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Abstract 

Stable isotopes in precipitation have been widely used as tracers for paleoclimate 

reconstruction, evaluation of general circulation model, evapotranspiration separation and 

investigation of plant water use in hydrological processes, tracing transport of water vapor in 

atmosphere and studies of precipitation processes of Typhoon system and Monsoon systems. 

Generally, stable isotopes of precipitation show positive correlation with air temperature and 

negative correlation with the amount of precipitation. These are well known as temperature 

effect and amount effect. However, typically air temperature or the amount of precipitation 

can account for only 50 to 60 % of the variations of stable isotopes in precipitation especially 

at mid-latitudes, indicating that other factors also affect the stable isotopes of precipitation in 

mid-latitudes. 

In this study, spatial and temporal variations of the isotopic composition of precipitation were 

investigated to better understand their controlling factors. Precipitation was collected from six 

locations in Hokkaido, Japan, and event-based analyses were conducted for a period from 

March 2010 to February 2013. Atmospheric water vapor was sampled daily at Sapporo in 

2006. Compared to the three sites at Pacific Ocean side, relatively low δ values and a high d-

excess for annual averages were observed at three sites located along the Japan Sea. Lower δ 

values in spring and fall and higher d-excess in winter were observed for the region along the 

Japan Sea. Weekly δ18O was positively correlated with temperature and negatively with the 

amount of precipitation in most season and regions. 

In total, 264 precipitation events were identified. Precipitation originated predominantly from 

low-pressure system (LPS) events, which were classified as northwest (LPS-NW) and 

southeast (LPS-SE) events according to the routes of the low-pressure center, that passed 

northwest and southeast of Hokkaido, respectively. LPS-SE events showed relatively lower 

δ18O than LPS-NW events, which is attributable to the lower δ18O of water vapor resulting 

from heavy rainfalls in the upstream region of the LPS air mass trajectories over the Pacific 

Ocean. Observed isotopic composition of water vapor also supports this. This phenomenon 

observed in Hokkaido can be found in other mid-latitude coastal regions and applied for 



 

 

 

hydrological, atmospheric and paleoclimate studies. A characteristic spatial pattern was found 

in LPS-NW events, in which lower δ18O was observed on the Japan Sea side than on Pacific 

Ocean side in each season. This is likely due to the location of the sampling sites and their 

distance from the LPS: precipitation with lower δ18O in the region along the Japan Sea occurs 

in a well-developed cloud system near the low-pressure center in cold and warm sectors of 

LPS, while precipitation with higher δ18O on the Pacific side mainly occurs in a warm sector 

away from the low-pressure center. Air mass from the north does not always cause low δ in 

precipitation, and the precipitation process in the upstream region is another important factor 

controlling the isotopic composition of precipitation, other than the local temperature and 

precipitation amount. 

 

Keywords: Hokkaido, precipitation event, stable isotopes of water, atmospheric water vapor, 

route of low-pressure system, air mass trajectory 
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1. Introduction 

The isotopic composition of precipitation is essential baseline data for various applications. 

Since the earliest studies by Craig (1961) and Dansgaard (1964), the isotopic composition of 

precipitation has been used for various research fields and applications in hydrological 

processes, such as studies on plant water use (Sugimoto et al., 2002; Sugimoto et al., 2003), 

lake and catchment water balance (Gat et al., 1994; Telmer and Veizer, 2000; Gibson and 

Edwards, 2002; Ichiyanagi et al., 2003), groundwater (Deshpande et al., 2003; Gupta et al., 

2005; Lambert and Aharon, 2010), and the origin of water vapor (Yamanaka and Shimizu, 2007; 

Uemura et al., 2008; Zhang et al., 2011), as well as in atmospheric science (Gat, 2000; Risi et 

al., 2012; Ueta et al., 2013; Winkler et al., 2013; Ueta et al., 2014) and paleoclimate 

reconstruction applications (Jouzel et al., 1982; McCarroll and Loader, 2004; Seki et al., 2011; 

Chamberlain et al., 2014). Generally, the isotopic composition of precipitation shows a positive 

correlation with local temperature and a negative correlation with the amount of local 

precipitation; these are known as the temperature and amount effects, respectively (Dansgaard, 

1964; Araguas-Araguas et al., 1998; Wright and Leavitt, 2006; Dayem et al., 2010). 

Seasonal variations in the isotopic composition of precipitation usually correlate positively 

with local air temperature at high latitudes and negatively with the local amount of precipitation 

at low latitudes (Bowen, 2008). However, for a given precipitation, variations in air temperature 

or the amount of local precipitation typically account for only 50 to 60 % of the variation in 

isotope ratios (Welker, 2012), especially at middle latitudes. Thus, unlike high and low latitude 

regions, the temperature and amount effects are not evident at middle latitude regions, 

suggesting that other factors may affect the isotopic composition of precipitation (Kurita et al., 

2015). Several studies have proposed that atmospheric circulation influences the isotopic 

composition of precipitation (Araguas-Araguas et al., 2000; Friedman et al., 2002; Aggarwal 

et al., 2004; Lawrence et al., 2004; Liu et al., 2010; Theakstone, 2011), and some reported that 

changes in evaporation condition and subsequent prior rainout history affect variations in the 

isotopic composition of the moisture source (Dansgaard, 1964; Crawford et al., 2013; Samuels-

Crow et al., 2014; Tang et al., 2015; Crawford et al., 2017). Aggarwal et al (2004) indicated 
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that stable isotopes of precipitation in the 70°E - 160°W longitude range were strongly 

correlated with moisture source and transport patterns and not related with the local amount of 

precipitation from the last glacial period to the present. Risi et al (2008) collected event-based 

precipitation for δ18O and d-excess analysis in Niamey area (Niger) during the monsoon season 

in 2006 and suggested the isotopic composition of precipitation recorded an integrated 

spatiotemporal convective activity over the previous days. Brienen et al (2013) showed that 

inter-annual variation in δ18O of precipitation was caused by a regional amount effect in south 

Mexico by using oxygen isotopes in tree rings. Lekshmy et al (2014) suggested that low δ18O 

in monsoon rain was caused by large scale organized convection in south western India. 

Effects of the route (storm track) and structure of low-pressure systems (LPS) and synoptic 

climate patterns on the isotopic composition of precipitation and atmospheric water vapor have 

also been investigated in middle latitude (Gambell and Friedman, 1965; Lawrence et al., 1982; 

Gedzelman and Lawrence, 1990; Treble et al., 2005) and tropical regions (Lawrence et al., 

2004; Fudeyasu et al., 2008). Gambell and Friedman (1965) collected one precipitation event 

using a network of 27 precipitation sampling stations in eastern North Carolina and 

southeastern Virginia during 1st and 2nd November 1963, and observed lower isotope ratio in 

cold sector than that in warm sector. Treble et al (2005) observed daily δ18O of precipitation 

for 5-year period in Tasmania, southern Australia and found that heavier rainfall with lower 

δ18O associated with a strong meridional atmospheric circulation compared to that of a strong 

zonal airflow. Guan et al (2013) indicated that d-excess of precipitation was influenced by both 

synoptic weather situations and atmospheric moisture sources in a coastal area of South 

Australia. 

In addition, relationships between the isotopic composition and various atmospheric circulation 

patterns, such as the Arctic and North Atlantic Oscillations (AO/NAO) (Welker et al., 2005), 

Pacific-North American index (PNA) (Birks and Edwards, 2009), the East Asian monsoon 

(Kurita et al., 2015), and other atmospheric circulation index have been suggested. Welker et 

al. (2005) suggested that positive AO/NAO index related to a relative high isotopic ratios of 

annual precipitation caused by increasing precipitation ratio of summer to winter using δ18O of 
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tree-ring at Ellesmere Island of Canada. Birks and Edwards (2009) showed positive Pacific-

North American index corresponded to a relative low isotopic ratios of winter precipitation in 

south central Canada. Theakstone (2011) suggested temperature effect on δ18O of precipitation 

was more significant during positive NAO phase at a site close to the Arctic Circle, Tustervatn, 

Norway. Kurita et al (2015) indicated relationship between east Asian monsoon and isotopic 

ratios of precipitation in Japan was negative in summer and positive in winter. Kopec et al 

(2016) suggested correlation between d-excess of precipitation and NAO index was negative 

in Canadian Arctic regions and positive in Greenland Sea regions. However, there is still no 

comprehensive physical explanation for these empirical effects on stable isotopes of 

precipitation. 

To better understand factors affecting variations in the isotopic composition of precipitation, 

isotope data of atmospheric water vapor would be useful. Indeed, water vapor, as a source of 

precipitation, is a potential factor controlling the isotopic composition of precipitation. 

Previous studies have investigated the isotopic composition of water vapor using the cold trap 

method (Yamanaka and Shimizu, 2007; Fudeyasu et al., 2008; Ueta et al., 2013; Ueta et al., 

2014), ground-based FTIR (Fourier Transform Infrared) spectrometers (Schneider et al., 2006; 

Schneider et al., 2010), and satellite data (Payne et al., 2007; Worden et al., 2007; Frankenberg 

et al., 2009; Sayres et al., 2009; Risi et al., 2012). 

Several studies on stable isotopes of precipitation and water vapor in Japan have been 

conducted. Hiraoka et al (2011) examined how water vapor was remotely transported to the 

vicinity of Japan from water source regions using a Rayleigh-type global one-layer isotope 

circulation model during the early summer rainy (Baiu) season, and suggested that during Baiu 

onset, low δ values of precipitation in Japan was caused by moisture from Indian Ocean with 

low δ; once the Baiu withdrew, Pacific Ocean water occupied most of the total precipitable 

water with high δ values. Uemura et al (2012) showed precipitation had lower δ18O in summer 

than that in winter on Okinawa Island, southwest of Japan, which was due to large amount of 

condensation in the upstream region of the Western Pacific Warm Pool. Matsubaya and 

Kawaraya (2014) suggested that winter precipitation with higher d-excess compared to that in 
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other seasons from north Honshu to southern Kyushu was caused by strong seasonal 

differences of moisture sources for precipitation; winter precipitation induced by cold outbreak 

from Eurasian continent was characterized by a high d-excess, while spring to autumn’s 

precipitation caused by air mass from the Pacific Ocean with relative low d-excess. 

The aim of this study is to investigate the controlling factors and underlying processes 

responsible for spatial and temporal variations in the isotopic composition of precipitation. 

For that purpose, the isotopic composition of precipitation and atmospheric water vapor were 

collected daily and weekly in Hokkaido, north Japan, and event-based analyses were 

conducted. 

