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1 | INTRODUCTION
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Abstract

This study aimed to evaluate probable maximum precipitation (PMP) esti-
mated using surface dew points (SDP) or actual precipitable water obtained
from upper-air data (UAD) in the moisture-maximization method with the
help of sufficient extreme precipitation events using large-scale climate ensem-
ble simulation data (d4PDF). The deviations between the PMP variables esti-
mated by the SDP and UAD approaches were analyzed for southern and
northern areas of Japan to consider the regional characteristics of the devia-
tions. We found that the deviations were high in northern areas where the
SDPs are relatively low during precipitation events. The PMPs estimated using
each approach were also compared to the extreme-scale reference precipitation
proposed in this study. The SDP approach overestimated the PMPs by over
20% compared to the reference precipitation in the northern region. However,
the UAD approach showed very low average errors in all southern and north-
ern areas. This tendency of the SDP approach was significantly related to the
regional climatic characteristics of the SDP, which indicated that the SDP
approach may estimate an uncertain PMP value depending on each regional
climatic characteristic compared to the UAD approach. Regional climatic char-
acteristics should be considered when using the SDP approach to estimate
the PMP.
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been criticized as there is no unique method for deter-
mining the upper bound of rainfall, assuming that it

Probable maximum precipitation (PMP) is defined as the
theoretically greatest depth of precipitation for a given
duration that is physically possible over a given storm
area at a particular geographical location and time
(World Meteorological Organization [WMO], 2009). The
PMP also can be defined as a physical upper bound of
the precipitation amount, but this concept of PMP has

really exists (Koutsoyiannis, 1999). The PMP is com-
monly used for estimating the probable maximum flood
(PMF), which is the key design parameter for large-scale
hydraulic structures such as dams.

To estimate PMP, the WMO suggests employing a
moisture-maximization method based on a physical con-
cept (WMO, 1986, 2009). This method is widely used

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Journal of Flood Risk Management published by Chartered Institution of Water and Environmental Management and John Wiley & Sons Ltd.

J Flood Risk Management. 2024;17:€12943.
https://doi.org/10.1111/jfr3.12943

wileyonlinelibrary.com/journal/jfr3 1 of 16


https://orcid.org/0000-0001-5626-8995
mailto:youngkim6257@gmail.com
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jfr3
https://doi.org/10.1111/jfr3.12943
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjfr3.12943&domain=pdf&date_stamp=2023-10-16

Chartered Institution of ~ Journal of
20f16 W l L E Y_ Water and Environmental
Management

worldwide to estimate the amount of PMP, and govern-
ment agencies in many countries have adopted it for
practical purposes (Rouhani & Leconte, 2016). The
moisture-maximization method selects large-scale precip-
itation events and maximizes the observed atmospheric
moisture conditions to the historical maximum moisture
conditions.

In the moisture-maximization method, the atmo-
spheric moisture condition is represented by the total
precipitable water (PW) integrated from the surface to
the upper air (300 hPa). The actual PW can be observed
by radiosonde measurements, which indicate the PW
obtained from upper-air data (UAD). However, the num-
ber of radiosonde stations in an area is limited, and the
observations contain missing and outlier data. To over-
come this limitation, the moisture-maximization method
uses the surface dew point (SDP) temperature to estimate
the total PW. The SDP can indirectly estimate PW via a
pseudo-adiabatic assumption wherein water vapor in the
atmosphere is removed as precipitation as soon as it con-
denses. This is a key process for estimating PMP in the
moisture-maximization method.

The PMP should not be underestimated to ensure the
safety of people living near large-scale hydraulic struc-
tures; furthermore, it should not be overestimated to
minimize the possibility of overdesign and wastage of
economic resources (Rousseau et al.,, 2014). However,
many studies have reported that the PMP estimation
approach based on the PWs estimated by the SDP (SDP-
based approach) overestimates the PMP more than the
PMP estimation approach based on the PWs obtained
from the UAD-based approach, and it is less accurate
than the UAD-based approach (Chen & Bradley, 2006;
Kim et al., 2019, 2020; Micovic et al., 2015; Rouhani &
Leconte, 2020). Rouhani and Leconte (2020) analyzed the
deviation between the SDP and UAD approaches using
SDP and UAD data obtained from climate models. They
concluded that the UAD approach is more physically
based than the SDP approach.

Recently, Kim et al. (2020) noticed that the SDP
approach is highly likely to overestimate the PMP in
regions with relatively low SDPs. They showed clear devi-
ations between the SDP- and UAD-based estimations
using the vertical profiles of atmospheric variables (dew
point, mixing ratio, and PW) observed from the radio-
sonde. They concluded that the SDP approach makes it
difficult to estimate the PW and PMP reasonably in areas
with lower SDPs (e.g., lower than 18°C). Despite the ben-
efits of using SDP for PMP estimation, the SDP approach
can lead to uncertainty in PMP estimation using the
moisture-maximization method.

SDP-based PMP estimations may require an “evalua-
tion” to provide a reasonable design precipitation value
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for large-scale hydraulic structures. However, it is
difficult to accurately evaluate the reasonability of the
estimated PMP. First, there is an insufficient number of
extreme rain events to analyze the reasonability of the
SDP-based approach in PMP estimation. The U.S. Weather
Bureau (1963, 1960, 1954) recommends applying the SDP
approach under conditions of extreme rain events and
high moisture cases, which should be sufficient to ana-
lyze the reasonability of PW and PMP estimated using
the SDP approach, because the approach shows a differ-
ent tendency compared to the UAD approach in PW and
PMP estimations based on the number of extreme events
(Micovic et al.,, 2015). Papalexiou and Koutsoyiannis
(2006) reported that SDP-based PMP estimation is sensi-
tive to available data because missing one or two events
can change PMPs by at least 20% in the moisture-
maximization method. With sufficient precipitation
events, the PWs estimated using SDP should be com-
pared with a sufficient number of actual PWs obtained in
the UAD. However, historically observed PW in the UAD
remains scarce, and the time series is too short for com-
parison in many regions.

