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Abstract

Future changes in river discharge driven by climate change are expected to affect various water-resource sectors. In this study,
we investigated the influence of climate change on streamflow in a heavy snowfall area of mountainous central Japan using
hydrological model simulations driven by climate projections obtained from the d4PDF database. We projected an increase in
snowmelt discharge during winter and a decrease in spring, along with a general decrease in water resources and an increase
in the frequency of annual maximum daily discharge during winter because of increasing future snowmelt. Self-organizing
maps (SOMs) were then applied using atmospheric data to study the linkage between streamflow and weather regime patterns
(WPs) in future and present climate scenarios. The SOM analysis suggested that the impacts of climate change on stream-
flow varied by WP. The increase in future winter discharge was due to the strengthening of impacts of certain WPs, causing
snowmelt. However, the decrease during spring could be due to changes in the predominant discharge-related WPs resulting
from a decreasing snowpack. The obtained results can be useful information for considering adaptation strategies for sustain-
able management of water resources in heavy snowfall areas that must meet both economic and environmental demands.

Keywords Climate change - Hydrological model - Weather regime patterns - Self-organizing map - Snowmelt flood -
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1 Introduction

Projected precipitation and river discharge are important
sources of information for water resource utilization and
the mitigation of floods and droughts (Vorosmarty et al.
2000; Milly et al. 2002; Nohara et al. 2006). In recent dec-
ades, many hydrological modeling studies have assessed the
expected impacts of climate change on hydrological regimes
and water availability (e.g., Arnell 1999; Sperna Weiland
et al. 2012), given the potential consequences for freshwa-
ter ecosystems, water quality, and human water uses. For
example, hydropower management requires daily to seasonal
production planning, optimization, and long-term invest-
ment planning, all of which must account for changes in
streamflow.

State-of-the-art regional climate model projections show
that changes in average precipitation over Japan are likely
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to be slight, while the frequency of extreme rainfall events
is expected to increase (Kawase et al. 2019; Ohba and Sugi-
moto 2019). Although snowfall over Japan is expected to
decrease overall, rainfall and extreme snowfall events are
projected to increase in coastal areas of the Hokuriku region
(on the Japan Sea side of central Japan), inland areas of Hok-
kaido (northern Japan), and mountainous areas of central
Japan (Kawase et al. 2016; Sasai et al. 2019; Ohba and Sugi-
moto 2020). Such trends will affect hydropower generation
through changes in mean annual river discharge, shifts in
seasonal flow, and increases in streamflow variability. There-
fore, the impact of climate change on specific hydropower
plants depends on local changes in these hydrological char-
acteristics, and projections of future hydropower generation
are subject to uncertainties in projected precipitation and
river discharge (Markoff and Cullen 2008). Increased winter
streamflow, smaller and earlier spring floods, and reduced
summer streamflow have already been observed in snow-
dominated basins worldwide (Clow 2010; Korhonen and
Kuusisto 2010; Tan et al. 2011).

Japan experiences some of the heaviest snowfalls in
the world (Kazama et al. 2008). Changes in precipitation
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intensity, snow cover, and snowmelt processes in mountain-
ous regions like Japan have the potential to cause dramatic
changes in river discharge, particularly as Japanese rivers
tend to be short and high-gradient. However, few studies
have predicted river discharge using hydrological models
forced by high-resolution climate data, with a focus on
snow-water resources and river discharge in heavy snowfall
areas of Japan. Furthermore, because day-to-day weather-
regime patterns (WPs) result in different precipitation
scenarios or snowmelt processes, the resulting changes in
streamflow due to climate change may also differ by weather
condition. Hydro-climatological research focusing on the
factors of atmospheric circulation can therefore improve the
understanding of climate change impacts.

