min), and
(3) mature stage (FT = 40-60 min). The decay and re-
development stages of the area of heavy rainfall predicted
by the NWP model during FT=5 to 40 min were not ob-
served (Fig. 2a), indicating that this process is most likely
an artifact due to the introduction of 3D precipitation dis-
tribution above the surface and modification of moisture
through the assimilation of Z. However, the areas of heavy
rainfall predicted by the NWP model were similar to those
of the OBS after the redevelopment stage, or after FT =
40 min.

5.3. Quantitative Verification Using FSS

To compare the forecast accuracies of the EXT and
the NWP models quantitatively, the FSS for the rainfall
threshold of 20 mm h~! for L=11 km as a function of
forecast time is shown in Fig. 3(a). The accuracy of the
EXT decreased until FT=30 min; thereafter, it remained
nearly constant from FT=30 to 50 min, and it decreased
after 50 min. The accuracy of the NWP model decreased
rapidly until FT=15 min; thereafter, it increased from
FT=15 to 50 min, and it decreased again after FT=50
min. The time evolution of the forecast accuracy of the
NWP model until FT=50 min is reflected in the decay
and redevelopment of the area of heavy rainfall area due
to the assimilation of Z, which will be described in section
6 in more detail. The decrease in forecast accuracy after
FT=50 min for both the EXT and the NWP models was
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attributable mainly to the increase in displacement error of
the heavy rainfall area due to the southward movement of
the observed area of heavy rainfall (Fig. 2a). Note, the ac-
curacy of the EXT in this case, FSS (L=11 km) = 0.73 at
FT=30 min, was much higher than the average accuracy
of the EXT for the 23 MyExHR events, FSS(L=11km) =
0.50 at FT=30 min (see Fig. 9b in [7]). This is probably
because the observed area of heavy rainfall propagated
somewhat steadily and did not change dramatically in the
analyzed period (14:00-15:00 JST) in this study. In such a
situation, an EXT usually provides a highly accurate fore-
cast.

The forecast accuracy of the NWP model was lower
than that of the EXT before FT=35 min (Fig. 3a); how-
ever, the accuracy of the NWP model outperformed the
EXT after FT=40 min. As an example, we compared
the rainfall rate distribution at FT=50 min, when the FSS
showed that the NWP model largely outperformed the
EXT. The EXT (Fig. 2b) overpredicted the area of rain-
fall of >20 mm h~!, whereas the NWP model (Fig. 2c)
predicted the area of heavy rainfall more correctly.

The results shown above were achieved based on the
FSS for a value of L=11 km. However, here, we show
the forecast accuracy for a more severe situation involv-
ing displacement error of heavy rainfall areas by exam-
ining the FSS for smaller values of L (Fig. 3b and 3c).
The smaller the value of L was, the smaller the FSS val-
ues of EXT and NWP were, but the tendency of the time
evolution of the FSSs was similar to that for L=11 km.
Even for grid-scale verification (for L=1 km; Fig. 3c), the
FSS of the NWP exceeded that of the EXT after FT=45
min. This result suggests that an NWP with storm-scale
data assimilation has the potential to outperform an EXT
in the prediction of the areal extent of heavy rainfall of
>20 mm h~! for an MYExHR event over a very short time
range of <1 h, e.g., after 45 min; L=1 km.

6. Discussion

In this section, we discuss why the NWP predicted the
heavy rainfall area near Shibuya station over the very
short time range of <1 h more correctly than did the
EXT, as shown in the previous section. To discuss the
factors, we performed three additional sensitivity experi-
ments with different assimilation methods of radar reflec-
tivity. The control experiment (CNTL) was the same ex-
periment shown in the previous section, where both pre-
cipitation and moisture were modified in the reflectivity
assimilation. In the first experiment (NOPrep), the 3D dis-
tribution of precipitation was not introduced in the reflec-
tivity assimilation. In the second experiment (NOQV), no
moisture adjustment was made, i.e., the 3D distribution
of water vapor was not modified, in the reflectivity assim-
ilation. In the third experiment (NORef), there was no
reflectivity assimilation, i.e., both precipitation and mois-
ture were left unmodified.