Furthermore, conclusive criteria to assess the PMPs
estimated using the SDP and UAD approaches are lack-
ing. Moreover, it is difficult to present a reference precipi-
tation that can be used to evaluate the PMP, which
corresponds to the range of 107> to 10~ '° in terms of the
frequency of probable precipitation, which is a very long
return period (Rousseau et al., 2014; Schaefer, 1994;
Schaefer & Barker, 2005). Although the precipitation
value with a relatively long return period can be pre-
sented using historical observed data and frequency anal-
ysis, it is unsuitable and highly uncertain because of the
very short observation period compared with the long
return period of the PMP (Ben Alaya et al.,, 2018;
Klemes, 1986, 1987, 2000). Therefore, to accurately evalu-
ate the reasonability of PMPs estimated using the
moisture-maximization method, the evaluation should be
conducted under sufficient extreme precipitation events,
actual PWs in the UAD, and SDPs. In addition, an appro-
priate extreme-scale reference value is required to evalu-
ate the estimated PMP.

To utilize such SDP and UAD data, PMP studies
based on SDP and UAD approaches have been conducted
using historical observation data and outputs obtained
from climate models (Beauchamp et al, 2013;
Boucefiane & Meddi, 2022; Chen et al., 2017; Kunkel
et al., 2013; Rouhani & Leconte, 2016; Visser et al., 2022).
Climate simulation data have been used to overcome the
spatiotemporal limitations of SDPs and UADs and to
evaluate the uncertainty of PMP estimation using the
moisture-maximization method from many SDP and
UAD data (Ben Alaya et al., 2018, 2019; Rouhani &
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Leconte, 2020; Rousseau et al., 2014). In these previous
studies, although abundant SDP and UAD data could be
obtained from climate simulation data, the number of
extreme precipitation events was still limited because the
data period was not sufficiently long. This means that, as
with using historical observation data, there are insuffi-
cient extreme precipitation events even in climate simu-
lation data to analyze the reasonability of the PMP
estimation. Further, it remains difficult to estimate the
extreme-scale reference precipitation representing
the long return period precipitation using climate simula-
tion data because of the limited number of extreme
events.

The Meteorological Research Institute (MRI) of Japan
recently produced a large ensemble climate simulation
with a high-resolution atmospheric model—the “Data-
base for Policy Decision-Making for Future Climate
Change” (d4PDF) (Ishii & Mori, 2020; Mizuta
et al., 2017). They produced thousands of climate simula-
tions, and the d4PDF database helps resolve the shortage
of extreme rain cases. It provides precipitation, SDP, and
actual PW data for over 60 years for each ensemble num-
ber (50 ensembles). If the PMP is estimated in each
ensemble, 50 PMPs can be estimated in the 50 ensembles.
Thus, the d4PDF makes it possible to evaluate the devia-
tion between the SDP- and UAD-based approaches under
many available data and sufficient extreme rain events.

Furthermore, the d4PDF database is considered to be
sufficiently long to estimate low-frequency weather phe-
nomena representing the long-term return period
(Tanaka et al., 2021). The d4PDF provides a large-scale
sample size consisting of 3000 annual precipitation series
(60 years x 50 ensembles). Using a large-scale sample,
the d4PDF enables reliable estimation of extreme-scale
precipitation values with a long-term return period of
more than 1000 years through frequency analysis. This
large-scale sample size can minimize the uncertainty
caused by the small-scale sample size of the precipitation
observation data when representing the long-term return
period of precipitation in the frequency analysis. Hence,
it may be possible to propose a reasonable reference pre-
cipitation value with a low frequency and a long return
period to evaluate the PMP.

This study aimed to analyze SDP- and UAD-based
PMP estimations with extreme-scale reference precipita-
tion values concerning regional climatic characteristics.
The d4PDF data based on a large ensemble climate simu-
lation database were utilized. Thus, this study satisfied
the following three conditions using the d4PDF data:

1. Analysis was conducted under sufficient extreme pre-
cipitation events using data based on large ensemble
years (60 years and 50 ensembles).

hartered Institution of ~ Journal of

C
‘ IWEMWdlerand Environmental

Management

—WI ]_EyJ3_°“6

2. Abundant SDP and UAD data were extracted using
climate simulation-based data.

3. An extreme-scale reference precipitation value was
estimated using a large-scale sample size consisting of
3000 annual precipitation series.

In this study, PMP variables, such as the event PW,
moisture maximizing ratio (MMR), and PMP, estimated
using the SDP-based approach were compared to those
estimated using the UAD-based approach. Deviation pat-
terns between the values estimated using the two
approaches were checked in the context of regional cli-
matic characteristics in the target areas. Extreme-scale
reference precipitation values were proposed using the
d4PDF database for each area. Based on the reference
values, the PMPs estimated using the SDP and UAD
approaches were evaluated.

2 | DATA AND METHODS

2.1 | Target area

Eight areas in Japan were selected, as shown in Figure 1.
Japan is surrounded by the sea and experiences high
moisture conditions through moisture inflow and fre-
quent heavy rain events. Japan is useful for analyzing the
deviation of regional climatic characteristics because of
its widely established geographical characteristics from
the northern to southern latitudes. Southern and north-
ern areas of Japan, with clearly different climatic charac-
teristics, were selected for this study.