The objectives of this study were: (1) characterization of the spatial and temporal variations 

of δD, δ18O, and d-excess values of precipitation across Hokkaido, (2) quantification of the 

relationship between δ18O of precipitation with local air temperature and the amount of 

precipitation, and (3) identification of factors controlling the isotopic composition of 

precipitation, other than the local temperature and precipitation amount. 
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2. Methods 

2.1 Study area 

Hokkaido, the northernmost island of Japan, is located at mid-latitudes in the Pacific North 

region along the eastern edge of northeast Asia. It lies in the northernmost region of the East 

Asian monsoon area. The island is surrounded by the Japan Sea on the west, the Sea of Okhotsk 

on the north, and the Pacific Ocean on the southeast. Hokkaido features several mountain 

ranges, with its central part occupied by the Daisetsu mountain range, which reaches 2291 m 

asl (above sea level). Large plain areas are also found on the southeast coast (Figure 1). 

Similar to other areas in Japan, the climate of Hokkaido is characterized by monsoons and the 

majority of precipitation events in Hokkaido occur with LPS in each season. There is a clear 

difference between the region along the Japan Sea and that along the Pacific Ocean. During 

summer, a humid air mass brought by the southeastern winds causes the development of an 

LPS and brings relatively large amounts of precipitation along the Pacific Ocean (Tanaka, 1992; 

Murakami and Matsumoto, 1994; Ueda et al., 1995; Wang and LinHo, 2002). On the other 

hand, in winter, Hokkaido is strongly affected by air masses of the East Asian winter monsoon 

from the Siberian continent, leading to cold air outbreaks (CAO) after the passage of an LPS. 

This is well known phenomenon, and has been described by many researchers (Manabe, 1957; 

Ninomiya, 1968; Kato and Asai, 1983; Takano et al., 2008). The relatively warmer Japan Sea 

supplies energy and water vapor to the continental dry and cold air mass. Convective clouds 

then develop and bring a large amount of snowfall along the Japan Sea, while the Pacific side 

receives less snowfall and remains dry during the period of the cold air outbreak. Besides, 

convective clouds, particularly in summer or in the troughs between two high-pressure systems, 

occasionally bring about local and sudden showers and light rainfall events (i.e., precipitation 

from convective cloud showers and troughs, PST). 

In this study, an event-based data analysis was conducted by classifying the data into these 

three categories (LPS, PST, and CAO). 

 

2.2 Sampling 
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2.2.1 Sampling sites 

Precipitation was collected from March 1, 2010 to February 28, 2013 at 6 locations in Hokkaido: 

Sapporo (Campus of Hokkaido University), Nakagawa, Teshio and Tomakomai (Experimental 

Forest of Field Science Center for Northern Biosphere, Hokkaido University), Akkeshi 

(Akkeshi Marine Station of Field Science Center for Northern Biosphere, Hokkaido 

University), and Shibecha (Hokkaido Forest Research Station of Field Science Education and 

Research Center, Kyoto University). The locations are shown in Figure 1. Sapporo (SPR), 

Teshio (TSO), and Nakagawa (NKG) are located in the climate region of the Japan Sea side, 

while Akkeshi (AKS), Shibecha (SBC), and Tomakomai (TMK) belong to the climate region 

of the Pacific coast side. Locations and other information for each sampling site are 

summarized in Table 1. 

 

2.2.2 Precipitation sampling 

Precipitation was sampled daily at SPR and weekly at the other five field stations. Rainfall 

samples were collected at an open site using a funnel with a polyethylene vessel. At the sites 

where samples were collected on a weekly basis, liquid paraffin was used to prevent 

evaporation. Collected water samples were weighed to obtain information on the amount of 

precipitation, and aliquots were collected in 6-ml glass vials. Snowfall samples were collected 

in a bucket without liquid paraffin, weighed, and melted in a plastic bag at room temperature. 

They were then poured into 6-ml glass bottles. 

 

2.2.3 Water vapor sampling 

Atmospheric water vapor was sampled daily at SPR for 5 consecutive days of each month from 

June to December in 2006 at about 10 m height on the roof of the laboratory building at the 

Faculty of Environmental Earth Science, Hokkaido University. Sampling was carried out using 

a conventional cold-trap method (Fudeyasu et al., 2008; Ueta et al., 2013). Water vapor was 

cryogenically collected at liquid nitrogen temperature (-196 °C) using an extraction line 

composed of two U-shaped glass tubes. Glass beads (30 g) with a diameter of 1.2 mm were 
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placed in the second glass tube to enlarge the surface area of the cold trap. The flow rate in the 

extraction line was maintained at 300 ml/min. At the end of the sampling, carbon dioxide 

trapped with the water vapor was vaporized at -90 °C with liquid nitrogen ethanol slush and 

pumped out. Ice trapped on the beads was transferred to the first U-shaped glass tube. Then, 

the ice trapped in the cold traps was melted and stored in 0.6-ml glass vials. For each vapor 

sample, water vapor was collected for about 3 h from 10:00 am (local time) to obtain more than 

0.2 ml of water as required for the isotopic analyses. 

 

2.3 Analyses of δD and δ18O values 

The stable isotopic composition of water and water vapor samples were analyzed by the 

CO2/H2/H2O equilibration method using a Gas Bench (Thermo Fisher Scientific, USA) 

attached to MAT253 (Thermo Fisher Scientific, USA, manufactured in Germany) at the 

Faculty of Environmental Earth Science, Hokkaido University. 

Isotope ratios were expressed using δD or δ18O values, as follows: 

δSample = (RSample/RVSMOW - 1) × 1000 (‰), 

where RSample and RVSMOW are the isotope ratio of water (D/H or 18O/16O) for the sample and 

for the Vienna Standard Mean Ocean Water (VSMOW), respectively. The δ values were 

obtained after scale correction with two laboratory standards added as internal standards, 

which were calibrated against Vienna Standard Mean Ocean Water 2 (VSMOW2), Standard 

Light Antarctic Precipitation 2 (SLAP2) and Greenland Ice Sheet Precipitation (GISP). 

Analytical errors (standard deviation of reproducibility) of the internal standards were less 

than 2‰ and 0.2‰ for δD and δ18O, respectively, for the entire procedure. 

I also used d-excess defined by Dansgaard (1964) as d-excess = δD – 8 × δ18O, which mainly 

reflects the kinetic fractionation process such as the evaporation from the ocean to the 

atmosphere (Merlivat and Jouzel, 1979; Gat et al., 1994; Gat, 2000). 

 

2.4 Data processing and analysis 

2.4.1 Calculations of seasonal and annual means 
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Although efforts were made to avoid evaporation during sampling, evaporation on the funnel 

and/or in the container is inevitable, which alters the isotopic composition and lowers d-excess 

values of precipitation samples. Samples with d-excess lower than 0‰ mostly corresponded to 

samples with precipitation amounts less than 1 mm or spring snowfall samples that were 

collected in a bucket without liquid paraffin and subsequently melted in the bucket during 

daytime. Thus, samples with less than 0‰ d-excess were dismissed. In total, 18 samples were 

dismissed from the initial 1041 samples, which represented ~117 mm among the 11151 mm in 

total. The dismissed samples account for less than 2% of the total sample count and total 

amount of precipitation. 

In some studies, the amount of precipitation is considered a criterion of quality control (Uemura 

et al., 2012; Hughes and Crawford, 2013; Tang et al., 2015; Crawford et al., 2017). However, 

I did not apply the amount of precipitation as a quality control criterion for such as cold region 

as Hokkaido because of difference in the amount collected: many winter snowfall samples were 

collected for a very small amount of precipitation, besides daily collected samples at SPR were 

usually very small amount compared to weekly samples at the other five sites, while the 

amounts of spring snowfall samples were large, though there is the possibility of daytime 

melting and evaporation. Instead of applying the amount of precipitation as criterion, I checked 

its influence on the data, and confirmed that my results are not significantly affected: if I set 

total amount of precipitation in one sample to be 1 mm as a criteria, around 55 samples would 

be dismissed, but calculated monthly mean δ18O and d-excess would not be affected 

significantly (less than 0.11‰ and 0.65‰ for seasonal average of δ18O and d-excess, 

respectively, and reduction of the number of identified events by four). All data (both 

acceptable and discarded) are shown in a dD-δ18O plot in Figure 2. 

The obtained δ values and the amount of samples were used to calculate the precipitation-

amount weighted average of the δ values for each month. Local meteoric water lines calculated 

from monthly average data using two methods (Crawford et al., 2014) are also given in Figure 

2. Seasonal and annual average δ values were then calculated using the amount-weighted 

monthly δ values and precipitation data. As shown in Figure 3, for the calculations of the 
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seasonal and annual weighted averages, and the following event identifications and data 

analyses, I used the meteorological dataset obtained from the nearest observatory of the Japan 

Meteorological Agency (JMA) (available at http://www.jma.go.jp/jma/index.html) for each 

sampling site; this was necessary because hourly and daily data for not only precipitation but 

also air temperature, which were available from JMA, were not obtained in my observations. 

Using monthly δ values and the amounts of precipitations of JMA data, amount weighted δ 

values were calculated for spring, summer, autumn, winter, and annual. Weekly data of the 

amount of precipitation and mean air temperature observed by the JMA were used for the 

correlation analysis. 

The distance of the JMA station from my sampling sites ranges from 0.3 km to 10.9 km, with 

an average of 5.7 km. I confirmed the similarity of the amount of precipitation between JMA 

data with and my weekly data; correlation coefficient for each site ranges from 0.83 to 0.95, 

with an average of 0.90 (data not shown). For identification of precipitation events and other 

analyses, daily and hourly data of JMA were utilized. 

 

2.4.2 Selection and grouping of the events for data analysis 

Precipitation events were identified using the amount of precipitation, as detailed below. First, 

the period of each precipitation event was determined at the six sites using the hourly 

precipitation data obtained from the JMA. Because of the relatively long sampling interval of 

one week, more than two precipitation events were frequently taken together in one sample. I 

calculated the fraction of the amount of precipitation corresponding to the main event in the 

sample. For the fraction larger than 0.8, the corresponding isotope data was selected for the 

considered event at the site. I selected events in which at least one site had selected isotope 

data, and I used them for the event-based analyses. The amount of precipitation for each 

selected event was calculated as the average of the precipitation data provided by the JMA at 

the sites where precipitation was sampled. The amount-weighted average δ values for each 

selected event were calculated using this amount of precipitation and the isotope data collected 

at the selected sites. Over the 3-year observation period, a total of 264 events were identified 
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and selected for the events analysis. 

As shown in Figure 4, the identified 264 events were then classified into three groups (LPS, 

CAO and PST) according to their synoptic weather situations, using daily weather maps 

obtained from JMA: (i) precipitation associated with the passage of a low-pressure system from 

the southwest toward the northeast of Hokkaido (LPS), (ii) snowfall under a cold air outbreak 

in the region along Japan Sea side (CAO) characterized by high pressure on the East Asian 

continent and low pressure to the east of Japan on the Pacific Ocean, and (iii) local showers 

and light precipitation in a trough between two high pressure systems without an obvious low-

pressure system (PST). Example weather maps for each group are shown in Figure 5. 