River discharge can be affected by synoptic-scale atmos-
pheric circulation drivers with a nonlinear relationship to
local atmospheric variables. The background weather condi-
tions at the synoptic scale determine the precipitation type
(rainfall or snowfall) events on timescales of one day to one
week. Classification of synoptic WPs using the statistical
properties of local meteorological variables provides insight
into the origins of the discharge. Previous studies (Ohba and
Sugimoto 2019, 2020) have used WP classification to iden-
tify the dominant extreme precipitation patterns (Ohba et al.
2015; Brigode et al. 2013) to discuss the change in impact
of each pattern under climate change conditions. Climate
change impacts on streamflow may vary by WP, leading to
seasonal variations in future river discharge. In this study,
we applied a WP classification technique to investigate the
impacts of climate change on the linkage between stream-
flow and synoptic WPs from winter to spring for a river in
a heavy snowfall area of Japan and to study future projec-
tions in discharge under climate change. Future changes in
discharge were then evaluated with respect to related clima-
tological/meteorological variables in a WP context.

2 Data and methods
2.1 Atmospheric data

Simulated atmospheric data for historical and projected
climatic conditions were taken from the d4PDF datasets
(Mizuta et al. 2017). These consist of outputs obtained
from a general circulation model (d4PDF-GCM) that was
dynamically downscaled for the Japanese region using a
regional climate model (d4PDF-RCM), with horizontal
grid spacing of 60 and 20 km, respectively. Climate change
impacts were analyzed using six-member historical simula-
tions (1951-2010) and six six-member (six cases for each
one-member ensemble, described below) +2 K (2031-2090)
and+4 K (2051-2110) future-climate projections. The
ensemble members were obtained from the perturbed
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initial and lower boundary conditions of a 60-km GCM.
The +2/+4 K simulations simulate a world in which the
global mean temperature has increased by +2 K/+4 K since
pre-industrial conditions. For the +2 K and +4 K future-
climate simulations, climatological sea surface temperature
(SST) warming patterns obtained from the six climate mod-
els (CCSM4, MIROCS5, MPI-ESM-MR, HadGEM2-AO,
GFDL-CM3, and MRI-CGCM3, contributing to Coupled
Model Intercomparison Project Phase 5) were added to
observational SSTs after removing long-term trends. The
SST difference between RCP8.5 and historical simulations
was used as the warming pattern. By adding perturbations to
each pattern, a large number of ensemble simulations were
conducted. The sea ice was adjusted to be consistent with
the SST. The external forcing factors, such as greenhouse
gas concentrations, were given as the values for 2090 (2040)
in the RCP8.5 scenario for+4 K (+2 K) simulations. The
degree of warming was set to remain constant throughout the
simulation period. For the future climate projections (+2 K
and +4 K respectively), a total of six members were used
in this study—one member for each of the future climate
simulations using the six-model warming SST pattern. The
same ensemble members were used for the river discharge
simulations and as input data to the SOM. Details of the
experimental setup for these simulations are described in
Kawase et al. (2016) and Mizuta et al. (2017). These data
have already been used for boundary forcing of hydrological
models for future flood projection (Tachikawa et al. 2017;
Ishii and Mori 2020). The detailed validation of simulated
precipitation in d4PDF was available for winter (Kawase
et al. 2016; Ohba and Sugimoto 2020) and summer (Endo
et al. 2017; Kawase et al. 2018; Ohba and Sugimoto 2019),
respectively.

2.2 Target region

We evaluated the impact of climate change on snowmelt
discharge at a watershed scale within the Shogawa River
basin in mountainous central Japan, where snowmelt runoff
is expected to be particularly extreme in d4PDF-RCM (Ohba
and Kawase 2020). The Shogawa River is a Class A river
(ariver classification in Japan designated by the River Law
that is applied to rivers deemed to be important to Japan’s
economy and the conservation of nature within Japan) with
a 115 km long trunk channel and a basin area of 1189 km?,
originating from Mount Eboshi in Takayama City, Gifu Pre-
fecture (elevation 1625 m) and flowing northward into Toy-
ama Prefecture, where it empties into the Japan Sea. Most
of the basin is designated as a “special heavy snowfall area”,
which in Japan refers to areas where the average cumulative
daily snow depth is > 5000 cm. We focused on the Daimon
River basin (1120 km?), which covers most of the Shogawa
River basin (Fig. 1).
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Fig. 1 Topographic map of
Japan and location of the Dai-
mon River basin study area
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2.3 Hydrological model