Sapporo® Kushiro® :

Urakawa@®
Hakodate ]
=5
Kagoshima@®
o 0 270 540 1,080 Kilometers
FIGURE 1 Target areas in Japan. Kagoshima, Fukuoka,

Kochi, and Matsue are located in the southern part of Japan;
Hakodate, Sapporo, Urakawa, and Kushiro are located in the
northern part of Japan.
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TABLE 1 The average amount of precipitation and 12 h persisting surface dew point for the 3000 annual maximum daily precipitation.
Area Latitude (°N) Longitude (°E) Precipitation (mm) Surface dew point (°C) Location
Kagoshima 31.56 130.55 152.69 23.47 Southern part of Japan
Fukuoka 33.58 130.38 129.19 21.90
Kochi 33.57 133.55 182.78 23.46
Matsue 35.46 133.07 94.47 20.19
Hakodate 41.82 140.75 70.50 17.53 Northern part of Japan
Sapporo 43.06 141.33 78.72 15.93
Urakawa 42.16 142.78 64.74 16.93
Kushiro 42.95 144.44 70.47 15.15

Table 1 lists the average amount of precipitation and
SDPs for the 3000 annual maximum daily precipitation
events. Kagoshima, Fukuoka, Kochi, and Matsue are all
located in southern Japan. Hakodate, Sapporo, Urakawa,
and Kushiro are all located in northern Japan. Table 1
implies that the southern areas have relatively higher
SDPs of more than 20°C when high-magnitude precipita-
tion events occur compared to the northern areas of
Japan. In addition, the magnitude of the precipitation
events in the southern areas is larger than that in the
northern areas. The targeted areas are all adjacent to
the sea, where moisture inflow is active and the altitude
is relatively low. Thus, it was possible to conduct this
study by minimizing the impact of mountainous terrains.

2.2 | d4PDF based on large-scale climate
ensemble simulations

The d4PDF consists of outputs from global warming sim-
ulations using a global atmospheric model with a hori-
zontal grid spacing of 60 km (AGCM), which was
downscaled to 20 km using the nonhydrostatic regional
climate model (Sasaki et al.,, 2008) over Japan. The
AGCM used in this study was MRI-AGCM 3.2. This
model was developed based on a version of the numerical
weather prediction model used operationally by the
Japan Meteorological Agency (JMA). Many parameteriza-
tion schemes for various physical processes have been
developed and introduced into models using both JMA
and MRI. This model consisted of 64 vertical levels. The
top level is 0.01 hPa equivalent to an altitude of about
80 km. This model adopted the cumulus convection
scheme called the “YS scheme” (Yoshimura et al., 2015),
which was developed from the method of Tiedtke (1989).
Further details on the model and its performance can be
found from Mizuta et al. (2012). The horizontal grid size
of the downscaled d4PDF is 211 x 175, which covers

Japan, the Korean Peninsula, and the eastern part of the
Asian continent.

Three sets of experiments were performed using the
AGCM: a historical climate simulation, a + 4-K future
climate simulation, and a nonwarming simulation. The
sea surface temperature (SST), sea ice concentration
(SIC), and sea ice thickness (SIT) were designated as the
lower boundary conditions, and the global mean concen-
trations of greenhouse gases and three-dimensional dis-
tributions of ozone and aerosols were designated as the
external forces. The duration of each experiment was
60 years. Each set of experiments had large ensemble
members, for which the initial and lower boundary con-
ditions were perturbed.

In the historical climate simulation, the observed
monthly mean SST and SIC of COBE-SST2 (Centennial
Observation-based Estimates of SST, version 2; Hirahara
et al.,, 2014) and the climatological monthly SIT from
Bourke and Garrett (1987) were used as the lower bound-
ary conditions. In addition to using different initial condi-
tions, small perturbations of SST (8SST) based on SST
analysis error were added to COBE-SST2 for the ensem-
ble experiments. The details of these perturbations are
described by Mizuta et al. (2017). The global mean con-
centrations of greenhouse gases (CO,, CH,;, N,O, and
chlorofluorocarbons) were set to the observational values
for each year. Three-dimensional distributions of ozone
from the MRI Chemistry—Climate Model (MRI-CCM;
Deushi & Shibata, 2011) and aerosols from the MRI-
Coupled Atmosphere-Ocean General Circulation Model,
version 3 (MRI-CGCM3; Yukimoto et al., 2012),
were used.

The d4PDF database has been applied for the risk
assessment of climate-related phenomena with a very
low frequency, such as floods and droughts (Doll
et al.,, 2018; Faye et al., 2018; Ishii & Mori, 2020; Kay
et al., 2015; Lavender et al., 2018; Mori et al., 2019; Yang
et al., 2018). Furthermore, its applicability and reliability
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have been reported in many studies (Hanittinan
et al., 2020; Ishii & Mori, 2020; Tanaka et al., 2018,
2020, 2021).

MRI-AGCM3.2, which was used for the large ensem-
ble simulation of the d4PDF, has been reported to be
more efficient in simulating the seasonal evolution of
East Asian precipitation (Chen et al., 2019). MRI-
AGCM3.2 demonstrates superior performance in terms of
heavy precipitation around the seasonal march of the
East Asian summer monsoon (Mizuta et al., 2012). Endo
et al. (2017) validated the annual maximum precipitation
data of the d4PDF using Tropical Rainfall Measuring
Mission (TRMM)-3B42 version 6 (Huffman et al., 2007).
They concluded that the observed annual maximum pre-
cipitation features were well-reproduced by the d4PDF,
especially in East Asia.

This study used the downscaled d4PDF based on a his-
torical climate simulation with a 20 km resolution. For the
historical climate simulation, 50 ensembles were gener-
ated, for which the historically observed initial conditions
and lower boundary conditions were perturbed. Using the
d4PDF, a PMP was estimated for each ensemble, and a
comparison between PMPs estimated using the SDP- and
UAD-based approaches could be conducted for each
ensemble. Thus, this comparison could be conducted
50 times for the 50 ensembles. Precipitation, SDP, and PW
data obtained from the d4PDF were used in this study.

2.3 | PMP estimation using the
moisture-maximization method

In the moisture-maximization method, the observed
heavy rain event was maximized for more extreme atmo-
spheric conditions using Equations (1a) and (1b), where
Popservea denotes the observed precipitation for the event,
PWn.x (mm) denotes the historical maximum PW during
the total observation period, PWeyen (mm) denotes the
representative PW for the event, and MMR represents
the moisture-maximizing ratio. The maximum PW was
estimated with a Gumbel distribution using the PWs
obtained for a rainy day and a non-rainy day; the esti-
mated maximum PW corresponded to the 100-year
return period. MMR was the ratio of the maximum PW
to the event PW and reflected extreme precipitation
conditions.

