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1. Introduction

The Korean Peninsula often experiences heavy rainfall during
summer. These heavy rainfall events are one of the main natural
disasters over the Korean Peninsula. According to 10-year
statistics(2000-2009), the damage to property caused by heavy rainfall
events was 61% of the total property damage by nature disasters.
Loss of life and property damage has increased from year to year
(Park and Lee, 2011) Therefore, it is important to forecast the timing
and distribution of these heavy rainfall events accurately.

There have been many studies to improve the rainfall forecast
ability. Most studies have shown that increasing horizontal  resolution
could improve the /simulation and reproduce results more similar to
the rainfall observation. Mass et al. (2002) suggests that increasing the
resolution from 12 to 4 km caused further finer-scale improvements,
compared to the improvements  in mesoscale structures as the 'grid
spacing decreases from 36 to 12 km. Lee et al. (2004) found improved
heavy rainfall patterns and. amounts associated with ‘the June 1998
East Asian flood through the better-simulated downward solar
radiation, convective rainfall after the grid size was reduced from 60 to
20 km. Laters, Xue et al. (2007) showed that RCMs could produce

better the rainfall distribution over North America when the grid size



is reduced from 80 to 32 km. Recently Shin and Hong (2009)
investigated that the high-resolution WRFEF model is capable of
reproducing the observed record-breaking rainfall fairly well, both in
intensity and distribution with concentrated rainfall on Jeju Island. Lee
et al. (2011) illustrated that the accuracy of the heavy rainfall
forecasts improved considerably with increasing horizontal resolution in
the case of large synoptic forcing. However to our knowledge, a few
studies have utilized NWP model using a grid size of less than 1 km
because of computer resources.

Diagnostic rainfall model is utilized for reproducing fine-mesh
rainfall at a resolution of 1 km. It-has an advantage of avoiding a
huge amount of integration time because dynamical processes in the
atmosphere are not included in reproducing fine-mesh rainfall. It
utilized the meteorological fields derived from either global or local
model as background, then disaggregate rainfall onto a finer scale| by
considering orography effect.

Previous studies have already tested the performance of the
diagnostic rainfall model (QPM). Kim (2004; in Korean)  showed
detailed rainfall information with ~-3° km horizontal resolution and a
better capability of diagnostic rainfall compared to mesoscale model.
Again, Kim et al. (2008) suggested that the forecast of heavy rainfall
as well as its spatial distribution has shown good agreement with the

observed ones and better results in predicting the peak rainfall



amounts than those given by the Regional Data Assimilation Prediction
System (RDAPS). Recently Jung (2010; in Korean) found that QPM
captures the pattern of annual total precipitation, the seasonal changes
in precipitation and the rain days in summer as well as the heavy
rainfall frequency in summer.

Previous studies identified excellent performance of diagnostic
rainfall model (QPM). They utilized the meteorological fields derived
from either global or model as background. Therefore importance of
background of the QPM should be taken into account in terms of
accuracy and efficiency. Kim and Oh (2010) has already performed a
series of experiments designed with both NWP models and a
diagnostic rainfall model to examine importance of input “data in the
diagnostic rainfall model in reproducing the heavy rainfall event. It is
found that QPM forecast from 20 km global run displays similar
results to the one from 7.8 km local model run derived by 40 km
global model run. When ' computational time is considered, it may be
concluded that the meodeling system. which couples 40 km global-7.8
km local models and the. diagnestic rainfall model turned.out to be the
best nesting approach. However a.single case -have -demonstrated to
examine the performance of QPM forecast in them. Therefore in this
study, prediction of QPM for the recent heavy rainfall events have
been analyzed based on experimental design of kim and Oh (2010).

The objective of this study is to investigate the potential role of



the resolution of background models and nesting process in
high-resolution diagnostic rainfall model for the recent heavy rainfall
events and to evaluate the forecast accuracy of the diagnostic rainfall

model run over the korean peninsula together with time efficiency.



2. Heavy rainfall cases and Model Description

2.1. Cases of heavy rainfall events

Eight heavy rainfall events which occurred over the Korean
peninsula during the summer season (JJA) of 2011 were used. These
events represent typical heavy rainfall events that occur over the
Korean peninsula. These are relative to synoptic scale disturbances on
the Changma front, mesoscale convective systems between the
continental lows over china and— North Pacific- subtropical highs.
Detailed information abotut each event is found in climatological

statistics analysis data by KMA (2011).