I then grouped LPS events into two types (LPS-NW and LPS-SE) based on the routes of the 

low-pressure center, and then LPS-SE was separated into three groups (LPS-SE north, west, 

and south) based on the air mass trajectories. The method for grouping the LPS into LPS-NW 

and LPS-SE will be described in the next section, and further grouping into LPS-SE north, west, 

and south will be explained in the back trajectory analysis section later (Figure 4). 

 

2.4.3 Synoptic scale meteorological conditions and routes of the low-pressure center 

The route of the low-pressure center of LPS was traced using daily weather maps for 9:00 am 

(0 UTC) provided by the JMA. The route of the LPS in each event was derived from the 

position of the LPS center at 9 am during a period from one day prior to the period of the 

precipitation event to one day after it. According to the route, LPS events were classified into 

2 types (LPS-NW and LPS-SE). LPS-NW events are defined as events whose routes were 

northwest from the center of the six observation sites, while the routes of LPS-SE events were 

southeast. The center of six observation sites (43.6°N, 142.8°E) was determined by simply 

averaging their latitudes and longitudes. For routes extremely close to the center of the six sites, 

I used weather maps of 3-h resolution obtained from website of the Japan Weather Association 

(http://www.tenki.jp). 

Isotopic data numbers for each event type at each sampling site in each season are summarized 

in Table 2. 



 

- 12 - 

 

 

2.4.4 Spatial distribution pattern of precipitation 

The NCEP/NCAR (National Centers for Environmental Prediction/National Center for 

Atmospheric Research) reanalysis 1 dataset was used to investigate the spatial distribution of 

the precipitation. A composite of the precipitation was made from all selected events for each 

season. The composite covered a time period from one day prior to the event to the last day of 

the event. 

 

2.4.5 Back trajectory analysis 

Backward air mass trajectories were obtained for each precipitation event using the Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Version 4.0) provided by 

the National Oceanographic and Atmospheric Administration Air Resources Laboratory 

(Draxier and Hess, 1998). The NCEP/NCAR reanalysis data, which have a 2.5° × 2.5° 

horizontal grid, were used as forcing data. The middle of the period for each precipitation event, 

determined using hourly data from the JMA, was set to be the starting time. Comparing the 

results calculated with the six sites as original positions, I conducted preliminary inspections 

to understand the diversity of the trajectory by setting different origins. However, I could 

confirm no significant difference between the sites; hence, I decided to set the center of the 

three sites on the Japan Sea side for the trajectory analysis of LPS-NW events, and the center 

of the three sites on Pacific Ocean side for LPS-SE events. The choice of the trajectory duration 

is a compromise between the aim of the identified source region and the necessity to limit 

uncertainties along the trajectories (Eneroth et al., 2003). A 36-h trajectory arriving at 2000 m 

asl for each event was calculated in this study for moisture source analysis. 

LPS-SE events were then separated into three groups (LPS-SE north, LPS-SE west, and LPS-

SE south) according to their air mass back trajectories. 

 

2.4.6 Statistical analysis 

Multiple linear regression equations of δ18O against the amount of precipitation and mean air 
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temperature in weekly average values were used for each site and each season. Then, an F-test 

was performed to examine the correlations in these regression equations. A two-sided rank sum 

test was used to estimate the differences in the average δ18O among each group and for each 

season. Those statistical analyses were conducted using MATLAB. 
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Figure 1 Locations of the sampling sites: SPR: Sapporo, TMK: Tomakomai, AKS: Akkeshi, 

SBC: Shibecha, NKG: Nakagawa and TSO: Teshio. Precipitation was sampled daily at Sapporo 

and weekly at the other 5 stations from Marth 1st of 2010 to February 28th of 2013. Water vapor 

was taken daily at Sapporo for 5 consecutive days each month from June of 2006 to December 

of 2006. 
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Figure 2 δD-δ18O plot showing the isotopic composition of all precipitation samples (daily 

samples at SPR and weekly samples at other five sites) for 3 years at the six studied sites. 

Acceptable data are expressed by filled circles, and discarded data are open circles. Local 

meteorological water lines determined by ordinary least squares regression (OLSR) and 

precipitation weighed reduced major axis regression (PWRMA) are shown in each plot for 

each site. 
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Figure 3 Flow chart for data processing. 
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Figure 4 Outline of precipitation event separation. 
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Figure 5 Example weather maps for each group. 
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Table 1. Location and meteorological data *1 for each sampling site. 

Station 
Sampling 

interval 
Location 

Altitude 

(m asl) 

Precipitation  

(mm) 

Air Temperature 

(°C) 

Total number  

of sample 

TSO weekly 142.0°E 44.9°N 9 953 6.8 178 

NKG weekly 142.3°E 44.7°N 22 1285 6.0 144 

SPR daily 141.3°E 43.1°N 18 1301 9.4 329 

TMK weekly 141.6°E 42.7°N 6 1256 7.9 127 

AKS weekly 144.8°E 43.0°N 85 1250 6.0 120 

SBC weekly 144.6°E 43.3°N 20 1074 5.5 143 

*1 Annual precipitation and mean air temperature were calculated with the data obtained from the Japan Meteorological Agency for the 

period ranging from March 1st of 2010 to February 28th of 2013. 
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Table 2. Summary of isotopic data number for each event type at each site in each season. 

event type sampling site spring summer fall winter whole year 

PST 

TSO 0 1 2 0 3 

NKG 0 1 2 0 3 

SPR 1 3 5 0 9 

TMK 2 1 0 0 3 

AKS 2 4 0 0 6 

SBC 3 4 2 0 9 

event number 4 5 7 0 16 

CWB 

TSO 2 0 2 16 20 

NKG 1 0 1 10 12 

SPR 6 0 2 39 47 

TMK 1 0 1 2 4 

AKS 0 0 0 0 0 

SBC 0 0 1 3 4 

event number 7 0 3 43 53 

LPS 

TSO 24 23 27 17 91 

NKG 23 17 22 10 72 

SPR 38 29 42 32 141 

TMK 13 19 19 11 62 

AKS 17 14 12 9 52 

SBC 19 21 23 13 76 

event number 49 50 59 37 195 

LPS-NW 

TSO 18 14 22 5 59 

NKG 18 11 15 4 48 

SPR 22 15 29 11 77 

TMK 5 12 11 3 31 

AKS 7 8 7 0 22 

SBC 9 10 15 3 37 

event number 30 30 43 13 116 

LPS-SE 

TSO 6 9 5 12 32 

NKG 5 6 7 6 24 

SPR 16 14 13 21 64 

TMK 8 7 8 8 31 

AKS 10 6 5 9 30 

SBC 10 11 8 10 39 

event number 19 20 16 24 79 
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3. Results 

3.1 Spatial and seasonal variations in the isotopic composition of precipitation 

Seasonal and annual weighted averages for the three years at the six studied sites are shown as 

δD–δ18O plots in Figure 6 (corresponding values are listed in Table 3). Time series of monthly 

mean δ18O and d-excess are also given in Figure 7 and Table 4. The three sites located along 

the Japan Sea (TSO, NKG and SPR) showed relatively lower δD and δ18O values and higher 

d-excess for annual averages, compared to the other three sites on the Pacific coast side (TMK, 

SBC and AKS). Differences in δD and δ18O between these regions were significant in spring 

and fall, while lower δ values and higher d-excess was observed on Japan Sea side in winter. 

No significant differences were observed between the two regions in summer. 

These patterns are similar to those generally observed in Honshu, Japan (Matsubaya and 

Kawaraya, 2014). Furthermore, the pattern observed during winter concurs with the well 

described phenomenon that the region along the Japan Sea receives more snowfall with 

relatively low δ18O and high d-excess compared with the Pacific Ocean side, during CAO (cold 

air outbreaks) under the strengthening of the East Asian winter monsoon (Dansgaard, 1964; 

Waseda and Nakai, 1983; Sugimoto et al., 1988; Uemura et al., 2008; Sato and Sugimoto, 

2013). During such periods, the relatively warm and humid Japan Sea surface supplies energy 

and water vapor to cold and dry air masses from the East Asian continent (CAO), and then 

convective clouds develop and bring snowfall only in the region along Japan Sea with high d-

excess due to a kinetic fractionation during evaporation from the sea surface. In addition, winter 

precipitation exhibits the lowest δ18O (Figure 6). This is also a common feature observed in 

Honshu (Matsubaya and Kawaraya, 2014), which is in contrast with the higher δ18O observed 

in winter in southern Kyushu and Okinawa (Uemura et al., 2012; Matsubaya and Kawaraya, 

2014). 

Table 5 shows the results of the multiple linear regression equations for weekly δ18O against 

the weekly amount of precipitation and mean air temperature for each season, as well as the 

whole year at each sampling site. Variables with statistically significant levels (p≤0.05), 

obtained from F-statistics, are shown in bold in the table. Weekly δ18O was positively correlated 
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with temperature and negatively with the amount of precipitation for the whole year dataset at 

all sites. Results also showed that δ18O had a positive correlation with air temperature in spring 

and a negative correlation with the amount of precipitation in summer, so-called temperature 

effect and amount effect. Precipitation data for fall showed significant correlations with 

temperature at five sites and with precipitation at three sites among six. In winter, only at two 

sites (TSO and NKG) in the Japan Sea side, the weekly δ18O exhibited a more significant 

correlation with the amount of precipitation and mean air temperature. 

 

3.2 Event-based isotopic composition of precipitation 

3.2.1 Grouping of precipitation events 

I identified a total of 264 precipitation events as described in Section 2.4, and obtained event 

average values of δ18O and amount of precipitation. Event average δ18O was calculated as 

precipitation amount weighted average from the data available at all sites where precipitation 

was observed. Before classifying these precipitation events, the simultaneity of precipitation 

and the correlation of time series in δ18O of precipitation for the six studied sites were 

investigated. The six sites showed a high simultaneity of precipitation for all events. The 

numbers of sites that received precipitation during an event ranged from 1 to 6, with an average 

of 4.7 for all events (data not shown). The six sites also showed similar temporal variations in 

the δ18O of precipitation. Correlation coefficients ranged from 0.40 to 0.91, with an average of 

0.69 for all comparisons between two sites, and δ18O of each site also showed high correlation 

with event average δ18O (Table 6). 