PMP = Pgpserved X (P "W max / Pwevent) (la)
= Pobserved x MMR (lb)

PW is defined as the depth of water in a column of
the atmosphere if all the water in that column

hartered Institution of ~ Journal of

C
‘ IWEMWdlerand Environmental

Management

—WI ]_]5\(J5_°f16

precipitated as rain. To characterize the available mois-
ture feeding a storm and overcome the limitation of the
observed PW data, a 1000 mbar, 12 h persisting SDP was
utilized for estimating PW as an index to represent the
mean atmospheric moisture availability. The SDP then
estimated PW using a pseudo-adiabatic process under the
pseudo-adiabatic =~ assumption in the moisture-
maximization method. WMO (1986, 2009) tabulated the
relationship between the estimated PW and SDP under
the pseudo-adiabatic assumption. Thus, SDP is one of the
most important components for estimating PMP.

The pseudo-adiabatic process models the ascent of a
saturated air parcel within a convective cell and is uti-
lized to approximate the saturated water vapor in an air
column. In the moisture-maximization method, it is
assumed that air parcels follow a pseudo-adiabatic pro-
cess from the surface of the atmosphere, and air parcels
are condensed as soon as the air parcel ascends from the
surface. This is called the pseudo-adiabatic assumption.
Under this assumption, the air parcel begins to ascend
from the SDP and follows a pseudo-adiabatic process.
The water that condenses during the air parcel ascent is
discarded as precipitation. If the SDPs can be easily
obtained, it is possible to predict the amount of water
from the surface to the upper air under the pseudo-
adiabatic assumption.

24 | Two-sample Kolmogorov-
Smirnov test

A two-sample Kolmogorov—-Smirnov (KS) test at a signifi-
cance level of 5% was conducted to compare the observed
data and d4PDF data samples under the null hypothesis
that they were drawn from the same unknown prior
probability distribution. The statistical value (D, ),
which ranged from 0 to 1, was defined as the maximum
difference between the two cumulative density functions
(CDFs). The null hypothesis was not rejected if the p-
value was >0.05. The main advantage of the KS test was
its sensitivity to the shape of the prior distribution,
because it could detect differences along the scale
(Darling, 1957).

2.5 | Study design

In this study, the precipitation, SDP, and UAD (actual
PW) data were collected from 1951 to 2010 for each area
and each ensemble of the d4PDF. This study focused on
eight areas located in the southern and northern parts of
Japan with clearly different climatic characteristics to
evaluate the SDP- and UAD-based approaches according
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to each climatic characteristic. This study was divided
into the following four steps.

First, to examine the reliability of the d4PDF data, the
precipitation, SDP, and PW of the UAD extracted from
the d4PDF were compared with the observed data. The
observed precipitation and SDP data were extracted from
the automated meteorological data acquisition system of
the JMA in all areas, and the observed PW of the UAD
was extracted from the radiosonde station in Kagoshima,
Fukuoka, and Sapporo.

Second, the deviation of the PMP variables (event
PW, MMR, and PMP) estimated using SDP for those esti-
mated using UAD approaches was estimated, and this
deviation was represented as an error value. For
50 ensembles of d4PDF, 50 errors were estimated
between the two approaches for each PMP variable. This
error estimation was based on the top precipitation event
of each ensemble to compare the results of the two
approaches for the same event.

Third, a reference value was proposed to evaluate the
possibility of PMP overestimation and underestimation
by the SDP and UAD approaches. The reference value
was estimated using 3000 annual precipitation data
points extracted from the d4PDF and frequency analysis
for each area. The estimated reference value had a long-
term return period of 3000 years. Although the frequency
analysis using the small-scale sample size of the observed
precipitation data estimated the uncertain precipitation
when representing the long-term return period of
3000 years, the frequency analysis based on the d4PDF
data estimated a relatively reasonable extreme-scale pre-
cipitation with a return period of 3000 years using a
large-scale sample size.

This value, based on the statistical concept, may be
an arbitrary value for evaluating PMP. However, it has
an unprecedented extreme-scale precipitation value like
the PMP. In addition, the value was estimated by suffi-
ciently reflecting the regional characteristics of the pre-
cipitation magnitude, based on the same criteria in all
areas. As this study had not aimed to estimate the accu-
rate PMP for the target area but instead had aimed to
analyze the uncertainty of the two approaches concern-
ing the regional climatic characteristics, the use of this
value as a reference for identifying the tendency of the
overestimation and underestimation of PMPs estimated
by the two approaches with the regional climatic charac-
teristics was attempted.

Finally, the 50 PMPs estimated using each approach
for the 50 ensembles were compared to the reference
values in each area. The differences between the 50 PMPs
estimated from each approach and the reference values
are represented as an average error. Using the estimated
average error, this study evaluated the two approaches

KIM ET AL.

according to regional climatic characteristics in eight
areas of Japan. The results allowed a clearer analysis of
the reasonability of the PMP estimation based on the
moisture-maximization method by evaluating it with a
reference value estimated using a large ensemble simula-
tion output called d4PDF.

3 | RESULTS

3.1 | Reliability of the d4PDF data

This study examined the reliability of the d4PDF data by
comparing them with the observed data for precipitation,
SDP, and PW of the UAD. The moisture-maximization
method estimated the PMP based on specific extreme-
scale precipitation events. Under the condition of high-
magnitude precipitation, the precipitation, SDP, and PW
data extracted from the d4PDF should be compared to
the observed data. This comparison was conducted based
on the 3000 annual maximum daily precipitation events
of the d4PDF and the observed annual maximum daily
precipitation events from 1973 to 2010.

Figure 2 shows the empirical CDF graphs of the two
precipitation datasets for the eight regions. The black line
represents the 3000 annual maximum daily precipitation
series extracted from the d4PDF. Red circles represent
the observed annual maximum daily precipitation from
1973 to 2010. Based on the empirical CDF graphs shown
in Figure 2, a two-sample KS test was performed to ana-
lyze whether the annual maximum precipitation events
extracted from the d4PDF showed a probabilistic func-
tion similar to that of the observed precipitation.