We used the HYDrological Evaluation with Evapotranspi-
ration Modeling System (HYDREEMS) as a hydrological
model to simulate river discharge (Toyoda 2006; Asaoka
et al. 2010; Arai et al. 2020; Ohba et al. 2020). This is a dis-
tributed hydrological runoff model that analyzes river flow
using the kinematic wave method and soil and groundwater
flow based on tank models. The target watershed was divided
into a 1 km square mesh. In this model, tanks correspond-
ing to each hydrological process are arranged vertically in
each mesh and connected to each other in order to accurately
represent the processes of rainfall to the surface, infiltration
through the soil, and discharge into rivers (Fig. S1). There-
fore, the rainfall given to HYDREEMS flows down to the
connected vertical and horizontal tanks. Each hydrological
process is modeled as follows: rainfall interception, a func-
tion of forests, is modeled as a "vegetation tank"; snowfall
and snowmelt processes are modeled as a "snow tank"; soil
infiltration processes are modeled as "surface tank," "unsatu-
rated tank," and "underground tank"; and runoff processes
in river channels are modeled as a "river channel tank.” In
addition to the water balance, the model also analyzes heat
and radiation balances, and thus faithfully represents evapo-
transpiration, snow accumulation, and snowmelt processes
(see Toyoda et al. 2015; Arai et al. 2020 for further details).
Snowmelt processes were evaluated by considering five
components: radiation balance, sensible heat, latent heat,

rainwater transfer heat, and ground heat. The validation of
the simulated discharge by the model in the target region is
discussed in the supplementary material (Fig. S2).

Six long-term simulations of streamflow were conducted
under each of the climates. Six simulations were extracted
for each of the present and future climate ensembles. For
this extraction, we calculated the 50-year return value of
precipitation and then selected the ensemble member whose
value was closest to the median among the ensembles. For
the future climate simulations, one simulation was extracted
from each of the six ensemble sets based on different SST
warming patterns. Atmospheric variables (precipitation, sea
level pressure, pressure, specific humidity, relative humidity,
downward short- and long-wave radiation, wind speed, and
surface temperature) from d4PDF were used as boundary
input variables for the hydrological model. However, a com-
pensation was introduced for atmospheric temperature and
other meteorological data in d4PDF (Arai et al. 2020; Ohba
et al. 2020) according to elevation data at the HYDREEMS
spatial resolution (1 km) to account for the elevation depend-
ence of snow accumulation and melting processes.

2.4 SOM technique
Self-organizing map (SOM; Kohonen 1982) is a kind of arti-
ficial neural network built on unsupervised learning that can

effectively classify various nonlinear patterns. This can pro-
ject high-dimensional data onto a visually comprehensible
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two-dimensional map and has been used in previous cli-
matological studies to obtain spatially organized WPs (see
Ohba et al. 2016a for further details). Previous studies have
examined the connections between synoptic-scale WPs and
local meteorological variables (Cavazos 1999; Cassano
et al. 2007; Polo et al. 2011; Singh et al. 2014; Ohba et al.
2015), and these linkages have been successfully employed
for weather forecasting (Cavazos et al. 2002; Chattopadhyay
et al. 2008; Ohba et al. 2016b, 2018) and climate characteri-
zation (Reusch et al. 2007; Ohba 2019; Johnson and Feld-
stein 2010). These studies have successfully used SOMs to
extract clearly defined WPs from nonlinear atmospheric ele-
ments. The potential benefits of using this technique for cli-
matology have been mentioned in previous studies (Reusch
et al. 2007; Gibson et al. 2017). The classification of WPs by
SOM could be effective in specifying the complex nonlinear
interrelationships between climate factors and synoptic WPs.
In this study, we used a batch version of the SOM algorithm
and a Gaussian-type neighborhood function with a torus-
type SOM (Ito et al. 2000) instead of a conventional SOM
because the former has no map edges. For further details of
the SOM projection process, see Gibson et al. (2017) and
Doan et al. (2021).