Table 1 Heavy rainfall events during the summer season (JJA) of
2011.

Initial time

No. Count of AWS data
(UTC)
1 2011062300 600
2 2011062412 615
3 2011062800 593
4 2011070812 619
5 2011072600 574
6 2011073012 612
7 2011080612 601
8 2011080812 609




2.2. Model description

In this study, a global model and regional model was used
together with a diagnostic rainfall model. Description of each model is

briefly summed up as follows.

(1) GME (Global Model)

GME is operational global numerical weather prediction model
developed by German Weather Service (Deutscher Wetterdienst). The
orid of GME is generated by inscribing an icosahedron with 20
triangles of equal size into the sphere. The spacing of the icosahedral
- hexagonal grid of the GME is determined by the parameter ni which
1s the number of intervals on a.main triangle side. that is, each edge
of the 20 spherical triangles is subdivided into ni parts until the grid
spacing reaches the target resolution. the icosahedral — hexagonal grid
of the GME has advantage of avoiding the so—called pole problem that
exists in conventional “latitude = longitude grids and theslarge amount
of global communication required=by spectral transform techniques as
the resolution increases. It also provide a data structure extremely sell

suited to high efficiency on distributed memory parallel computer

(Majewski et al., 2002).



(2) WRF (Regional Model)

The Advanced Research WRF (ARW;Skamarock et al., 2005) is a
community model suitable for both research and forecasting. WREF is a
fully compressible, FEuler nonhydrostatic model using a terrain -
following hydrostatic pressure vertical coordinate. The horizontal grid
1s an Arakawa C grid. For integrating the equations, a third-order

Runge-Kutta scheme is used.

(3) QPM (Quantitative Precipitation Model)

Quantitative Precipitation Forecasting (QPM) is diagnostic rainfall
model based on Collier-type suggested by Misumi et al. (2001), Bell
(1978) and Collier (1975).-Tt utilizes the meteorological fields derived
from either global ” or local model as background and. then
disaggregates rainfall onto a finer scale by considering' orography
effect.

The mass of raindrops per unit mass of dry air, named Qy, is

shown by Eq. (1).

aQ’r‘ aQ’r‘ aQ’r‘ 8@7‘ 3
ot oxr oxr o +E§(pV’“Q’“)+P1_E1 (L

Where, X, v and z are space coordinates, t is time, u, v and w

are the components of wind in X, y, z directs. p is the density of the



air, V: is the terminal fall speed of the raindrop, P; and E; are the

condensation and evaporation rate.

2Q+Q) 0@ +Q) _aQ+Q) _aQ+Q)
ot - ox v ox w ox
L LV )+ (PP~ (B TE)

P 0z
(2)

Air density and wind components in Eq. (1) are assumed to be
the same as those in the global or regional fields. Physical terms of
Q:, P1 and E; are split into two parts, the large-scale mean fields
(indicated by overbars in Eq.-(2)) and small-scale perturbations
(indicated by primes in-Eq. (2)), using a technique similar to that
developed by Stein and Nordlund (1991). The terminal fall speed of
raindrops V;, is not separated /because the raindrops produced by the
mesoscale forcing and by the small-scale perturbation are assumed to
fall together with the same speed. The Perturbation terms represent
small-scale terrain effect. When assuming that atmosphere is in steady
state, Q'; is the differential mixing ratio occurred. between additional
condensation (P’y) and evaporation (E’1) due to the forcing from the
terrain. For calculating rain drop movement easily, terrain—following
coordinate is used.

Finally the rainfall intensity, I , can be obtained as



1=v.(Q+Q) 3)

The detailed formulation and process of the QPM can be found

in Kim et al. (2008), Jung (2010) and Kim and Oh (2010).

_10_



3. Experimental design and Forecast verification

3.1. Experimental design

Experimental design are the same as those by Kim and Oh
(2010), except for regional model and the grid size used for the
domain of regional model and diagnostic rainfall model.

The global model (GME) has been run at a resolution of 40
km/40 layers (ni=192) and 20 km/40 layers (ni=384) using operational
ECMWEF data as initial data (T511L91).