Table 2 shows the D, ,,,, and p-values obtained from
the KS test. Figure 2 shows a slight bias between the
d4PDF and the observed data. The bias resources in
the precipitation output based on the GCM are diverse
and complicated, even related to the fundamental
assumption of the Clausius-Clapeyron relationship
(Koutsoyiannis, 2020). However, p-values were higher
than 0.05 for all areas. In particular, the p-value for
Fukuoka was estimated to be 0.95. This suggested that
the probability distribution of annual maximum precipi-
tation events extracted from the d4PDF was similar to
the probability distribution of the observed annual maxi-
mum precipitation events in all areas targeted in this
study.

Both the d4PDF and observed data reflected the
annual maximum precipitation characteristics related to
the intensity of precipitation in the southern and north-
ern areas. In Figure 2, the graphs of both the d4PDF and
the observed data in the southern areas are located on
the right side compared to the northern areas, indicating
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FIGURE 2 The comparison of the precipitation data extracted from the d4PDF with the observed precipitation data. The black line

represents a total of 3000 annual maximum precipitations extracted from 50 ensembles. The red circles represent the observed annual

maximum precipitations from 1973 to 2010. PW, precipitable water; SDP, surface dew point.

TABLE 2 The result of a two-sample Kolmogorov-Smirnov test of the d4PDF and observed precipitation.

Area Kagoshima Fukuoka Kochi Matsue Hakodate Sapporo Urakawa Kushiro

Dym 0.10 0.08 0.18 0.18 0.18 0.22 0.22 0.18

p-Value 0.84 0.95 0.16 0.16 0.16 0.05 0.05 0.15
TABLE 3  Average 12 h surface dew point for the annual TABLE 4 Average daily precipitable water for the annual
maximum daily precipitation obtained from the d4PDF and maximum daily precipitation obtained from the d4PDF and
observation. radiosonde observation.

SDP (°C) PW (mm)

Area d4PDF Observation Area d4PDF Observation

Kagoshima 23.47 22.58 Kagoshima 62.33 54.84

Fukuoka 21.90 21.38 Fukuoka 56.72 56.46

Kochi 23.46 22.71 Sapporo 40.51 39.51

Matsue 20.19 20.31 Abbreviation: PW, precipitable water.

Hakodate 17.53 16.97

Sapporo 15.93 17.09

Urakawa 16.93 16.85 The d4PDF reflected the regional SDP characteristics

Kushiro 15.15 13.43 of the observed data; the southern areas showed rela-

Abbreviation: SDP, surface dew point.

that the magnitude of the annual maximum precipitation
events is higher in the southern areas than in the north-
ern areas.

Table 3 shows the average 12 h persisting SDPs for
the annual maximum daily precipitation of the d4PDF
and the observed datasets. The differences between the
d4PDF and observed data were low in all areas.

tively high SDPs for both datasets and the northern
areas showed relatively low SDPs for both datasets.
Table 4 shows the average daily PWs for the annual
maximum daily precipitation of the d4PDF and the
observed datasets in the areas where radiosonde sta-
tions were installed. Fukuoka and Sapporo showed low
differences between the d4PDF and the observed data-
sets. There was a slight bias in Kagoshima. However,
the bias was not high, and the d4PDF reflected the
regional PW characteristics in that the PW was
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The SDP-based event PWs versus the upper-air data (UAD)-based event PWs in Kagoshima, Fukuoka, Kochi, Matsue,

Hakodate, Sapporo, Urakawa, and Kushiro. The selected events (blue circle) are based on each top precipitation per ensemble of
50 ensembles of the d4PDF database with a one-day duration. PW, precipitable water; SDP, surface dew point.

relatively high in the southern areas of Japan and rela-
tively low in the northern areas of Japan.

The primary aim of this study was to analyze the
deviation between PMPs estimated from the SDP and
UAD approaches for PMP estimation in areas with differ-
ent climatic characteristics, and to evaluate the overesti-
mation and underestimation possibility of PMPs
estimated using the two approaches. As the d4PDF data
reflected the distribution of the observed annual maxi-
mum daily precipitation series and the regional climatic
characteristics of the observed SDP and PW in the north-
ern and southern areas of Japan, it was possible to evalu-
ate the uncertainty of the moisture-maximization method
related to the two different climatic characteristics
according to the purpose of this study. Therefore, here, it
was determined that the d4PDF database was sufficient
for evaluating the two PMP estimation approaches under
each regional climatic condition.

3.2 | Comparison of UAD and SDP
approaches

In this study, the PMP variables estimated using the SDP
approach were compared to those estimated using the
UAD approach. Fifty error values between the two
approaches were estimated for the 50 top precipitation
events of the 50 ensembles. This study estimated the
average value of 50 errors to quantify deviations.
The average errors were divided into positive and nega-
tive errors. A positive error indicated that the PMP vari-
ables using SDP were greater than those using UAD.

Meanwhile, a negative error indicated that the PMP vari-
ables using SDP were lower than those using UAD. This
was analyzed using the regional climatic characteristics
when high-magnitude precipitation events occurred, as
shown in Table 1.

3.2.1 | Deviation of event PW

Figure 3 shows the event PWs estimated using the SDP
and UAD approaches for 50 precipitation events of
50 ensembles (top daily precipitation). The upper figures
show the results for the southern areas of Japan with rel-
atively high SDPs and high magnitudes of precipitation
events. The bottom figures show the results for the north-
ern areas of Japan with relatively low SDPs and low mag-
nitudes of precipitation events. The position of each
circle in Figure 3 indicates the deviation between the
event PW values estimated using SDP and UAD for each
area. Table 5 lists the average errors for the PW events in
the eight target areas.