In order to classify synoptic WPs with minimum compu-
tational costs, daily-averaged surface zonal and meridional
winds obtained from d4PDF-GCM were used as the input
vectors for SOM. Raw surface-wind vectors within a specific
region (123°-148° E, 26°-48° N) were interpolated into a
grid of 1 degree in both latitude and longitude and used for
SOM. By using just the horizontal surface wind vector, the
SOM effectively analyzed near-surface atmospheric circu-
lation patterns. For simplicity, only +4 K and the present
climate simulations were used in SOM analysis. Each ele-
ment of the array was represented as a node with a single
reference vector, with each reference vector representing a
generalized pattern of input vectors. Each reference vector
had 1100 (25° of longitude X 22° of latitude X 2 variables)
elements, and the number of input vectors was 131,040
(182 days x 60 years X 12 ensembles for the historical and
future simulations; six-member historical and six-member
future climate simulations were used to make the SOM).
SOM training extracts generalized patterns from the input
data into a reference vector. In this study, a 15X 15 grid
SOM was used to classify the input data into 225 WPs. By
mapping the input data to the best matching pattern, we
grouped the data by pattern, which allowed us to perform
statistical and composite analysis. Other atmospheric vari-
ables, such as sea level pressure (SLP), and other SOMs with
different numbers of nodes, such as 20 x 20, were also tested
to ensure that they did not significantly affect the results. The
present and +4 K climate simulations were used simultane-
ously to train one SOM to directly compare the impact of
climate change on river discharge under the same WP.
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3 Results

3.1 Future discharge changes in a special heavy
snowfall area

Figure 2 shows hydrographs of annual river discharge in the
study area for the present and two future climates derived
from the long-term ensemble of the hydrological model sim-
ulations driven by d4PDF-RCM data. Climate change clearly
resulted in significant changes in the seasonal evolution of
mean discharge. The peak discharge associated with spring
snowmelt decreased and shifted earlier, with a maximum
mean peak flow rate of ~250 m?/s (early May) in the present
climate changing to~200 m?/s (mid-April) in the + 2 K cli-
mate and ~ 150 m?/s (early April) in the +4 K climate. This
shift toward an earlier discharge peak was similar to previous
results obtained in other regions (Mote et al. 2003; Surfleet
and Tullos 2013), although the intensity of the change was
different. While there was some variation between ensem-
bles, the overall trends were consistent.

The seasonal evolution of basin-averaged snow water
equivalent (SWE), snowfall, and precipitation values are
shown in Fig. 3. The shift of the discharge peaks seen in
Fig. 2 were likely due to decreases in winter SWE of ~35%
at+2 K and~70% at+4 K (Fig. 3a) because of the phase
shift from snowfall to rainfall under rising temperature con-
ditions. Winter snowfall and total precipitation in the region
also tended to decrease with rising temperature (Fig. 3b and
c), although this effect was small relative to the change in
SWE (i.e., the blue/green/red slopes in Fig. 3a are steepest
compared with Fig. 3b and c). The decrease in precipitation
thought to be due to the weakening of the winter monsoon
(Fig. S5; Hori and Ueda 2006). These results are consistent
with changes in river discharge (Fig. 2). The correspond-
ing annual flow duration curves (Fig. 4) show that water
resources decreased with climate change for up to 100 days,
though there was little difference between the present and
warming climates beyond this point.

The monthly frequency of annual maximum daily flow
(Fig. 5) tended to be particularly high from April to May
during the present climate, when snowmelt runoff was
abundant. On the other hand, in future climates, this was
greatly reduced in spring and greatly increased in winter,
when flooding is rarely experienced in the present climate.
Such changes could affect both seasonal variations in aver-
age flow and seasonal flood occurrence, especially from
winter to spring.
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Fig.4 Annual flow duration curve obtained for six ensemble simula-
tions of present (blue),+2 K (green), and+4 K (red) climate simula-
tions. Thin and thick lines represent ensembles and ensemble means,
respectively

3.2 Weather regime patterns leading to changes
in discharge

As various WPs occur within seasons, specifying whether
a given WP will produce a river discharge in current/future
climate simulations is difficult; thus, classification of WPs
helps us to better understand the link between WPs and river
discharge. We therefore focused on further analyzing data
from December 1 to May 31 (winter to spring in Japan, when
future changes were most pronounced).