Regional Model (WRF) has been run using two-nested domains.
8 km grid domain is used as the outer domain. 2.6 km grid domain
was nested inside a 8 km grid domain by a one-way interaction.
Simulation of GME was used as the initial and boundary conditions.
Boundary conditions - were updated every 3 hour. The .whole /grid
systems had 28 vertical layers and model [top was located at 50 hPa.
The Rapid Radiative Transfer ‘Model (RRTM) sehéme (Mlawer et al.,
1997) for the parameterization of longwave  radiation, combined with
the cloud radiation shortwave scheme (dudhia, 1989) was used for
radiation parameterization The Yonsei University (YSU) planetary

boundary layer (hong et al., 2006), based on Non-local-K scheme with

_11_



explicit entrainment layer and parabolic K profile in unstable mixed
layer, was used for PBL processes. The WSM6 microphysics scheme
(hong and Lim, 2006) with which ice, snow and graupel processes
suitable for high-resolution simulations. The newest version of the
Kain-Kritsch (KF2) convective parameterization scheme (CPS) was
used for subgrid-scale convection including the effects of shallow
convection (Kain, 2004). Inner domain (2.6 km grid domain) was
performed with same physics schemes except cumulus parameterization
(CPS). CPS is needed for 3-10 km horizontal resolutions, because they
could not resolve event the largest supercell storms of about 6-10 km.
In this study, coarse domain (8 km-grid domain)-only employed CPS.
Table 2 presents the WRE configuration used in this study:

A diagnostic rainfall model (QPM) has been tun at -1 km
resolution for utilizing high-resolution information of heavy rainfall.
Because rainfall in the QPM mostly depends on the background
physical field from, coarser model and is added to the background by
considering orography effect, it is always greater than or equal to the
rainfall from the background.-Therefore it 1s important to compare the
performances of QPM produced-by-multiple nesting in-the NWP model
with time efficiency and forecast accuracy.

The model domain of WRE and QPM used in the present study
1s shown in Fig. 3. The first 6 hour integrations are treated as the

model spinup, therefore they are not used for the model analysis.

_12_



The experimental design in this study is comprised of six
experiments and is shown in Fig. 3 and the name and process of each
experiment are given in Table 2. The experiments in Fig. 4a and 4b
are QPM rainfalls directly disaggregated from GME simulation of 40
km and 20km resolution, respectively. Figs. 4c and 4d are QPM
rainfalls from 8 km WRF simulation (the outer domain) nested by
GME simulation of 40 km and 20 km resolution while Figs. 4d and 4f
are those from 2.6 km WRF simulation (the inner domain) forced by 8
km WRF simulation. Theses experiments are referred to as G4Q1,
G2Q1, GAWRQL, G2W8Q1, G4AW2Q1 and GZW2QI, respectively.

All global and region model have been run-using 64 CPU located
in KISTI (Korea Institute of Science and Technology Information)/
supercomputing center. There is huge difference of integration time
used by using which nesting process when' producing hi<.-resolution
information (Table 4). For example, Difference of integration time of
G4Q1 and GZ2W2Q1 is over 20 times. If there are no or only a little
differences in the accuracy. between two groups, the coupled model
system which needs less computational time can save much.-time and

resources (Kim and Oh, 2010).

_13_



Table 2 Model (WRF) configuration of experiments.

Domain 1 Domain 2

Horizontal dimensions

Vertical layers/Model Top

Cumulus parameterization
Radiation parameterization(SW/LW)
Microphysical parameterization

PBL/turbulence parameterization

363 x 363 (8km) 322 x 322 (2.6km)
28 sigma layers/50hPa

Kain-Fritsch 2 -

Dudhia/RRTM Dudhia/RRTM
WSM6 WSM6
YSU YSU

_14_



(a) WRF

£

ary
e wmrx s 130 1988

Fig. 1 Model simulation domains. : (a) WRF 8 km, the inner box indicates

the subsequent nesting domain onto the WRF 2.6 km. (b) QPM 1 km.




ECMWF T511/L91

{

}

GME, 40km resolution
over global region

GME, 20km resolution
over global region

|

}

—
—s

WRF, 8km resolution
over east-south Asia region

WRF, 8km resolution
over east-south Asia region

l

l

WRF, 2.6km resolution
over the Korean peninsula

WRF, 2.6km resolution
over the Korean peninsula

| (e)

G

QPM, 1km resolution
over the Korean peninsula

QPM, 1km resolution
over the Korean peninsula

+—
-—

Fig. 2 Experiment design. The experiments in (a) and (b) are QPM
rainfalls directly disaggregated from GME simulation of 40 km and 20
km resolution, respectively. (¢) and (d) are QPM rainfalls from 8 km
WRF simulation (the outer demain) nested by GME simulation of 40
km and 20 km resolution (e) and (f) 26 km WREF simulation (the

inner domain) forced by 8 km WRF simulation.
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Table 3 The name and process of each experiment.