The identified 264 events were then classified into three groups: and resulting the event 

numbers were 195 for LPS, 53 for CAO, and 16 for PST (Table 2). Precipitation events of LPS 

were found to be predominant for all seasons, except for winter in which LPS and CAO 

precipitation events were evenly observed (Figure 8a). The predominance of LPS did not only 

relate to the number of events but also the amount of precipitation (Figure 8b and 8c). The 

average δ18O showed characteristic values for each group and each season, and the δ18O values 

for the precipitation events from CAO were low. The δ18O of LPS in winter was as low as those 
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of CAO, whereas those in spring, summer, and fall were significantly higher than that in winter 

(P<0.01) (Figure 8d and Table 7). For all seasons, the δ18O of PST, for which precipitation is 

expected to be sourced from local marine vapor, was higher than the δ18O reported for the other 

categories. 

 

3.2.2 LPS routes and δ18O values 

Regarding LPS events, which are the predominant weather pattern inducing precipitation in 

Hokkaido, routes of the low-pressure center for all identified events are shown in Figure 9. 

As described in Section 2.4, 195 LPS events were classified into two types, 116 LPS-NW and 

79 LPS-SE events, according to their routes. Among these two LPS types, the event number 

of LPS-NW was higher than that of LPS-SE in spring, summer, and fall, while LPS-SE 

dominates only in winter (Figure 10a). On the other hand, LPS-SE events showed a larger 

amount of precipitation per event in summer, fall, and winter (Figure 10b). Regarding the 

precipitation ratio, LPS-NW events were predominant in spring and fall, while LPS-SE were 

predominant in winter (Figure 10c). The δ18O values were significantly different with regard 

to the routes and seasons; LPS-NW events showed higher δ18O than LPS-SE (P<0.01) for all 

seasons, and the δ18O values were highest (P<0.02) in summer and lowest (P<0.05) in winter 

(Figure 10d and Table 8). This seasonal trend was similar for both LPS-NW and LPS-SE. 

Similar results—lower δ18O in LPS-SE events than LPS-NW events—were observed for all 

sites in every season, except for NKG in spring (Figure 11). In addition, in LPS-NW events, 

the observed δ18O values were significantly lower on the Japan Sea side than on the Pacific 

Ocean side (p<0.01) (Table 9). 

 

3.3 Isotopic composition of water vapor 

Figure 12 shows the temporal variations in δ18O of atmospheric water vapor and precipitation 

observed from June to December in 2006 with a description of the routes (NW or SE) of LPS 

that passed during observation period. Values of δ18O of atmospheric water vapor exhibited 

large variations every day and δ18O increased or showed relatively high values during the 
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passage of an LPS in the northwest of Hokkaido, while δ18O decreased or showed relatively 

low values when the LPS passed southeast of Hokkaido. 

Values of δ18O of precipitation showed a similar trend to that of water vapor, but differences 

in δ18O between precipitation and water vapor were relatively small in summer (7.1 to 8.3 ‰) 

compared with that in winter (11.7 to 12.8 ‰). These values are consistent with the 

difference in δ18O between water vapor and liquid under equilibration at cloud bottom 

temperatures, namely higher temperature condition leads to smaller fractionation and this 

results in smaller differences in δ18O between water vapor and precipitation. This 

phenomenon has been generally observed (Dansgaard, 1964; Araguas-Araguas et al., 2000; 

Gat, 2000; Luz et al., 2009). 

 

3.4 Spatial distribution pattern of precipitation and air mass trajectory 

Figure 13 shows air mass back trajectories with contour maps of the composites of spatial 

distribution of precipitation for LPS-NW and LPS-SE events. The air mass trajectory to 

Hokkaido showed differences between the LPS-NW and the LPS-SE events. The air masses 

of the LPS-NW events in Hokkaido predominantly originated from the west (northwest to 

southwest) in all seasons. On the other hand, the air mass trajectories of LPS-SE events were 

scattered. Many of them came to Hokkaido with a more southerly trajectory, but also from 

the west or southwest, which overlapped with those of LPS-NW in all seasons. In addition, a 

few cases showed air mass trajectories from the north in spring and fall. Differences in the 

spatial distribution pattern and the amount of precipitation can also be observed in Figure 13 

between LPS-NW and LPS-SE events. LPS-SE events caused large amounts of precipitation 

on the Pacific Ocean side, and/or Honshu main island and its coastal areas on the Japan Sea 

side, whereas LPS-NW events induced precipitation on continental regions and/or northwest 

of Hokkaido on the Japan Sea with lower amounts. 

For LPS-SE events, I allocated the direction of the back trajectory into three groups (from the 

north, west, and south). As shown in Figure 14, LPS-SE events with southerly trajectories 

dominated in number in all seasons, and their trajectories were obviously from the areas with 
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large amounts of precipitation, namely, the upstream region of the air mass had a large 

amount of precipitation. The air mass of LPS-SE with the westerly trajectory also came to 

Hokkaido across the area with precipitation, but the amount of precipitation of the upstream 

region of the air mass was smaller than that of southerly trajectories (Figure 14). 

Average values of δ18O for each group in each season are compared in Table 8. LPS-SE with 

any direction of the air mass trajectory showed lower δ18O values (-14.2‰ to -9.4‰) than 

LPS-NW (-10.7‰ to -6.1‰) in every season. Among LPS-SE events, δ18O value of events 

with trajectories from south was lower by 1.1‰ to 1.8‰ than those from the west, and LPS-

SE events with northern trajectories observed in spring were also slightly lower than those 

with westerly trajectories. Comparing the δ18O values between LPS-SE with westerly 

trajectories and LPS-NW, LPS-SE with westerly trajectory showed lower δ18O than LPS-NW, 

despite the overlapping of air mass trajectories, though the difference was not statistically 

significant. 
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Figure 6 δD–δ18O plot showing the annual and seasonal weighted averages of the isotopic 

composition of precipitation for 3 years at the six studied sites. Annual, summer and winter 

averages are shown in (a), while spring and fall averages are plotted in (b). Solid symbols 

represent Pacific Ocean sites; unfilled symbols represent the Japan Sea sites. 
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Figure 7 Time-series of monthly weighted mean δ18O, d-excess, the amount of precipitation 

and air temperature from March of 2010 to February of 2013 in each site. Data of precipitation 

and air temperature were obtained from JMA. 

 

 



 

28 

 

 

 

Figure 8 Number (a), average amounts of precipitation with standard deviations (solid line) (b), 

ratio of total amount of precipitation (c), and unweighted average δ18O values with standard 

deviations (solid line) (d) for each category of event, namely, LPS (low-pressure system), CAO 

(cold air outbreak), and PST (precipitation from showers and troughs), for all seasons. The ratio 

of precipitation was defined as the percentage of the total amount of precipitation in the group 

to the total amount of precipitation in all groups that occurred at each site for the 3-year period. 
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Figure 9 Routes of low pressure centers for all LPS events during spring, summer, fall and 

winter. LPS events were then categorized into two, NW (low pressure center approach to 

Hokkaido from the northwest) and SE (low pressure center approach from the southeast). 

Routes of the low pressure centers of LPS-NW and LPS-SE are expressed by solid lines with 

filled circles using blue and red colors, respectively. For the majority of the events, 3-day routes 

are shown. 
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Figure 10 Same as Figure 3, but for LPS-NW and LPS-SE events in each season. Regarding 

the event average δ18O, the difference between LPS-SE and LPS-NW for each season and the 

difference between summer and winter for LPS-SE and LPS-NW were considered statistically 

significant at the 0.05 level by a two-sided rank sum test using MATLAB. 
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Figure 11 Unweighted averages of δ18O values of events for LPS-NW (a) and LPS-SE (b) at 

each site in each season. LPS-SE events showed lower δ18O than LPS-NW events for every 

site in every season with the only exception at Nakagawa in spring. The δ18O observed in LPS-

NW was significantly lower at Sea of Japan side than that at Pacific Ocean side. 
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Figure 12 Time series for δ18O values of atmospheric water vapor (solid line with open square) 

and precipitation (dash-dot line with circle) observed from June to December of 2006 and 

description of the trajectories of the low pressure centers (NW or SE) approaching Hokkaido.  
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Figure 13 Back trajectories of the air mass arriving at Hokkaido shown on composites of the 

spatial distribution of precipitation with the NCEP–NCAR reanalysis 1 dataset for LPS-NW 

(upper) and LPS-SE (lower) events in each season. Periods for spatial composites of 

precipitation ranged from one day before the precipitation event to the last day of the event. 

Back trajectory analysis data were analyzed over a 36-hour period at 12-hour intervals for each 

event. The center of three sites along the Japan Sea side and Pacific side was considered as the 

original position for the trajectory analysis of LPS-NW and LPS-SE, respectively. 
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Figure 14 Same as Figure 7, but for LPS-SE events with southerly trajectory (upper), westerly 

trajectory (middle) and northerly trajectory (lower) in each season. 
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Table 3. Annual and seasonal averages (precipitation amount weighted) with standard deviations of δD, δ18O and d-excess for the period 

ranging from March 1st of 2010 to February 28th of 2013. 

Sta. 
 Spring   Summer   Fall   Winter   Annual  

δ18O d-excess δ18O d-excess δ18O d-excess δ18O d-excess δ18O d-excess 

TSO -11.0±1.1 10±1 -9.6±1.2 7±2 -9.6±0.3 16±1 -13.7±1.1 28±1 -10.7±0.2 16±1 

NKG -10.7±1.1 10±3 -9.1±0.3 7±2 -10±0.6 16±0 -14.1±1.2 27±1 -10.9±0.7 16±1 

SPR -10.7±1.1 12±2 -9.3±1.4 7±1 -10.2±0.8 15±1 -12.8±0.6 26±2 -10.8±0.5 16±2 

TMK -9.0±0.4 10±3 -9.7±2.2 9±2 -9.4±0.2 15±3 -12.0±1.4 21±2 -9.7±0.6 12±1 

AKS -8.1±0.8 11±2 -9.2±1.5 7±0 -8.2±1.2 13±3 -12.6±0.5 18±1 -9.0±0.4 11±2 

SBC -8.0±0.4 11±2 -9.4±1.7 6±0 -8.9±1.1 13±2 -12.3±0.4 19±1 -9.3±0.5 11±1 
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Table 4. Precipitation-amount weighted monthly oxygen and hydrogen isotopic composition, deuterium excess (δD, δ18O and d-excess) 

with monthly meteorological parameters obtained from JMA at each site. 

sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

SPR 

March 2010 2010/2/28 2010/3/29 -67.1  -10.1  13.4  -0.1  79.5  

April 2010 2010/3/29 2010/4/30 -63.8  -9.2  9.5  5.5  67.5  

May 2010 2010/4/30 2010/5/30 -66.3  -9.2  7.3  12.2  44.5  

June 2010 2010/5/30 2010/6/30 -88.6  -11.7  5.1  19.2  73.0  

July 2010 2010/6/30 2010/7/31 -72.4  -9.7  5.2  22.1  143.5  

August 2010 2010/7/31 2010/8/30 -74.9  -10.3  7.6  24.8  213.5  

September 2010 2010/8/30 2010/9/28 -54.6  -8.3  12.0  20.0  92.0  

October 2010 2010/9/28 2010/10/27 -109.8  -15.3  12.7  12.2  130.5  

November 2010 2010/10/27 2010/11/30 -59.1  -9.8  19.4  5.9  194.5  

December 2010 2010/11/30 2010/12/30 -96.2  -14.2  17.4  0.6  115.0  

January 2011 2010/12/30 2011/1/31 -73.1  -13.0  30.6  -3.8  120.0  

February 2011 2011/1/31 2011/2/24 -76.7  -13.0  27.6  -1.1  69.5  

March 2011 2011/2/24 2011/3/24 -88.5  -14.2  24.8  0.7  60.5  

April 2011 2011/3/24 2011/4/28 -70.5  -10.2  10.8  6.9  69.5  

May 2011 2011/4/28 2011/5/21 -65.0  -8.8  5.6  11.1  56.5  

June 2011 2011/5/21 2011/6/24 -64.7  -8.8  5.7  17.3  43.0  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

SPR 

July 2011 2011/6/24 2011/7/19 -70.7  -9.7  6.6  21.8  129.0  

August 2011 2011/7/19 2011/8/26 -63.6  -9.2  10.2  23.6  109.0  

September 2011 2011/8/26 2011/9/30 -69.0  -9.9  10.0  19.2  257.5  

October 2011 2011/9/30 2011/10/27 -72.3  -10.9  14.5  12.1  146.0  

November 2011 2011/10/27 2011/11/30 -42.0  -8.5  26.1  6.0  86.0  

December 2011 2011/11/30 2011/12/30 -89.1  -13.8  21.6  -2.0  107.0  

January 2012 2011/12/30 2012/1/31 -64.2  -11.3  25.8  -4.5  71.5  

February 2012 2012/1/31 2012/2/26 -77.7  -13.0  26.2  -4.4  57.0  

March 2012 2012/2/26 2012/3/31 -92.7  -13.9  18.1  0.1  44.5  

April 2012 2012/3/31 2012/4/29 -78.8  -11.8  15.6  7.0  34.5  

May 2012 2012/4/29 2012/5/28 -79.5  -10.7  5.9  13.0  83.5  

June 2012 2012/5/28 2012/6/22 -49.9  -6.9  5.5  17.1  51.5  

July 2012 2012/6/22 2012/7/12 -65.8  -9.0  6.2  21.8  81.5  

August 2012 2012/7/12 2012/8/24 -46.4  -6.8  7.9  23.4  121.0  

September 2012 2012/8/24 2012/9/25 -50.0  -7.6  10.8  22.4  191.0  

October 2012 2012/9/25 2012/10/30 -35.3  -6.7  18.2  13.0  115.0  

November 2012 2012/10/30 2012/11/30 -84.6  -13.0  19.7  5.5  219.0  

December 2012 2012/11/30 2012/12/30 -66.5  -11.9  28.4  -2.3  209.0  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

SPR 
January 2013 2012/12/30 2013/1/30 -65.7  -11.4  25.2  -4.7  101.5  

February 2013 2013/1/30 2013/2/28 -84.6  -13.8  26.1  -4.0  117.0  

TSO 

March 2010 2010/3/1 2010/4/5 -62.7  -10.0  17.0  -2.8  64.5  

April 2010 2010/4/5 2010/4/26 -67.2  -9.7  10.2  2.7  88.5  

May 2010 2010/4/26 2010/5/31 -76.8  -10.2  4.9  8.7  46.5  

June 2010 2010/5/31 2010/6/28 -100.4  -12.7  1.2  17.0  33.5  

July 2010 2010/6/28 2010/7/29 -54.2  -7.8  8.1  19.8  351.0  

August 2010 2010/7/29 2010/8/30 -98.5  -13.4  8.7  22.2  294.0  

September 2010 2010/8/30 2010/9/29 -52.9  -8.2  12.9  16.5  158.0  

October 2010 2010/9/29 2010/11/1 -66.0  -10.9  21.0  9.0  125.0  

November 2010 2010/11/1 2010/11/29 -72.2  -11.5  19.9  2.7  112.5  

December 2010 2010/11/29 2010/12/28 -72.4  -12.6  28.4  -2.3  112.0  

January 2011 2010/12/28 2011/2/1 -70.8  -12.4  28.1  -8.9  42.5  

February 2011 2011/2/1 2011/2/28 -65.2  -11.1  24.0  -5.1  32.0  

March 2011 2011/2/28 2011/3/28 -74.3  -11.7  19.3  -2.7  46.0  

April 2011 2011/3/28 2011/4/25 -87.3  -12.1  9.1  3.9  78.0  

May 2011 2011/4/25 2011/5/23 -93.3  -12.4  6.2  7.4  49.5  

June 2011 2011/5/23 2011/6/27 -58.0  -7.8  4.8  14.4  44.0  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

TSO 

July 2011 2011/6/27 2011/7/20 -68.0  -9.2  5.2  19.1  70.5  

August 2011 2011/7/20 2011/8/29 -53.6  -7.2  4.2  21.0  64.5  

September 2011 2011/8/29 2011/9/26 -65.3  -9.2  7.9  16.4  250.0  

October 2011 2011/9/26 2011/10/31 -63.3  -10.3  18.9  9.1  164.5  

November 2011 2011/10/31 2011/11/28 -52.2  -9.2  21.2  2.6  168.0  

December 2011 2011/11/28 2012/1/4 -91.3  -14.5  24.5  -5.0  158.0  

January 2012 2012/1/4 2012/1/30 -79.0  -13.8  31.1  -9.4  81.5  

February 2012 2012/1/30 2012/2/27 -83.5  -13.9  27.5  -10.0  58.0  

March 2012 2012/2/27 2012/3/26 -80.2  -12.6  20.3  -3.8  34.0  

April 2012 2012/3/26 2012/4/23 -102.1  -13.5  5.9  3.4  31.0  

May 2012 2012/4/23 2012/5/28 -59.5  -7.5  0.5  10.1  37.5  

June 2012 2012/5/28 2012/6/25 -51.2  -6.9  4.4  14.1  30.5  

July 2012 2012/6/25 2012/7/30 -81.1  -10.6  3.3  18.5  131.5  

August 2012 2012/7/30 2012/8/28 -52.8  -7.4  6.6  20.7  165.0  

September 2012 2012/8/28 2012/10/1 -48.0  -7.3  10.1  19.0  109.5  

October 2012 2012/10/1 2012/10/29 -50.9  -8.4  16.5  9.5  147.5  

November 2012 2012/10/29 2012/11/26 -73.0  -11.5  19.0  2.7  175.5  

 December 2012 2012/11/26 2012/12/27 -84.0  -14.0  28.1  -5.8  178.5  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

TSO 
January 2013 2012/12/27 2013/1/28 -83.8  -14.1  29.3  -9.7  101.5  

February 2013 2013/1/28 2013/2/25 -102.9  -15.6  21.8  -8.4  24.0  

 March 2010 2010/3/1 2010/3/26 -109.9  -14.8  8.3  -2.7  36.0  

 April 2010 2010/3/26 2010/4/30 -38.7  -6.0  9.2  2.5  126.5  

 May 2010 2010/4/30 2010/5/28 -47.0  -7.1  9.7  7.9  131.0  

 June 2010 2010/5/28 2010/7/2 -79.0  -10.5  5.0  14.9  63.5  

 July 2010 2010/7/2 2010/7/30 -65.7  -8.8  4.4  18.2  221.5  

 August 2010 2010/7/30 2010/8/27 -87.1  -12.2  10.1  21.0  155.0  

 September 2010 2010/8/27 2010/10/1 -54.9  -7.9  8.1  15.9  124.0  

SBC October 2010 2010/10/1 2010/10/29 -58.5  -9.1  13.9  8.9  61.0  

 November 2010 2010/10/29 2010/11/26 -40.9  -7.5  18.9  2.6  60.0  

 December 2010 2010/11/26 2010/12/24 -75.7  -11.8  18.4  -1.6  169.0  

 January 2011 2010/12/24 2011/1/28 -80.3  -11.3  10.0  -8.8  5.5  

 February 2011 2011/1/28 2011/2/25 -108.7  -15.7  17.1  -5.8  13.0  

 March 2011 2011/2/25 2011/4/1 -71.4  -11.6  21.5  -2.1  10.5  

 April 2011 2011/4/1 2011/4/28 -32.6  -6.0  15.7  3.9  113.5  

 May 2011 2011/4/28 2011/6/3 -66.9  -9.7  10.8  7.0  122.0  

 June 2011 2011/6/3 2011/7/1 -73.0  -9.7  4.9  13.4  84.0  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

 July 2011 2011/7/1 2011/7/29 -68.9  -9.4  6.3  17.9  95.5  

 August 2011 2011/7/29 2011/9/2 -68.5  -9.4  6.7  19.0  139.0  

 September 2011 2011/9/2 2011/9/30 -70.6  -9.8  8.2  16.9  157.0  

 October 2011 2011/9/30 2011/10/28 -75.0  -11.1  14.0  8.8  122.5  

 November 2011 2011/10/28 2011/12/2 -37.1  -7.3  21.6  2.2  22.5  

 December 2011 2011/12/2 2012/1/6 -83.4  -12.9  19.6  -6.2  42.5  

 January 2012 2012/1/6 2012/1/27 -82.6  -12.3  16.2  -9.9  27.5  

 February 2012 2012/1/27 2012/3/2 -97.9  -14.8  20.3  -10.0  4.5  

SBC March 2012 2012/3/2 2012/3/30 -93.8  -13.3  12.8  -3.3  22.0  

 April 2012 2012/3/30 2012/5/2 -48.1  -7.8  14.5  3.3  113.0  

 May 2012 2012/5/2 2012/6/1 -57.7  -8.2  7.7  9.0  189.5  

 June 2012 2012/6/1 2012/6/29 -59.9  -8.4  7.5  11.9  52.5  

 July 2012 2012/6/29 2012/8/3 -57.3  -7.8  5.2  17.1  54.5  

 August 2012 2012/8/3 2012/8/31 -40.4  -5.8  6.3  19.3  90.5  

 September 2012 2012/8/31 2012/9/28 -35.8  -5.6  9.3  18.6  95.0  

 October 2012 2012/9/28 2012/11/2 -52.8  -8.6  16.3  9.8  181.5  

 November 2012 2012/11/2 2012/11/30 -68.1  -10.6  16.4  3.4  165.5  

 December 2012 2012/11/30 2013/1/7 -78.9  -12.5  20.8  -6.5  114.0  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