Large-scale climatological features of atmospheric cir-
culation and their future changes during winter and spring
in Japan are shown in Figs. S5 and S6, respectively. Syn-
optic weather systems bringing winter precipitation dif-
fer among the inland areas of mainland Japan, along the
Pacific Ocean and the Sea of Japan (Ando and Ueno 2015;
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Fig.5 Frequency of simulated annual maximum daily discharge for present (blue), +2 K (green), and+4 K (red) climate simulations. Horizontal

lines represent ensemble averages

Kawase et al. 2018). According to statistical analyses, the
cause of the heavy snowfall is strong northerly—northwest-
erly winds blowing from Eurasia along the Sea of Japan
that are regarded as an intensified climatological winter
monsoon (Tachibana 1995). Weaker winds and a less pro-
nounced pressure gradient occur in spring relative to winter.
In spring, the weather changes in cycles of a few days as
high- and low-pressure systems pass near Japan alternately
from west to east. On the east (west) side of the low-pressure
system, the temperature rises (falls) as warm (cold) air from
the south (north) flows into Japan. In the latter half of spring,
the number of high-pressure days gradually increases, as
does the sunshine duration.

Figure 6 shows the matrix of WP derived from the SOM
analysis. The day-by-day weather conditions from December
to May around Japan were classified into 225 WPs repre-
sented on a 15x 15 SOM where meridional winds are indi-
cated by red-blue shadings. The classified WPs featuring
southerly (northerly) winds are located near (far from) the
upper center of the map. WPs corresponding with cyclonic
circulation are located in the top left. The bottom-right to
bottom-left sides are covered by WPs in relation to cold air
outbreaks from the Eurasian continent. Since the surface
wind vector was selected as the input variable for the SOM,
it was easy to visually observe the strong influence of mon-
soonal winds on precipitation during the season.

The peak flow rate in this basin relative to the WP was
delayed by approximately one day. The linkages between
river discharge and WPs were identified using the SOMs for
December—February (DJF) and March-May (MAM). Fig-
ures 7 and 8 show the daily mean (+ 1 d) river discharge in
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each SOM for the present/+4 K climate simulations in DJF
and MAM, respectively. The river discharge plotted here
is the node mean discharge occurring at a particular node
(WP). It is calculated by averaging the discharge for all days
within the time period of interest that are identified with the
node of interest. By calculating this value for both climates,
the difference in node mean discharge between climates can
be calculated. Since the node mean discharge is calculated
for all daily data whose WP is most similar to that of the
target node, the discharge difference reflects the discharge
change that occurs for a given circulation regime. Therefore,
these differences in discharge are attributed to changes not
related to circulation or frequency. These changes are due to
changes in the thermodynamics and physics of the discharge
associated with climate change, of which changes in precipi-
tation and snowmelt should be major factors. This is a use-
ful way to assess the thermodynamic changes in discharge
associated with climate change.

In both seasons, it was evident that river discharge was
strongly dependent on the WPs. During winter, a strong
impact of WPs on river discharge was most apparent in the
top-left region of the SOM in both present and future cli-
mates (Fig. 7a and b), with the future signal being stronger,
and the annual maximum discharge sometimes occurring
in the WPs. On the other hand, spring showed a roughly
opposite trend (Fig. 8a and b), in which discharge and annual
maximum discharge were significantly reduced in the WPs
under climate change. Figures 7c and 8c show the differ-
ences in river discharge intensity between the future- and
present-climate simulations. Overall, the response of the
WP-discharge relationship to climate change clearly varied
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Fig.6 WPs derived from the
15% 15 SOM nonlinear clas-

sification, based on horizontal
surface wind vectors in d4PDF-

GCM from winter to spring
(December—May). Red and blue
contours indicate northward and
southward meridional winds,
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by season, with the difference between the future and present
climate showing that the contrast between nodes was much
more enhanced (reduced) in the future climate in winter
(spring).