Experiment name Process of Model simulation
(a) G491 GME 40km QPM 1km
(b) G2Q1 GME 20km QPM 1km
(c) GAW8Ql1 GME 40km WRFE 8km QPM 1km
(d) G2w8Q1 GME 20km WRFE 8km QPM 1km
(e) GAW2Q1 GME 40km WRFE 8km WREF 2.6km QPM 1km
) G2wW2Q1 GME 20km WRFE 8km WREF 2.6km QPM 1km

_17_



Table 4 Integration time (unit : hour) taken to compute for a day

(time step : 3-hour) for each process of experiments. Note that the

number of cores for GME, WRF and QPM

is 64, 64 and 16

respectively.
GME 40 km GME 20 km WRF 8km WRF 26km QPM 1km TOTAL
(h/day) (h/day) (h/day) (h/day) (h/day) (h/day)
(a) G4Ql1 0.93 0.13 1.06
(b) G2Q1 4.67 0.13 4.8
(c) GAWSQIL 0.93 3.73 0.13 479
(d) GawsQl 4.67 3.73 0.13 8.53
(e) GAW2Q1 0.93 15.2 0.13 16.26
) G2w2Ql 4.67 152 0.13 20

_18_



3.2. Forecast verification

In order to verify model forecast, observation data, the automatic
weather station (AWS) data which has an average station spacing of
15 km, was used. The AWS station with missing values are not used.
The number of AWS data selected was given in Table 1 case by
case.

When the comparison between AWS data and model forecast is
performed, one has to be aware of the different quantities: AWS data
are point measurements, whereas model forecast represents an areal
mean. Therefore, model forecastis interpolated at all AWS observation
points.

Counts for forecast/event pairs for the-dichotomous categorical
verification situation was calculated based on 2x2 contingency table.
Following four categories are defined relative to some specific rain
threshold values : 'The number of points where model predicted ‘rain
and rain occurred (A), the number of points where model predicted
rain but rain did not ocecur (B), the number oftpoiats where rain
occurred but model failed to predict-rain, the number of points where
model predicted rain and rain did not occurred.

Perfectly accurate forecasts in the 2x2 categorical forecasting
situation will clearly exhibit b=c=0, with all "yes” forecasts for the

" "

event followed by the event and all "no” forecasts for the event

_19_



followed by nonoccurrence. For real, imperfect forecasts exist mostly.
Therefore measures are needed to discern degrees of accuracy. Several
scaler measures are in common use, with each reflecting somewhat
different aspects of the underlying joint distribution. In this study,
threat scores (TS), equitable threat scores (ETS) are used.

The threat score (TS) is used when the event to be forecast
occurs substantially less frequently than the nonoccurrence. It is

computed as

TS =2TBv0

(4)

The threat score is the number of correct "yes” forecasts divided
by the total number of occasions on which that event was forecast
and/or obhserved. The worst possible threat score is zero, and the best
possible threat score'is one.

The equitable threat scores (ETS;Schaefer, 1990) is the fraction
of observed and/or forecast “events that were correctly predicted,
adjusted for hits associated with random chance. The ETS is often
used in the verification of rainfall in NWP models because its
"equitability” allows scores to be compared more fairly across different

regimes. It is sensitive to hits. Perfect forecasts receive one, forecasts

_20_



equivalent to the reference forecasts receive zero scores, and forecasts
worse than the reference forecasts receive negative scores. It is

computed as

A— Rram

EIS= 5 Bro-r,. ©

The reference accuracy measure (R,,,) represents that part of

the forecast obtained by chance and given by

(A+B)(A4+C)

where R = 1+B1 05D 6)

The bias, or comparison of.the average forecast with the average
observation, of categorical forecasts, is usually represented as a ratio.
Bias is not an accuracy measure because it isn’'t correspondence
between the forecasts and observations of the event on particular
occasions. But it can distinguish overforecasting and-underforecast.
Bias greater than one indicates that-the event was forecast more often
than observed, which is called overforecasting. Conversely, bias less
than one indicates the event was forecast less often than observed, or

was underforecast. The bias ratio is given by
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_ A+B
- A+C