As shown in Figure 3 and Table 5, the PW event dem-
onstrated considerably low positive errors within 10%
between the SDP and UAD approaches in the southern
areas (Kagoshima, Fukuoka, Kochi, and Matsue). The
northern areas (Hakodate, Sapporo, Urakawa, and Kush-
iro) had high negative errors of over 14%. The event PWs
using the SDP tended to be overestimated compared with
the UAD in the southern areas, but the deviation
between the event PWs using the two approaches was
relatively low. Meanwhile, the event PWs estimated using
the SDP were underestimated more than the event PWs
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estimated using the UAD. These results indicated that
the SDP approach could estimate PWs similar to the
UAD approach in southern Japan; however, the SDP
approach may underestimate the event PWs compared to
the UAD approach in northern Japan.

3.2.2 | Deviation of MMR

Figure 4 shows the MMRs estimated using UAD and SDP
for each top precipitation per ensemble (50 values of
50 ensembles). The position of each circle represents the
deviation between the MMRs estimated using SDP and
UAD in each area. As shown in Figure 4, the SDP
approach overestimated the MMR compared to the UAD
approach in the northern area. The SDP approach
slightly underestimated MMR in the southern area;

TABLE 5
precipitable water (PW) to the upper-air data-based event PWs.

Average errors of the surface dew point-based event
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however, the deviation between the two approaches was
low. Table 6 lists the average errors of the MMRs for each
area. The average errors were low in the southern area,
whereas they were relatively high in the northern areas.
These results indicated that the SDP approach overesti-
mated the MMR in the northern region compared with
the UAD approach. In this analysis, the tendency of over-
estimated MMRs for the SDP approach was recognized
only in northern areas with relatively low SDPs. Hence,
the MMRs were overestimated based on the SDP, and the
deviation for both approaches may be significantly
related to relatively low SDPs for the high-magnitude
precipitation event.

As indicated by the box plot in Figure 5, this study
analyzed the characteristics of the MMRs for the two
approaches in detail. In the southern areas, box plots for

TABLE 6
moisture maximizing ratios (MMRs) to the upper-air data-
based MMRs.

Average errors of the surface dew point-based

Area Average error (%) Location Area Average error (%) Location
Kagoshima 8.19 Southern part of Japan Kagoshima 9.19 Southern part of Japan
Fukuoka 6.39 Fukuoka 8.28
Kochi 9.36 Kochi 10.89
Matsue 0.48 Matsue 8.47
Hakodate —14.42 Northern part of Japan Hakodate 30.99 Northern part of Japan
Sapporo —14.78 Sapporo 31.20
Urakawa —19.53 Urakawa 23.77
Kushiro —28.73 Kushiro 21.06
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FIGURE 4 The SDP-based moisture-maximizing ratios (MMR) versus the UAD-based MMRs in Kagoshima, Fukuoka, Kochi, Matsue,

Hakodate, Sapporo, Urakawa, and Kushiro. The selected events (blue circle) are based on each top precipitation per ensemble of
50 ensembles of the d4PDF database with a one-day duration. SDP, surface dew point; UAD, upper-air data.
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Box plots of MMRs estimated using the SDP and UAD in eight areas. (a) areas show relatively high SDPs for high-

magnitude precipitation events. (b) areas show relatively low SDPs for high-magnitude precipitation events. MMR, moisture-maximizing

ratio; SDP, surface dew point; UAD, upper-air data.

the SDP approach are formed slightly higher than those
for the UAD approach, but box plots for both approaches
are similarly formed with an MMR of 2.0 or less; the
median and mean values of MMRs for the two
approaches are similar; between 1.2 and 1.5. These
results indicate that the deviation of MMR is low between
the SDP and UAD approaches in the southern areas with
relatively high SDPs for high-magnitude precipitation
events; MMRs estimated using the SDP approach have a
tendency similar to those estimated using the UAD
approach. However, in the northern areas, box plots of
the MMRs for the two approaches are different. The
spreads of MMRs using the SDP approach are larger than
those using the UAD approach, and the upper whisker
shows an MMR of 2.0 or more. This implies that the
MMRs estimated using the SDP approach contained
some values over 2.0 in the northern areas with relatively
low SDPs. Meanwhile, all MMRs of the box plot for the
UAD approach were located within 2.0 in the northern
areas. The box plots for the UAD approach in the north-
ern areas were similar to the box plots for the two
approaches in the southern areas. As a result, the SDP
approach overestimated the MMRs more than the UAD
approach, and some MMRs represented a value over 2.0
in the northern areas.

Many previous studies have noted that high MMRs
over 2.0 may overestimate the PMP. They have also sug-
gested that the upper bound of the MMR should be limited
below a specific value to reduce and control the possibility
of PMP overestimation (CEHQ & SNC-Lavalin, 2003;
Hansen et al., 1988; Jakob et al., 2009; Minty et al., 1996;
Rouhani & Leconte, 2016; Rousseau et al, 2014;
Schreiner & Riedel, 1978; Walland et al., 2003). Accord-
ingly, the SDP approach has a high possibility of PMP
overestimation in northern areas with relatively low SDPs
for high-magnitude precipitation events.

3.2.3 | Deviation of PMP

Figure 6 shows the PMPs estimated using UAD and SDP
for the top daily precipitation per ensemble (50 values of
50 ensembles). In the southern areas, these points are
close to the dashed line. This means that the deviations
between the two approaches are very low, and that the
SDP approach can estimate the PMP, similar to the UAD
approach. However, the deviations in PMP were rela-
tively high between the two approaches in the northern
areas, and the SDP approach overestimated the PMPs
compared to the UAD-based PMPs.

These results are provided in more detail in Table 7
and are the same as the MMR results, as shown in
Table 6. Most average PMP errors were higher than 20% in
the northern areas, but the average errors were close to
10% in the southern areas. These overestimated PMPs
were due to overestimated MMRs in the northern areas, as
mentioned in Section 3.2.2. The deviation between the
PMPs using the two approaches showed similar character-
istics to the deviation of the PW event. In the southern
areas, deviations of both the PW and PMP events were rel-
atively lower than those in the northern areas. However,
the deviations were relatively large in the northern areas.