Unlike DJF (Fig. 7c), changes in river discharge in MAM
(Fig. 8c) were more complex, with discharge increasing in
the bottom left and decreasing in the upper center parts of
the SOM. These results clearly showed the impact of syn-
optic weather conditions on discharge and future changes,
demonstrating that WPs have different impacts on discharge
and future changes also vary by WP. Five WPs (WP1-5)
marked in Figs. 7c and 8c show relatively large changes in
river discharge intensity in response to climate change; these
are further highlighted in Figs. 9 and 10.

Figure 9 shows the surface temperature anomaly (differ-
ence from climatological mean) and rainfall in the present
climate simulation and the future difference in rainfall for
WP1 and WP2 in DJF. In these WPs, warm humid air
from the subtropics flows into Japan, causing higher tem-
peratures and rainfall; these may be the dominant snow-
melt WPs during this season. WP1 is responsible for an

] ] ] ] ] ]
10 11 12 13 14 15
extratropical cyclonic circulation over central Japan, which
brings strong air intrusion into the target area from the
south. This WP frequently results in heavy rainfall over
the region when a low-pressure system and correspond-
ing fronts pass through (Ando and Ueno 2015). When
a cyclonic low with cold/warm front moves to the east,
moist warm air sometimes flows toward the lows through
warm fronts. This phenomenon has a pronounced effect
on snowmelt in central Japan. In contrast, in WP2, the
zonal pressure gradient was reversed from the climato-
logical mean (Fig. S5), and southerly winds flowed into
central Japan. WP1 showed more precipitation than WP2.
The right panel of Fig. 9 shows the corresponding daily
mean snowmelt and rainfall in the basin for WPs 1 and 2.
Winter rainfall on snowpack ("rain-on-snow") can enhance
transfers of latent and sensible heat that hasten snowmelt
(Marks et al 1998; Corripio and Lépez-Moreno 2017). For
these WPs in this season, snowmelt associated with sensi-
ble heat and latent heat are comparable, and snowmelt due
to rain-on-snow is the main cause of streamflow.
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Daily-mean discharge (m?®s): DJF
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Fig.7 Simulated river discharge at each SOM node during winter
(December—February) for a present climate, b+4 K future climate,
and c difference between the two. Boxes denote nodes with the high-

Under climate change, the rainfall over Japan associated
with WP1 has increased significantly. The right panel of
Fig. 9 shows that both increased rainfall and snowmelt were
responsible for streamflow enhancement in WP1, while only
snowmelt was responsible in WP2. This may be due to the
phase change from snowfall to rainfall, associated with ris-
ing temperature, being less pronounced in WP2 because
of the stronger warm air advection in the present climate
(already exceeding the freezing point).

Figures 10 show results for WP3-5 in MAM. WP3 is
a quiet-warm-sunny pattern, in which snowmelt is mainly
caused by sensible heat. WP4 is a moist, warm air inflow
pattern with simultaneous rainfall, relatively similar to WP2
in winter but with more pronounced snowmelt in spring.
Rain-on-snow results in snowmelt due to sensible and latent
heat in WP4, producing higher snowmelt discharge than in
WP3. WP5 corresponds to extratropical cyclonic circula-
tion over the Pacific coast of northeast Japan, which pro-
vides cold air intrusion from the north into the southwestern
regions of Japan. In the current climate, this WP results in
local snowfall (Iwamoto et al. 2008; Yamazaki et al. 2019)
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est increase in river discharge for weather regime patterns WP1 and
WP2. White dots indicate the number of occurrences (ensemble
mean) of annual maximum daily discharge exceeding 2

along with intensified cold air outbreaks but not rainfall
because the air temperature tends to be below freezing.

Under climate change, in both WP3 and WP4, SWE was
reduced due to the temperature increase caused by climate
change, and snowmelt discharge was significantly reduced.
As for WP5 (Fig. 10c), increased temperature leads to a shift
from snowfall to rainfall, which shows weak discharge in the
present climate but is enhanced in the future climate because
of the increased rainfall, mitigating the discharge reduction
in spring. These results indicate that the reduction in future
climate snow amounts may result in changes in the dominant
discharge-related WPs (Fig. 8a and b). The integration of
these changes seen in WPs is largely in line with the pro-
jected future changes of discharge (Fig. 3).