(7)
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4. Results

4.1. Total accumulated rainfall

(a) Area—averaged rainfall

Figure 3 shows the ratio of simulated rainfall amounts in accord
with observation station to all observed rainfall for each event (a) and
for all events averaged (b). Noticeable improvement from change in
horizontal resolution of global medel as direct 1nput of QPM were
found in all events. The QPM results derived by a higher. resolution
(20 km) of global model and those derived by the single nesting
regional model (Fig. 2c ‘and 2d) are similar to observation. These
results may be due to physically recalculation in regional model.
Regional model recalculate atmosphere fields smaller than what is
resolvable on a global scale. More- detailed information as input of
QPM is given by regional model. ‘That's why QPM results derived by
the regional model improve omn~those derived by the global model in
some events. However, if more detailed information is miscalculated
and misdistributed by interaction between differential vorticity
advection, upper-level divergence and so on in regional model, QPM

results derived by the regional model is degraded. In this case, QPM
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results derived by the global model show better than other
experiments.

Figure 3 (b) shows QPM result (G2ZW8Q1) derived by the single
nesting regional model in a higher global model is reproduced more,
showing no significant differences when comparing with that
(GAWRQL) in a lower global model. QPM result derived by double
nesting regional model (Fig. 2e and 2f) produce less rainfall amounts
than that by single nesting regional model (Fig. 3 (b)). One notices
that QPM results using double nesting in regional model does not

necessary vield more accurate rainfall amounts in terms of distribution.
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(b) Peak rainfall amounts

To analyze capability of QPM in terms of peak rainfall, rainfall
amounts were calculated for given thresholds. Figure 4 shows ratio of
simulated rainfall amounts in accord with observation station to
observed rainfall for the 200 mm threshold (a), for the 100 mm
threshold (b) and for the 50 mm threshold (c).

Regardless of given thresholds, as grid spacing of global model
decrease, QPM results which originated from the forcing by global
model and derived by single nesting regional model were improved,
while QPM results (G4AW2Q1) derived by double nesting regional
model were not improved. These results support conclusion that
resolution of global model in double nesting regional model have little
impact on the rainfall recalculation in the QPM.

QPM result derived by double nesting regional model showed |the
highest percentage among the other experiments for the 200 mm
threshold (Fig. 4(a)). That is, it mean GAW2Q1 and G2W2Q1 results
which forced by double-nesting: in regional model offer sufficient peak
rainfall information than other-experiment. Background information of
higher resolution has an advantage in resolving the peak rainfall for
the high threshold. These results were same to those from analysis of
peak rainfall in top 1 % (not shown). QPM results are like those

obtained in Figure 3 for the lighter thresholds (50 and 100 mm). Ratio
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of QPM result derived by single nesting regional model (G2ZWRQ1) to
observation was the highest percentage for 100 mm threshold.
However there was no much different between QPM results derived
by single nesting region model and those derived by double nesting
regional model. That is why ration of QPM results which derived by
double nesting regional model to observation decreased (decrease of
GAW2Q1 and G2W2Q1 is -1.55, -1.34 respectively), while that of other
QPM results increased. There was improved ratio at all experiments
for 50 mm threshold compared to 100 m threshold. However overall
pattern of all experiments i1s similar to that produced for 100 mm
threshold. QPM result (G2W8Q1) derived by single nesting regional
model is the closest value with observation for 50 and 100 mm
threshold.

According to' the results, QPM result (G4W2Q1) derived by
double nesting regional model from coarser resolution of global model
is appropriate of reproducing peak rainfall amounts (above 200 mm or
in top 1 %). However QPM - result (G2W&Q1) derived by single nesting
regional model from higher-resolution of global model reproduced the
rest of rainfall amounts (except.above 200 mm). Tt is because denser
rainfall is calculated at QPM due to double nesting in regional model
as QPM backgound.

When considering the results of the analysis and definition that

heavy rainfall is mainly used a word to indicate rainfall above 80 mm
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per day, QPM result (G2W8Q1) derived by single nesting regional
model is also the most appropriate of reproducing peak rainfall

amounts.
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(b) Forecast Verification

In order to quantitatively access the performance of QPM, TS,
ETS, BIAS were calculated at some specific thresholds of rainfall
amounts for all eight cases and those are averaged. Figure 5 shows
the TS (a) and Bias Score (b) for the thresholds at five intervals.
No significant differences of TS among all experiments found for the
lighter thresholds. As threshold increase, difference of TS among all
experiments became bigger. QPM results derived by double nesting
regional model showed the greatest accuracy for most thresholds (Fig.
5(a)). It is considered as QPM results derived by double nesting
regional model reproduce peak rainfall well (Fig. 4 (a)). Figure 6shows
the ETS (a) for the thresholds at five intervals. The ETS adjusted for
hits associated with' random chance shows a fairly great difference
compared to TS. QPM results (G2W8Q1) derived by single nesting
region model from higher resolution have highest ETS ' for most
thresholds (Fig. 5 (a)). These results. are different to that of TS.