To analyze the relationship between the errors for the
event PW and PMP, the errors are shown in Figure 7 as a
bar graph. In the southern areas, both the PW and PMP
exhibited low average errors. Meanwhile, in the northern
areas with relatively low SDPs for the precipitation event,
the PW event showed high negative errors and the PMP
showed high positive errors. This implied that the SDP
approach underestimated the event PW and overesti-
mated the PMP compared to the UAD approach in the
northern areas of Japan with relatively low SDPs. In addi-
tion, Figure 6 indicates that the error of the event PW
may be related to the error of the PMP.
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and Kushiro. The selected events (blue circle) are based on each top precipitation per ensemble of 50 ensembles of the d4PDF database with
a one-day duration. PMP, probable maximum precipitation; SDP, surface dew point; UAD, upper-air data.

TABLE 7 Average errors of the surface dew point-based
probable maximum precipitation (PMP) to the upper-air data-
based PMPs.

Area Average error (%) Location
Kagoshima 9.19 Southern part of Japan
Fukuoka 8.28
Kochi 10.89
Matsue 8.47
Hakodate 30.99 Northern part of Japan
Sapporo 31.20
Urakawa 23.77
Kushiro 21.06
50
m Error of event PW m Error of PMP
~ 30 |
S
\g 7 7Kagoshima — Kochi
b5}
(0]
g0-10
§ Hakodate Sapporo Urakawa
k. 30 ¢ Kushiro

FIGURE 7
using the SDP and UAD approach in eight areas. Red bars refer to

Average errors between PMP variables estimated

the average error of event PW, and blue bars refer to the average
error of PMP. PMP, probable maximum precipitation; SDP, surface
dew point; UAD, upper-air data.

This relationship was indicated by Kim et al. (2020),
who suggested that high negative errors of the event PW
affect the high positive errors of MMR and PMP. Further-
more, they identified the relationship between the high
error of event PW and relatively low SDP by comparing
the vertical profiles of atmospheric variables (dew point,
mixing ratio, and PW) observed at radiosonde stations.
The estimated profiles (SDP-based estimated variables in
the air column) were underestimated compared to the
observed profiles (UAD-based observed variables in
the air column) for all vertical atmospheric pressures in
areas with relatively low SDPs for precipitation. In partic-
ular, they noticed that the SDP approach, which is based
on the pseudo-adiabatic assumption, could not accurately
predict the atmospheric moisture condition related to PW
in the upper air. This led to inaccurate PW estimations,
and these inaccurate PWs caused overestimated MMRs
in areas with relatively low SDPs.

Consequently, in this study, the SDP approach inac-
curately estimated PWs in northern areas with relatively
low SDPs, and these event PWs estimated high MMR
values of over 2.0. This resulted in a high deviation of
more than 20% between the PMPs estimated using the
two approaches. A high deviation could be identified in
the northern areas, which showed relatively low SDPs
below 18°C for the occurrence of high-magnitude precipi-
tation events. Therefore, the deviation between the PMPs
estimated using the two approaches showed different pat-
terns, depending on the regional climatic characteristics.
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4 | DISCUSSION
4.1 | Estimation of the reference
precipitation using the d4PDF

A reference value was proposed to evaluate the PMP
values estimated using the SDP and UAD methods. Fre-
quency analysis was conducted based on a large-scale
sample of the d4PDF consisting of 3000 annual maxi-
mum daily precipitation. In the frequency analysis, the
Gumbel distribution was selected to represent the long
return period of the reference precipitation as a probabil-
ity density function. The Gumbel distribution has been
widely utilized to estimate the design rainfall with the
return period in Japan. The JMA proposed probability
rainfall values with a high return period based on the
Gumbel distribution. The parameters of the Gumbel dis-
tribution were estimated using the L-Moment method.
Through frequency analysis, the extreme-magnitude pre-
cipitation values with return periods of 1000, 3000, and
5000 years were estimated for each target area.

Table 8 presents the results. The difference between
the estimated values with return periods of 1000 and
3000 years was relatively high, at over 10% for all areas.
The difference between the estimated values with return
periods of 3000 and 5000 years was low, within 5% for all
areas. This difference decreased as the return period
increased. Thus, even estimating precipitation values
with a return period longer than 3000 years will show

TABLE 8
large-scale sample of the d4PDF.

KIM ET AL.

similar magnitudes. This study used the precipitation
value with a return period of 3000 years as a reference
value.

4.2 | Evaluation of the PMPs estimated
using the SDP and UAD approaches

In this study, the PMPs of each ensemble estimated using
the SDP and UAD approaches were compared with the
estimated reference precipitation values (Table 8). Unlike
that in Section 3.2, where the top precipitation of each
ensemble was analyzed, this study was based on the larg-
est PMP value per ensemble. Figure 8 shows the results
of the 50 PMPs of 50 ensembles estimated using the SDP
and UAD approaches. The left figure shows Fukuoka and
the right figure shows Sapporo. In Figure 8, the red cir-
cles refer to PMPs estimated using the UAD approach,
blue squares refer to PMPs estimated using the SDP
approach, the black dashed line refers to the reference
value, the red line refers to the average value of 50 PMPs
estimated using the UAD approach, and the blue line
refers to the average value of 50 PMPs estimated using
the SDP.