SBC 
January 2013 2013/1/7 2013/1/28 -71.8  -11.5  20.4  -10.5  20.5  

February 2013 2013/1/28 2013/3/4 -83.2  -12.7  18.1  -8.1  10.0  

AKS 

March 2010 2010/3/1 2010/3/31 -108.0  -14.7  9.4  -2.2  86.0  

April 2010 2010/3/31 2010/4/30 -44.3  -6.7  9.0  2.5  111.0  

May 2010 2010/4/30 2010/5/28 -49.6  -7.3  8.6  7.2  173.5  

June 2010 2010/5/28 2010/6/27 -75.2  -10.1  5.6  13.5  68.0  

July 2010 2010/6/27 2010/7/31 -60.7  -8.4  6.2  17.3  245.5  

August 2010 2010/7/31 2010/8/27 -99.4  -13.7  10.2  20.5  147.5  

September 2010 2010/8/27 2010/9/24 -38.9  -5.9  8.0  16.4  205.0  

October 2010 2010/9/24 2010/10/18 -58.8  -8.9  12.1  10.0  86.0  

November 2010 2010/10/18 2010/12/1 -45.8  -7.8  16.3  4.2  93.0  

December 2010 2010/12/1 2010/12/23 -80.4  -12.4  18.4  -0.1  181.5  

January 2011 2010/12/23 2011/1/28 -58.2  -9.2  15.5  -7.1  7.0  

February 2011 2011/1/28 2011/2/25 -119.8  -16.0  8.1  -4.0  15.0  

March 2011 2011/2/25 2011/3/25 -66.1  -9.9  12.9  -1.6  18.5  

April 2011 2011/3/25 2011/4/28 -26.1  -4.9  13.1  4.1  133.5  

May 2011 2011/4/28 2011/5/27 -68.8  -9.6  8.2  6.5  115.0  

June 2011 2011/5/27 2011/7/1 -63.1  -8.8  7.1  12.3  88.5  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

AKS 

July 2011 2011/7/1 2011/7/29 -73.7  -10.2  7.9  16.8  113.5  

August 2011 2011/7/29 2011/9/3 -55.6  -7.7  6.0  18.3  108.0  

September 2011 2011/9/3 2011/9/30 -78.9  -10.9  8.5  16.6  182.0  

October 2011 2011/9/30 2011/10/28 -57.3  -8.9  14.0  10.3  148.5  

November 2011 2011/10/28 2011/12/2 -35.1  -6.4  16.3  4.4  27.5  

December 2011 2011/12/2 2011/12/28 -84.4  -12.8  17.9  -4.2  45.5  

January 2012 2011/12/28 2012/1/26 -81.8  -12.6  18.8  -7.1  49.5  

February 2012 2012/1/26 2012/2/24 -123.8  -17.5  16.0  -7.8  12.5  

March 2012 2012/2/24 2012/3/27 -98.5  -14.0  13.5  -2.6  46.0  

April 2012 2012/3/27 2012/4/27 -39.9  -6.8  14.4  2.7  115.0  

May 2012 2012/4/27 2012/6/1 -53.4  -7.9  9.9  8.2  181.0  

June 2012 2012/6/1 2012/6/30 -65.7  -9.5  10.0  11.0  81.5  

July 2012 2012/6/30 2012/7/27 -48.2  -6.8  6.5  15.8  82.0  

August 2012 2012/7/27 2012/8/31 -34.4  -5.0  5.3  18.4  57.5  

September 2012 2012/8/31 2012/9/28 -22.2  -4.0  9.6  18.4  82.0  

October 2012 2012/9/28 2012/11/2 -45.0  -7.7  16.4  10.8  219.5  

November 2012 2012/11/2 2012/11/29 -68.3  -10.8  17.7  4.1  185.0  

December 2012 2012/11/29 2012/12/28 -80.5  -12.7  21.0  -4.2  134.5  



 

44 

 

sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

AKS 
January 2013 2012/12/28 2013/2/1 -84.2  -12.4  15.2  -8.0  23.0  

February 2013 2013/2/1 2013/3/4 -75.1  -11.5  16.6  -6.5  19.5  

 March 2010 2010/3/1 2010/3/31 -56.9  -8.7  12.7  -0.8  85.5  

 April 2010 2010/3/31 2010/4/30 -70.5  -10.2  11.4  4.1  122.0  

 May 2010 2010/4/30 2010/5/25 -57.4  -8.3  9.2  9.2  188.0  

 June 2010 2010/5/25 2010/6/28 -98.1  -13.2  7.2  15.0  75.5  

 July 2010 2010/6/28 2010/8/3 -69.8  -9.8  9.0  19.4  132.5  

 August 2010 2010/8/3 2010/9/1 -84.3  -12.0  11.7  22.1  266.0  

 September 2010 2010/9/1 2010/9/23 -58.3  -8.9  12.7  18.9  97.0  

TMK October 2010 2010/9/23 2010/10/27 -62.9  -9.7  14.9  11.8  153.0  

 November 2010 2010/10/27 2010/12/2 -48.9  -8.7  21.1  5.9  94.5  

 December 2010 2010/12/2 2011/1/4 -95.4  -14.2  18.5  0.5  73.5  

 January 2011 2011/1/4 2011/2/1 -92.2  -13.8  18.0  -4.5  7.5  

 February 2011 2011/2/1 2011/3/1 -65.9  -10.4  17.3  -1.8  23.5  

 March 2011 2011/3/1 2011/3/18 -74.4  -11.4  16.8  0.0  12.0  

 April 2011 2011/3/18 2011/4/28 -55.2  -8.8  15.1  5.0  129.0  

 May 2011 2011/4/28 2011/5/30 -53.0  -8.0  11.1  9.0  118.0  

 June 2011 2011/5/30 2011/6/29 -63.6  -8.8  7.0  14.0  57.5  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

 July 2011 2011/6/29 2011/7/19 -63.7  -8.9  7.3  18.8  166.0  

 August 2011 2011/7/19 2011/8/30 -52.1  -7.7  9.2  21.2  81.5  

 September 2011 2011/8/30 2011/10/4 -69.5  -9.9  9.7  18.4  235.0  

 October 2011 2011/10/4 2011/10/31 -64.0  -9.6  12.7  11.3  149.5  

 November 2011 2011/10/31 2011/11/29 -35.1  -7.3  23.5  5.5  42.5  

 December 2011 2011/11/29 2011/12/28 -99.2  -14.8  19.2  -2.2  57.5  

 January 2012 2011/12/28 2012/1/24 -60.3  -10.2  21.1  -5.7  26.0  

 February 2012 2012/1/24 2012/2/28 -79.4  -12.6  21.4  -5.1  38.0  

TMK March 2012 2012/2/28 2012/4/3 -96.1  -13.1  8.4  -0.5  43.5  

 April 2012 2012/4/3 2012/5/1 -39.0  -5.5  4.9  4.5  91.5  

 May 2012 2012/5/1 2012/5/30 -74.9  -10.3  7.6  10.7  180.0  

 June 2012 2012/5/30 2012/6/26 -48.2  -7.0  7.5  13.4  75.0  

 July 2012 2012/6/26 2012/7/18 -57.1  -7.7  4.8  18.8  81.0  

 August 2012 2012/7/18 2012/8/27 -52.9  -7.4  6.5  21.4  94.5  

 September 2012 2012/8/27 2012/9/26 -53.9  -8.6  14.5  21.4  269.5  

 October 2012 2012/9/26 2012/10/30 -32.7  -6.4  18.4  12.6  112.0  

 November 2012 2012/10/30 2012/11/27 -79.7  -12.2  17.9  5.3  204.0  

 December 2012 2012/11/27 2012/12/25 -62.5  -10.8  23.6  -2.7  127.5  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

TMK 
January 2013 2012/12/25 2013/1/31 -56.4  -9.7  20.8  -5.7  29.0  

February 2013 2013/1/31 2013/2/28 -73.5  -11.9  21.8  -4.3  40.5  

 March 2010 2010/3/1 2010/3/29 -71.3  -12.0  24.5  -3.1  97.5  

 April 2010 2010/3/29 2010/5/1 -73.7  -9.9  5.7  2.4  93.0  

 May 2010 2010/5/1 2010/5/31 -52.7  -7.1  4.1  8.4  60.0  

 June 2010 2010/5/31 2010/6/28 -76.5  -9.9  2.9  18.0  37.5  

 July 2010 2010/6/28 2010/8/2 -60.4  -8.6  8.7  19.7  342.5  

 August 2010 2010/8/2 2010/8/30 -68.4  -9.8  9.6  22.1  278.5  

 September 2010 2010/8/30 2010/9/27 -50.6  -7.5  9.1  16.4  120.5  

NKG October 2010 2010/9/27 2010/10/25 -55.2  -8.7  14.1  9.1  136.0  

 November 2010 2010/10/25 2010/11/29 -73.3  -11.8  21.0  2.7  142.5  

 December 2010 2010/11/29 2010/12/27 -68.1  -12.1  28.8  -2.6  112.0  

 January 2011 2010/12/27 2011/1/31 -81.0  -13.1  23.5  -9.2  66.5  

 February 2011 2011/1/31 2011/2/28 -77.2  -13.2  28.1  -5.4  65.5  

 March 2011 2011/2/28 2011/3/28 -78.2  -12.7  23.1  -2.8  48.0  

 April 2011 2011/3/28 2011/4/25 -88.1  -12.1  8.5  3.6  92.5  

 May 2011 2011/4/25 2011/5/23 -85.1  -11.0  3.2  7.5  74.5  

 June 2011 2011/5/23 2011/6/27 -66.6  -8.9  4.3  14.9  55.5  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

 July 2011 2011/6/27 2011/7/19 -70.5  -9.6  5.9  19.2  62.0  

 August 2011 2011/7/19 2011/8/29 -56.5  -7.4  2.7  21.1  61.5  

 September 2011 2011/8/29 2011/9/26 -74.9  -10.4  8.5  16.5  227.5  

 October 2011 2011/9/26 2011/10/31 -69.4  -10.6  15.7  9.1  163.5  

 November 2011 2011/10/31 2011/11/28 -58.2  -10.5  26.2  2.4  72.5  

 December 2011 2011/11/28 2012/1/4 -94.3  -15.1  26.7  -5.3  66.0  

 January 2012 2012/1/4 2012/1/30 -78.6  -13.6  30.5  -9.9  49.5  

NKG February 2012 2012/1/30 2012/2/27 -78.8  -13.5  29.2  -10.5  58.5  

 March 2012 2012/2/27 2012/3/26 -61.8  -10.6  23.0  -4.4  25.5  

 April 2012 2012/3/26 2012/4/16 -84.7  -10.7  1.1  3.3  25.0  

 May 2012 2012/4/16 2012/5/28 -64.0  -8.0  0.2  9.9  26.5  

 June 2012 2012/5/28 2012/6/25 -76.3  -9.8  1.7  14.3  9.0  

 July 2012 2012/6/25 2012/7/30 -82.2  -10.6  2.4  18.6  108.5  

 August 2012 2012/7/30 2012/8/27 -58.4  -8.2  7.5  20.6  148.5  

 September 2012 2012/8/27 2012/10/1 -53.3  -8.1  11.1  18.9  166.0  

 October 2012 2012/10/1 2012/10/29 -51.7  -8.7  17.8  9.2  136.5  

 November 2012 2012/10/29 2012/11/27 -76.4  -11.9  19.1  2.3  126.0  

 December 2012 2012/11/27 2012/12/31 -89.9  -14.6  26.8  -6.7  208.5  
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sampling site sampling month period from period to  δD  δ18O d-excess T (°C) P (mm) 

NKG 
January 2013 2012/12/31 2013/1/28 -101.0  -15.8  25.5  -9.8  112.5  

February 2013 2013/1/28 2013/2/25 -91.6  -15.1  29.3  -8.6  50.5  

 

 

 

 

 

 

 

 

 



 

49 

 

 

Table 5. Multiple linear regression equations for weekly δ18O, with the amount of precipitation (p in cm) and the mean air temperature (t 

in °C) for each season and annual averages at each sampling site. Variables with statistically significant level (P≤0.05) with F-statistics 

were shown in bold font in the table. 