Because ETS exclude™hits associated with randem. chance, QPM
results (derived by double nesting regional model) that showed a
higher score at TS may be consideded as hits is high by random
chance.

QPM results originated from global model simulated better than

other those for lighter threshold (below 20 mm threshold). However
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QPM results originated from global model show the lowest score
among other those for higher threshold. As threshold increase, they
have decreased considerably, especially that (G4Q1l) from a lower
resolution of global model. These results were consistent with bias
scores. They show good performance for lighter threshold but have
the lowest bias scores (underforecast) for the high thresholds. G2Q1
result of them is improved by increasing the resolution of global
model. However, In spite of improvement, its performance is not good
in comparison with other QPM results produced using regional model.
Because QPM utilized meteorological field from results of large
scale and disaggregate rainfall onto a finer—scale by considering
orography effect, rainfall produced using QPM improved compared to
that using only global model. However, due to coarser grid of global
model, rainfall is incapable of expression at resolution of global model
(in this case physical parameterization is needed) and it is also mnot
calculated at QPM., Whereas in case of calculating physical processes
at higher resolution. through regional model, rainfall is recalculated
utilizing them in QPM.. Therefore this problem, teproducing heavy
rainfall, may seem to be resolved’ when background of QPM use
results of regional model. Therefore results of global model is not

sufficient to reproducing fine—-mesh rainfall.
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4.2. 3—hour accumulated rainfall

(a) Temporal distribution.

Area averaged rainfall amounts of all QPM's with time are
investigated. Figure 7 shows a time series of a ratio of 3-hr area
averaged rainfall to observation. The ratio of 3-hr area averaged
rainfall to total observed rainfall was calculated case by case, then the
ratios were averaged for all events. Temporal variation of all simulated
experiment results agrees well with that of observed rainfall amount.
However all experiments can-not reproduce rainfall-amounts at 27
forecast time which appear to second peak rainfall QPM results
(G2W8Q1 and GAWRQL) nested from single nesting regional model
show better performance with time. Especially GAWEQ1 show a similar
observed rainfall amounts, while QPM results (G2Q1 and G4Q1) show
worse performance with' time. Gap of difference of QPM results
(G2W8Q1 and G4W8Q1) derived by single nesting region model and
those (G2W2Q1 and GAW2Q1) derived by double nesting Tegion model
became smaller than that of total accumulated rainfall (Fig. 7 (b)).
However GZ2WBQ1 and G4WSQ1 show still better performance with

time than G2Q2Q1 and G4W2Q1 in terms of distribution of rainfall.
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(h) Temperately peak rainfall

Peak rainfall amounts of all QPM’s with time is investigated.
Peak rainfall amounts is defined as rainfall amounts in top of 1 2.
Figure 8 shows a time series of a ratio of 3-hour peak rainfall to
observation. The ration of 3-hour peak rainfall to observed rainfall
was calculated case by case, then the ratios were averaged for all
events. In case of peak rainfall, performance of all QPM depends on
forecast time. QPM results (G2ZW2Q1 and G4W2Q1) derived by double
nesting regional model show better during 0-15 time periods, while
QPM results (G2ZW8Q1 and G4WS8Q1) derived by single nesting
regional model are similar to observation during 15-30 time periods.
When averaged all Aforecast time, GZW8Q1 and GZW?2Q1 are the
closest vale to observation than other experiments. These ‘results are
different from those analyzed with total accumulated rainfall which
QPM results derived by 'double nesting regional model show the best

in analysis of total accumulated rainfall.
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(c) Temperately forecast verification