4 Conclusions
This is the first study to apply hydro-climatological/meteoro-

logical analysis to projected changes in river discharge and
related WP characteristics under climate change projections
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Daily-mean discharge (m®/s): MAM

(a) Present Climate

(c) Diff: GW - PC

Fig.8 Simulated river discharge at each SOM node during spring
(March-May) for a present climate, b+4 K future climate, and
¢ difference between the two. Boxes denote nodes with the highest
increase in river discharge for weather regime patterns WP3, WP4,

in a special heavy snowfall area of Japan. Our results suggest
(1) a general decrease in future discharge in the study area,
especially during spring, due to decreasing SWE in winter,
related to increased air temperature, (2) a general decrease
in water resources, and (3) an increase in the frequency of
annual maximum daily discharge during winter because of
increased future snowmelt.

In order to understand the differences in the climate
change impacts among synoptic WPs, we also investigated
the complex relationship between possible future changes in
discharge and synoptic WPs. The impact of synoptic WPs on
discharge from winter to spring was dramatically altered in
future climate situations. The differences in the response to
various WPs are likely due to changes in the freezing point
line, resulting in increased rainfall (decreased snowfall) and
snowmelt. Changes in the seasonal cycle of discharge were
caused by the integration of these nonlinear changes into
the WP effects. The results also demonstrate the benefits
of WP comparisons in terms of climate change for improv-
ing our understanding of future changes in streamflow. Our
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maximum daily discharge exceeding 2, 5, 10, and 20, respectively

methods were effective for analyzing the impacts of WPs on
streamflow and their changes under climate change condi-
tions, enabling enhanced interpretability of climate change
impact assessments.

The results of the six simulations based on different SST
warming patterns are in overall agreement, although the
range of uncertainty is large. In addition, we studied future
changes in river discharge by using hydrological simulations
forced by regional climate simulations with a 20 km grid
spacing, which roughly resolved Japan’s complex mountains.
Using a higher-resolution model (~5 km/2 km) will bet-
ter reproduce rainfall and snowfall (Kawase et al. 2018),
and thus further improve the projection of discharge. Future
study should employ hydrological simulations with different
cloud-resolving RCMs downscaled from different GCMs to
more accurately evaluate uncertainties in discharge within
Japan’s complex mountainous terrain.

The projected changes to discharge characteristics,
especially from winter to spring, are useful for evaluating
detailed local climate impacts on environmental, social,

@ Springer



948 M. Ohba et al.
SfC.Tmp'anom Rainfal Rainfall GW-diff. SnowMelt Precip MeltProc
@[ 7 f\/:( - 30
W Py
— % ] 20
o .
=, )
), R / 10- 2
L } Y 0 Zll
_) 0
Q b)[ };g/ g\ f'/ 30 _SnowMelt Precip  MeltProc
20 1
1 £
ﬁ 4 101
% ' _ 2
(mm)

0864202468 0K 5 0 15

Fig.9 Winter surface temperature anomaly from the climatologi-
cal mean, rainfall, and rainfall difference between future and present
climate simulations for a WP1 and b WP2. Horizontal surface wind
vectors (gray contours, 2 hPa interval) are based on SOM analysis
and sea-level pressure from the present climate simulation. On the
right, daily snowmelt (light blue, mm/day) and precipitation (light

water resource management, and ecosystem sectors in this
special heavy snowfall area. For example, hydropower
potential could be affected by changes in river flow associ-
ated with variability of weather events causing snowmelt
and precipitation (Troccoli et al. 2014). The management of
water resources from winter to spring in mid-latitude heavy
snowfall areas may have to be significantly altered in future.
Continued efforts to accurately estimate water discharge for
each river basin by using hydrological models is continu-
ously necessary to better assess the climate change impacts
and develop adaptation measures for future dam operations.
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