Station Spring Summer Fall Winter Whole year 

TSO δ18O = -0.24p+0.45t-11.7 δ18O = -0.59p+0.15t-9.1 δ18O = -0.24p+0.20t-10.8 δ18O = -0.71p+0.36t-10.5 δ18O = -0.45p+0.26t-11.2 

NKG δ18O = -0.41p+0.27t-9.9 δ18O = -0.15p+0.19t-11 δ18O = -0.24p+0.13t-9.9 δ18O = -0.32p+0.25t-10.8 δ18O = -0.23p+0.22t-10.8 

SPR δ18O = -1.1p+0.30t-9.8 δ18O = -0.52p+0.06t-7.6 δ18O = -0.39p+0.27t-10.8 δ18O = -0.2p-0.18t-12.5 δ18O = -0.43p+0.21t-10.4 

TMK δ18O = -0.16p+0.32t-10.2 δ18O = -0.79p+0.11t-6.6 δ18O = -0.25p+0.22t-10.7 δ18O = 0.19p-0.3t-13.1 δ18O = -0.37p+0.22t-10.0 

AKS δ18O = -0.25p+0.52t-9.2 δ18O = -0.63p+0.09t-6.3 δ18O = -0.47p+0.15t-7.6 δ18O = -0.65p-0.36t-9.3 δ18O = -0.42p+0.29t-9.5 

SBC δ18O = 0.19p+0.26t-10.7 δ18O = -1.04p+0.09t-6.4 δ18O = -0.63p+0.22t-8.4 δ18O = -0.23p+0.05t-11.4 δ18O = -0.39p+0.21t-9.7 
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Table 6. Correlation coefficient (R) for δ18O for the six studied sites (top right side) and 

corresponding event number for R calculation (left bottom side) for all 264 events. 

  TSO NKG SPR TMK AKS SBC Ave. 

TSO   0.90  0.66  0.75  0.40  0.65  0.87  

NKG 77    0.66  0.61  0.45  0.59  0.86  

SPR 76  65    0.91  0.65  0.78  0.91  

TMK 33  37  49    0.71  0.72  0.94  

AKS 28  24  40  23    0.90  0.90  

SBC 35  31  58  37  44    0.90  

All events 114  87  197  69  58  89    

Ave.: correlation between δ18O of each site and weighted average δ18O for the 6 studied sites. 

Weighted average δ18O for each event was calculated using the selected δ18O and the amount 

of precipitation at each site for that event. 

All events: event number of each site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

51 

 

 

Table 7. Seasonal unweighted and weighted (in parentheses) averages with standard 

deviations of δ18O for LPS, CAO and PST events. 

 Spring Summer Fall Winter 

LPS -9.7±3.2 (-9.4) -7.8±3.1 (-9.3) -8.6±3.2 (-9.3) -12.6±2.8 (-12.8) 

CAO -12.5±2.6 (-12.7)   -13.5±2.2 (-14.9) -12.4±2.7 (-12.5) 

PST -7.1±1.7 (-6.4) -4.9±1.1 (-5.3) -6.9±2.1 (-6.3)   
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Table 8. Annual and seasonal unweighted and weighted (in parentheses) averages with standard deviations of δ18O for LPS-NW, LPS-SE and 

LPS-SE events with westerly, southerly and northerly trajectories. 

  Spring Summer Fall Winter Annual 

LPS-NW  -8.3±2.5 (-8.6) -6.1±2.0 (-6.8) -7.3±1.8 (-7.7) -10.7±2.0 (-10.4) -7.6±2.4 (-7.9) 

LPS-SE  -12.0±3.0 (-11.0) -10.2±2.8 (-11.9) -12.1±3.7 (-12.3) -13.6±2.7 (-13.7) -12.1±3.2 (-12.2) 

LPS-SE 

West -11.2±3.0 (-10.0) -9.4±2.6 (-9.8) -11.2±1.4 (-11.2) -12.4±2.1 (-12.0) -10.9±2.5 (-10.4) 

South -12.3±3.6 (-11.3) -10.9±3.0 (-13.1) -12.6±4.4 (-12.8) -14.2±2.8 (-14.1) -12.6±3.5 (-13.0) 

North -11.8±1.4 (-12.2)  -9.6   
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Table 9. Annual and seasonal unweighted and weighted (in parentheses) averages with standard deviations of δ18O for LPS-NW and LPS-SE in 

the Sea of Japan and Pacific Ocean regions. 

 Group  Region Spring Summer Fall Winter Annual 

LPS-NW 
Sea of Japan  -8.9±3.6 (-9.9)  -7.1±2.1 (-7.9)  -7.7±2.4 (-8.4)  -10.9±3.1 (-11.1)  -8.3±3.0 (-8.6) 

Pacific Ocean  -6.7±2.8 (-6.6)  -5.4±1.9 (-6.6)  -6.2±2.0 (-6.9)  -9.8±2.4 (-9.9)  -6.3±2.4 (-6.8) 

LPS-SE 
Sea of Japan  -11.2±3.6 (-10.7)  -10.3±3.7 (-11.8)  -12.2±4.0 (-12.7)  -13.8±2.9 (-14.2)  -12.0±3.7 (-12.5) 

Pacific Ocean  -11.4±3.0 (-10.8)  -11.2±3.1 (-12.7)  -10.4±1.9 (-10.3)  -13.5±3.9 (-13.5)  -11.7±3.3 (-11.6) 
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4. Discussion 

4.1 Effect of moisture source on the δ18O values of precipitation 

Precipitation associated with LPS-SE events showed lower δ18O than that associated 

with LPS-NW events (Figure 10d). Significantly lower δ18O values were observed for 

LPS-SE events, especially those with a southerly trajectory (Table 8) in which large 

amounts of precipitation occurred on the Pacific Ocean (Figure 14). The large amount 

of precipitation in the upstream region of air mass trajectory (on the Pacific Ocean) may 

result in the low δ18O values due to the rainout process. Because other LPS-SE events 

(with west and north trajectories) were outnumbered, LPS-SE events with a southerly 

trajectory contributed to the low δ18O of the averaged value for LPS-SE. On the other 

hand, obviously smaller amounts of precipitation in LPS-NW events were observed in 

the area west of Hokkaido on the Japan Sea and on the East Asian continent in each 

season (Figure 13). These results indicate that precipitation in the upstream region is 

the main factor controlling δ18O in every season. 

Observed decrease or low value of δ18O of atmospheric water vapor during the passage 

of an LPS with a SE route (Figure 12) is also consistent with the results of precipitation 

described above, though the observation period was different. These results indicate 

that, in LPS-SE events, water vapor with low δ18O values were brought to Hokkaido by 

air masses that experienced heavy precipitation in upstream regions of the Pacific 

Ocean, and caused precipitation with low δ18O. In contrast, in LPS-NW events, 

moisture was brought from the west without heavy precipitation, resulting in relatively 

high δ18O values. 

Difference in δ18O of precipitation between LPS-NW and LPS-SE events and spatial 

distribution of precipitation in each event showed characteristic spatial patterns in their 

correlation. Figure 15 shows the spatial distribution of the correlation coefficient 

between event averaged δ18O and the amount of precipitation of all 195 LPS (both NW 

and SE) events over East Asia for each season. The observed δ18O in LPS events is 

negatively correlated with the amount of precipitation over the Pacific Ocean (upstream 

region of the LPS-SE events with southern trajectory), and the correlation coefficient 
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increases (becomes less negative) northwest, and a positive correlation was found in 

northwest of Hokkaido (upstream region of LPS-NW events) including East Asian 

continent (Figure 15), though the correlation is statistically insignificant. This positive 

correlation resulted from LPS-NW events in which precipitation occurred on the East 

Asian continent and then brought precipitation to Hokkaido with higher δ18O than LPS-

SE events. 

Higher isotopic compositions of water vapor and precipitation over the east coast of the 

Eurasian continent at the middle latitude and lower isotopic compositions in southeast 

Honshu on the Pacific Ocean side have been reported in other studies. Using TES 

(Tropospheric Emission Spectrometer) satellite observation data and the atmospheric 

general circulation model LMDZ (Laboratoire de Météorologie Dynamique Zoom) 

simulations, Risi et al. (2012) showed that the annual average δD of the atmospheric 

water vapor at 600 hPa was relatively higher for the East Asian continent than that of 

the west Pacific Ocean in subtropical regions. Aggarwal et al. (2004) also showed that 

the annual δ18O of precipitation was relatively higher in East Asia than that of the west 

Pacific Ocean. These results indicate that the moisture source from East Asia has a 

relatively higher isotope ratio compared to that from the west Pacific Ocean, which is 

consistent with my results. 

Kurita et al. (2015) investigated the isotopic compositions of atmospheric water vapor 

and precipitation at Nagoya on Honshu Island, Japan, and obtained similar results to 

mine. They showed that the main factor controlling the isotopic composition was the 

prior rainout history in summer and storm track in winter. They suggested that cold air 

masses from the north bring precipitation with lower isotopic composition during the 

passage of the Southern Coastal Cyclone in winter at Nagoya, while my back trajectory 

results showed low δ18O in precipitation brought by the air masses from the south in 

LPS-SE events. In my back trajectory analysis, however, four cases in LPS-SE events 

showed air masses from the northwest in spring (Figure 14), and their δ18O was also 

low (Table 8). This result may be similar to that described by Kurita et al. (2015). The 

Southern Coastal Cyclone, which is defined as an LPS moving in the southern coastal 
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region of Honshu northeastward, is included in LPS-SE in my study; however, it is not 

a dominant event in Hokkaido as seen in Figure 9, because its route is far from 

Hokkaido and its effect on Hokkaido is not very significant. 