ETS was calculated at four threshold values (3 mm/3 hr, 5
mm/3 hr, 10 mm/3 hr, 20 mm/3 hr) of rainfall amounts for all eight
cases, then those are averaged. QPM results (G4Q1 and GAWS8QI1)
nested from a lower global model show better than other results for
low thresholds, while those (G2Q1 and G2Q8Q1) nested from a higher
global model show better. However QPM results (G2ZW2Q1 and
G4W?2Q1) derived by double nesting regional model do not have
correlation between resolution global model and thresholds. G2Q1 and
G4Q1 have high score at 15 hour -which comes—to_first peak rainfall.
However, outside those hours, performance of those were “the lowest.
Those completely could not capture rainfall for 20 mm/3 hr threshold,
These results are consistent with analysis of total accumulated rainfall.
All of QPM results show better performance ‘at first peak rainfall (15
hour) which is shown in Fig. 7. But those show weak performance at

second peak rainfall (27 hour).
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5. Summary and Conclusions

The objective of this study is to examine capability of high
resolution QPM and decide the most appropriate nesting process in
terms of the rainfall intensity, distribution and considering efficiency.
In this study, to complement results of Kim and Oh (2010), prediction
of QPM for many of the recent heavy rainfall events have been
analyzed as suggested by them. Recent heavy rainfall events was used
eight heavy rainfall events which occurred over the Korean peninsula
during the summer seaseon (JJA) of 2011. The experiment design
consists of six experiments; QPM rainfalls directly disaggregated from
global model simulations” of 40 km and 20km resolution, respectively.
QPM rainfalls from' 8 km regional simulations (the outer domain)
nested by global model ' simulations of 40 km and 20km' resolution
while those from 2.6 km regional model simulations (nested domain)
forced by 8 km regional simulations.

The analysis of area—averaged rainfall have been carried out.
Noticeable improvement from change in horizontal resolution of global
model as direct input of QPM were found in all-events. QPM result
(G2W8Q1) derived by the single nesting regional model in a higher
global model is reproduced the most. QPM result derived by double
nesting regional model produce less rainfall amounts than that by

single nesting regional model.
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The evaluation of peak rainfall have been examined. QPM result
derived by double nesting regional model showed highest percentage
among the other experiments for the 200 mm threshold. That is, it
mean G4AW2Q1 and GZW2Q1 results offer sufficient peak rainfall
information than other experiments, which forced by double nesting in
regional model. Background information of higher resolution has an
advantage over that of coarser resolution in resolving the peak rainfall
for the high threshold. QPM results like those obtained in results of
area averaged rainfall were computed for the lighter thresholds (50 and
100 mm).

For verification of simulated rainfall amount,'I'S , Bias score and
ETS was calculated. No significant differences of TS “among all
experiments found for the lighter thresholds. As increase threshold,
differences among |/ all experiments grows. QPM. results derived by
double nesting regional model show the greatest accuracy. In results
of ETS, QPM results (G2W8Q1) derived by single nesting region
model from higher resolution have highest ETS for most thresholds.

It i1s important for. which experiments to simulate peak rainfall
and distribution of rainfall with. time. Time series ‘of“all experiments
also have been carried out. Gap of difference of QPM results
(G2W8Q1 and G4W8Q1) derived by single nesting region model and
those (G2W2Q1 and G4W2Q1 ) derived by double nesting region

model became smaller than that of total accumulated rainfall (Fig. 7

_41_



(h)). However G2W8Q1 and G4W8Q1 show still better performance
with time than G2Q2Q1 and G4W2Ql in terms of distribution of
rainfall. In analysis of rainfall in top of 1 96, GZWE8Q1 and GZW2Q1 is
the closest vale to observation than other experiments. QPM results
nested from global model completely can not capture rainfall for 20
mm/3 hr threshold. It is consistent with analysis of total accumulated
rainfall.

When comparing the global effects and local effects in QPM,
QPM results nested from regional model show better performance than
those nested from only global model. High resolution regional model as
mput of QPM give more accurate - peak rainfall-but that show larger
spread and variance. Therefore the increase of horizontal resolution up
to 26 km in WRF ‘runs induces a deterioration of “distribution of
rainfall.

When taking into consideration of correlation between 'resolution
of global model and improvement of rainfall in QPM, As increase
resolution of global "model, performance of QPM results derived’ from
global model as input is. also-improved. However that-of QPM results
derived from regional model as-input have noting to do with resolution
of global model. Tt may be due to itself recalculation physically in
regional model. Therefore these results are found much more in QPM
results using dough nesting in regional model.

When considering forecast accuracy and time efficiency, it may
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be concluded that QPM forecast from 8 km regional model run driven
by 20 km global run turned out to be the best nesting approach in

this study.
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