Time series of the rainfall rates of these experiments
from 14:00-15:00 JST are shown in Fig. 4. In the NORef
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experiment (Fig. 4e), the time evolution of rainfall was
quite different from that of OBS and CNTL. No rain oc-
curred before FT=25 min, and only a very localized rain-
fall area appeared after FT=35 min. A comparison of the
CNTL and NORef experiments indicates that the assim-
ilation of Z was essential to the prediction of MyYExHR
after 35 min in this study. In the NOQV experiment
(Fig. 4d), heavy rainfall area appeared at FT=>5min be-
cause of the introduction of the 3D distribution of pre-
cipitation above the ground, and the heavy rainfall area
decayed until FT=15 min. This time evolution of the de-
cay stage was similar to that of CNTL. However, the re-
development of the heavy rainfall area near Shibuya sta-
tion simulated in CNTL was not simulated in NOQYV, and
only a very localized rainfall area appeared to the south of
Shibuya station after FT=25 min. In the NOPrep experi-
ment (Fig. 4¢), no rain occurred until FT=25 min because
precipitation was not introduced by the assimilation of Z.
After 25 min, a heavy rainfall area appeared, and the time
evolution of this heavy rainfall area was similar to that of
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the CNTL.

A comparison of these four experiments indicates that
the redevelopment of the heavy precipitation area in the
CNTL experiment after 15 min was due to the moisture
adjustment in the assimilation of Z and that this moisture
adjustment was essential for the forecast of the heavy rain-
fall area after FT=25 min.

It is also indicated that the introduction of the 3D dis-
tribution of precipitation above the surface helped to fore-
cast the initial time evolution of the heavy precipitation
area, but it did not help after FT=25 min because of the
decay of the heavy precipitation area. The cause of the
decay of the heavy precipitation was probably unbalanced
vertical velocity and temperature fields in the initial con-
ditions that could not sustain and correctly evolve the 3D
distribution of the precipitation field. For 3DVAR, it is a
challenging task to introduce such balanced fields as ini-
tial conditions. We are tackling the problem using a ther-
modynamic retrieval method [39-41], and the results will
be reported as future studies.
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7. Summary and Future Work

The occurrence of an MYExHR can cause urban flash
flooding with accompanying damage and potential loss
of life. Thus, it is vital that a method for forecasting
an MYExHR be developed and verified. Some studies of
M7YExHRs with very short time scales (<1 h) have used
NWP models with storm-scale data assimilation; how-
ever, they did not compare the accuracies of the NWP
forecast and the EXT. In this study, the forecast accuracy
of an NWP model over a very short time range (<1 h),
for an MYExHR event that caused flooding at the Shibuya
railway station in Japan on 24 July 2015, was compared
with that of an EXT. For the EXT, HRPNs provided by the
JMA were used. For the NWP model, a high-resolution
(0.7 km) CReSS was used with a 3DVAR data assim-
ilation system called CReSS-3DVAR. For the CReSS-
3DVAR, unique storm-scale observational data obtained
from dense networks of radars, lidars, and MWRs, devel-
oped in the Tokyo metropolitan area by NIED, were as-
similated. The forecast accuracy of the area of heavy rain-
fall (>20 mm h~!) as a function of FT was investigated
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for the NWP model and EXT predictions using FSS for
various spatial scales of L. These predictions were started
~30 min before the time of onset of the extremely heavy
rainfall at the railway Shibuya station.

The FSS for L=1 km, i.e., grid-scale verification,
showed that the accuracy of the NWP model was lower
than that of EXT before FT=40 min. However, the
NWP model outperformed the accuracy of the EXT from
FT=45 to 60 min. This result suggests that an NWP
model with storm-scale data assimilation has the poten-
tial to outperform an EXT in the prediction of the area of
heavy rainfall of >20 mm h~! for an MyExHR event over
the very short time range of <1 h, e.g., after 45 min. It
also suggests that it should be possible to provide a seam-
less high-accuracy forecast for an area of heavy rainfall of
>20 mm h~! for an MyExHR event over very short time
range (<1 h) by blending the EXT and the NWP outputs.
The possibility of providing a seamless forecast by using
a blending method is supported by the similar location
of the heavy rainfall area forecast in the EXT and by the
NWP at ~45 min in this study.

As the results in this study were obtained from a sin-
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gle case, other MYExHR events should be investigated.
In particular, the period evaluated in this study was a time
during which the area of heavy rainfall propagated some-
what steadily and did not change dramatically. In such a
situation, an EXT usually provides a highly accurate fore-
cast. Furthermore, an NWP model has the ability to pre-
dict the generation of convective clouds, whereas an EXT
does not. Thus, it is necessary to examine the forecast
accuracies of NWP models and EXTs for when convec-
tive clouds are generated within the area of dense obser-
vational networks. We are currently examining just such
an MYExHR event.
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