Both areas showed a very low deviation between the
PMPs estimated using the UAD approach and the refer-
ence values in Figure 8. Even in Sapporo, which showed
relatively low SDPs, the PMPs using UAD showed a low
deviation. Meanwhile, the deviation for the PMPs

The precipitation values estimated for return periods of 1000, 3000, and 5000 years through frequency analysis based on a

Return period (years) Kagoshima Fukuoka Kochi Matsue Hakodate Sapporo Urakawa Kushiro
1000 410.29 377.04 447.79 294.80 206.24 242.82 189.23 215.90
3000 (reference) 455.02 420.06 493.80 329.58 231.31 271.32 210.84 241.15
5000 475.81 440.07 515.19 345.75 242.96 284.56 220.89 252.89
Note: (unit: mm).
1000 1000
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FIGURE 9 Average errors of the PMPs using the SDP and
UAD for the largest precipitation in the eight areas. Red bars refer
to the average error between the PMPs using the UAD and the
largest value; blue bars refer to the average error between the PMPs
using the SDP and the largest value. PMP, probable maximum
precipitation; SDP, surface dew point; UAD, upper-air data.

estimated using SDP was different from the result of the
UAD approach. Fukuoka showed a low deviation of
PMPs using SDP to the reference value; however, Sap-
poro showed a high deviation of PMPs using SDP to the
reference value rather than that in the Fukuoka area.
This indicated that the SDP approach showed a different
tendency for deviation between the estimated PMP and
the reference value in the northern and southern areas.

Figure 9 shows the average error of the PMPs esti-
mated using the SDP and UAD approaches for the refer-
ence values in the eight areas. The red bars refer to the
average error between the PMPs using the UAD and
the reference values, and the blue bars refer to the aver-
age error between the PMPs using the SDP and the refer-
ence values. As shown in Figure 9, the SDP-based PMPs
indicated a low average error of within 10% in Kago-
shima, Fukuoka, Kochi, and Matsue. The northern areas
showed high positive average errors of over 20% for the
reference value. This meant that northern areas with rel-
atively low SDPs may have a high possibility of PMP
overestimation. Meanwhile, the UAD-based PMPs
showed low average errors with the reference value in all
southern and northern areas, even if the PMPs were
slightly underestimated compared to the reference value
in most areas of Japan.

These results indicated that the tendency to underes-
timate and overestimate the PMP using the UAD
approach was not related to regional climatic characteris-
tics. The UAD approach may be used reliably, even with-
out considering regional climatic characteristics, as PMPs
estimated in all areas with any climatic characteristics
show similar trends. On the other hand, the tendency of
PMP overestimation for the SDP approach was signifi-
cantly related to the regional climatic characteristics, and
this may lead to an uncertain PMP value depending on
each regional climatic characteristicc The regional
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climatic characteristics should be considered when using
the SDP approach for PMP estimation.

Although the reference value was arbitrarily pro-
posed, this study found that the SDP approach had a high
possibility of PMP overestimation in areas with relatively
low SDPs for precipitation events compared to the refer-
ence value. Accordingly, by using extreme precipitation
reflecting the precipitation characteristics of each area as
a reference value, it was possible to understand the ten-
dency of the PMP values estimated using the UAD and
SDP approaches according to the regional climatic
characteristics.

5 | CONCLUSIONS

For event PW, MMR, and PMP, the deviations between
the SDP and UAD approaches were relatively low in the
southern areas (Kagoshima, Fukuoka, Kochi, and Mat-
sue) with relatively high SDPs. The deviation of the PMP
variables was relatively high between the two approaches
in northern areas (Hakodate, Sapporo, Urakawa, and
Kushiro) with relatively low SDPs.

The pseudo-adiabatic assumption employed in the
SDP approach predicts inaccurately estimates PWs when
the SDP is below 18°C (Kim et al., 2020). The northern
areas showed relatively low SDPs below 18°C as shown
in Table 1. The SDP approach underestimated the PWs
compared to the UAD approach in the northern areas.
This led to the difference in results between the UAD
and SDP approaches in northern areas. Meanwhile, in
the southern areas, which showed relatively high SDPs
over 18°C as shown in Table 1, the SDP approach esti-
mated the PWs similar to the UAD approach. This led to
similar PMP results between the UAD and SDP
approaches in southern areas.

Extreme-scale reference precipitation was proposed to
evaluate PMPs estimated using the UAD and SDP
approaches. The suggested reference value was compared
with the PMPs of 50 ensembles of the d4PDF. The SDP
approach showed high average errors in the northern
areas. The UAD approach showed very low average
errors in all the southern and northern areas. This
implied that the SDP approach had a high possibility of
PMP overestimation in the northern areas with relatively
low SDPs for precipitation events. Therefore, the SDP
approach may estimate uncertain PMPs based on
regional climatic characteristics. To use the SDP
approach reasonably, climatic characteristics related to
the SDP for precipitation events should be considered for
each area.

In this study, the PMP estimation based on the
moisture-maximization method was evaluated from
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extreme-scale reference precipitation under sufficient
extreme events by utilizing the d4PDF. PMP has been
widely used for estimating the PMF, a key parameter of
dam construction, and for analyzing water-related disas-
ters such as floods and storms. While multiple guidelines
exist for evaluating PMP estimates, there is no representa-
tive guideline that can be universally trusted and consen-
sus among all researchers. In light of this, this study
focused on demonstrating the potential application of the
d4PDF as one of the diverse methodologies for evaluating
PMP. d4PDF has the capability to estimate a reliable
extreme-scale reference rainfall by using a large-scale sam-
ple size of the d4PDF in frequency analysis. This reference
value may be used for evaluating the estimated PMP.
However, in our study, we did not analyze important
precipitation behaviors like spatiotemporal correlation, long-
range dependence, and clustering patterns in the d4PDF
dataset. These behaviors, known as Hurst phenomenon or
long-range dependence, have been observed in regular and
extreme precipitation events (Dimitriadis et al., 2021;
Iliopoulou & Koutsoyiannis, 2019). Our future research will
investigate the spatiotemporal correlation structure of maxi-
mum precipitation in the d4PDF, revealing clustering pat-
terns of wet and dry years in time and space. We will also
focus on preserving long-range dependence, seasonality, and
auto-correlation using alternative stochastic schemes
(Dimitriadis & Koutsoyiannis, 2018; Koutsoyiannis &
Dimitriadis, 2021), and address the generation of stochastic
observables for hydrological models (Beven, 2021). These
efforts aim to enhance our understanding and representa-
tion of precipitation characteristics in the d4PDF dataset.
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