Generally, moisture from the north is expected to have relatively lower delta values 

than that from the south. However, my results indicate that, for LPS events, 

precipitation processes in the upstream region more importantly lower the delta values 

of water vapor, resulting in low delta values of precipitation not only at the local scale 

but also at the regional scale. 

 

4.2 Spatial variation of the isotope signal in precipitation 

As described above, LPS-SE events bring lower δ18O precipitation to Hokkaido. This 

can be seen at every observation site and for every season, the only exception being at 

NKG during spring (Figure 11) where the amount of data (only five events in spring as 

shown in Table 2) was not sufficient for deriving robust results. 

Regarding the LPS-NW events, on the other hand, a characteristic spatial variation was 

found. The δ18O observed in LPS-NW was significantly lower on the Japan Sea side 

than on the Pacific Ocean side (p<0.01) (Table 9). This may result from a difference in 

the location of observation sites between LPS-NW and LPS-SE events. When an LPS 

passes north of Hokkaido (LPS-NW), the Japan Sea side receives precipitation from 

both the warm and cold sectors of the LPS near the center, while the Pacific Ocean side 

receives precipitation mainly from the warm sector. The δ18O values of precipitation 

formed near the low-pressure center in both the cold and warm sectors are expected to 

be low, due to the well-developed cloud system by the center (Gambell and Friedman, 

1965; Gedzelman and Lawrence, 1990). This may cause the spatial variation in δ18O 

between the Japan Sea side (lower) and the Pacific Ocean side (higher). On the other 

hand, in a LPS-SE event, precipitation is brought in the cold sector at both sides from 

the well-developed stratiform cloud system associated with the warm front, resulting in 

insignificant spatial variations. 

Similar phenomena have been observed by several studies for LPS (temperate cyclones 
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in USA) (Gambell and Friedman, 1965; Lawrence et al., 1982; Gedzelman and 

Lawrence, 1990; Crawford et al., 2013). These studies observed the lower isotopic 

composition of precipitation in a cold sector of a cyclone and near the low-pressure 

center. This was interpreted by the higher cloud top in the cold sector and near the low-

pressure center, implying progressive depletion of heavy isotopes due to fractionation 

during the condensation process (Gedzelman and Lawrence, 1990). 

The spatial distribution of δ18O in LPS-NW events can also explain the observed results 

at the six sites, shown in Figure 6; spring and fall precipitation showed much lower 

weighted mean δD and δ18O on the Japan Sea side compared to those reported on the 

Pacific Ocean side, resulting from the larger amount of precipitation brought by LPS-

NW events during spring and fall (Figure 10c). 

In Hokkaido, the lowest δ18O values were observed in winter (Figure 6a), which is 

consistent with the results obtained in Honshu, while, in the southern part of Japan 

(Kyushu), the lowest δ18O values were recorded during summer in association with 

large amounts of rainfall (Uemura et al., 2012; Matsubaya and Kawaraya, 2014). As 

shown in Figure 6a, although there was no difference in the δD between the Japan Sea 

and the Pacific Ocean sides in winter, δ18O was significantly lower, that is, d-excess 

was higher at three sites on the side of the Japan Sea (NKG, TSO and SPR). In winter, 

CAO events bring snowfall from convective clouds to the Japan Sea side (Manabe, 

1957; Ninomiya, 1968; Kato and Asai, 1983; Takano et al., 2008; Sato and Sugimoto, 

2013) with very high d-excess (Figure 16 and Table 10). This is due to kinetic 

fractionation during the evaporation process in the Japan Sea under a large humidity 

deficit and a strong temperature contrast in the air–sea surface interface (Dansgaard, 

1964; Sugimoto et al., 1988; Uemura et al., 2008). The low δ18O values observed at six 

sites during winter precipitation were caused by the dominance of event number of 

CAO and LPS-SE events at sites along the Japan Sea and Pacific Ocean, respectively 

(Figure 8a and 10a, and Table 2), and both had low δ18O (Figure 8d and 10d, and Table 

7 and 8). 

In winter, the temperature effect was observed only on the Japan Sea side (TSO and 



 

58 

 

NKG), and the temperature effect on the Pacific Ocean side totally disappeared, as 

shown in Table 5. This difference in temperature effect can also be explained by the 

winter snowfall from CAO events, as detailed in the following two explanations. First, 

CAO events showed positive correlations between air temperature and δ18O at all three 

sites on the Japan Sea side (Table 11), although a statistically significant correlation 

was only seen at two sites (TSO and SPR). This is because strong cold air mass 

outbreaks cause lower δ18O due to the development of intensive convection activity 

(higher cloud top) on the Japan Sea under colder conditions. The second reason 

involves a combination of precipitation from CAO events with low δ18O under cold 

conditions and that from LPS-NW with high δ18O under relatively warm conditions. 

CAO events may also show more significant negative correlations with precipitation 

on the Japan Sea side; the stronger the cold air mass outbreak, the larger the amount of 

snowfall with low δ18O values on the Japan Sea side. 

No significant differences were observed during summer between these two regions 

regarding the 3-year averages (Figure 6a), although data recorded during summer show 

large year-to-year variations. 
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Figure 15 Spatial distribution of the correlation coefficient between the average δ18O 

observed in Hokkaido and the amount of precipitation of LPS (both NW and SE) events 

over East Asia for each season. Observed δ18O for LPS events negatively correlates 

with the amount of precipitation over the Pacific Ocean, and the correlation coefficient 

increases northwest while a positive correlation was found on the Eurasian continent in 

every season. Values of R>0.32 or R<-0.32 are statistically significant at 0.05 level for 

F-statistics. 
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Figure 16 Unweighted average d-excess (bar) with standard deviation (solid line) for 

PST, LPS and CAO events in each season. 
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Table 10. Seasonal unweighted and weighted (in parentheses) averages with standard 

deviations of d-excess for LPS, CAO and PST events. 

 Spring Summer Fall Winter 

LPS 11.5±7.0 (9.6) 5.9±3.4 (6.9) 16.0±5.7 (14.3) 24.3±6.5 (22.2) 

CAO 26.2±7.1 (26.0)   30.2±8.8 (26.2) 28.1±8.1 (27.7) 

PST 12.5±1.3 (12.3) 6.8±2.9 (7.0) 19.3±11.2 (14.6)   
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Table 11. Multiple linear regression equations for event average δ18O, against with 

precipitation (p in cm) and temperature (t in °C) for CAO and LPS events in winter at 

each sampling site. Variables with statistically significant level (P≤0.05) with F-

statistics were shown in bold font in the table. 

Station CAO LPS 

TSO d18O=-0.83p+0.38t-11.1 d18O=-0.52p+0.23t-11.7 

NKG d18O=-0.45p+0.28t-10.7 d18O=-0.12p+0.20t-12.9 

SPR d18O=-0.41p+0.66t-8.5 d18O=-1.86p+0.35t-9.0 

TMK   d18O=-2.26p+0.28t-9.9 

AKS   d18O=-0.82p+0.30t-10.7 

SBC   d18O=0.05p+0.01t-12.6 
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5. Conclusions 

Herein, I report significant spatial and temporal variations in the isotopic composition 

of precipitation in Hokkaido. Along the Japan Sea, the studied sites showed lower δ 

values and higher d-excess for annual averages compared to the sites located along 

the Pacific Ocean side. Lower δ values in spring and fall and higher d-excess in 

winter were observed along the Japan Sea. Winter precipitation showed the lowest δ 

values and the highest d-excess compared with precipitation in the other seasons and 

in both regions. Weekly δ18O was positively correlated with temperature and 

negatively with the amount of precipitation in most season and regions.  

Event-based analyses were conducted with the amount of precipitation and the delta 

values of precipitation averaged for six locations. For all seasons, precipitation was 

predominantly induced by low-pressure system (LPS) events, while cold air outbreak 

(CAO) events contributed significantly during winter. LPS-SE events show lower 

δ18O than LPS-NW, for all seasons. Low δ18O in precipitation derived from LPS-SE 

events can be explained by the precipitation history in the upstream region on the 

Pacific Ocean and Pacific coast side of Honshu. Active convection in well-developed 

cloud systems in the upstream region of the air mass trajectory on the Pacific Ocean 

may cause low δ18O in water vapor, thus leading to low δ18O in precipitation over 

Hokkaido. On the other hand, a relatively moderate convection over the Japan Sea 

and/or East Asian Continent in LPS-NW events may be responsible for bringing 

relatively higher δ18O precipitation over Hokkaido. Furthermore, my results highlight 

a seasonality: in spring and fall, LPS-NW events predominantly contributed, while 

precipitation of LPS-SE was dominant in winter. 

A spatial variation in the δ18O of the precipitation was observed for LPS-NW events. 

The δ18O values were lower on the Japan Sea side compared to the Pacific Ocean 

side, most likely because the former receives precipitation with low δ18O from well-

developed cloud systems close to the low-pressure center in both cold and warm 

sectors of the LPS. 
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In spring and fall, precipitation was predominantly induced by LPS-NW events, 

causing the low δ18O on the Japan Sea side and relatively high value on the Pacific 

Ocean side. However, in winter, precipitation associated with CAO events led to 

lower δ values and higher d-excess on the Japan Sea side. 

This is the first systematic study on stable isotopes of precipitation in Hokkaido. In this 

study, I showed that the route of LPS center significantly affects the isotopic 

composition of precipitation, reflecting the precipitation processes involved in the 

upstream regions. Namely, air masses from the north do not always cause low δ in 

precipitation, and the precipitation process in the upstream region is an important factor 

controlling the isotopic composition of precipitation. LPS-SE events reflect oceanic 

moisture with heavy precipitation in upstream region and low isotope value of 

precipitation in Hokkaido, while LPS-NW events correspond with continental moisture 

with light precipitation in upstream region and high isotope value in Hokkaido. This 

phenomenon observed in Hokkaido may be an important factor affecting variations in 

the isotopic composition of precipitation observed for hydrological studies in other 

mid-latitude coastal regions, which are not explained by variations of the local 

temperature and amount of precipitation. My results also highlight the importance of 

atmospheric circulation and moisture sources, because the route of the LPS is expected 

to be strongly affected by atmospheric circulation patterns, which may also be strongly 

affected by climate change. Therefore, my results may also contribute to paleoclimate 

studies with regard to the records of past isotopic composition of precipitation 

retrievable from tree rings, stalagmites, or other paleoarchives in mid-latitude coastal 

regions. 

In this study, I investigated seasonal variations of stable isotopes of precipitation among 

6 sites based on 3-year average values and explained the variations using route of low-

pressure system. I found stable isotopes of precipitation were significantly affected by 

route of low-pressure center, which can reflect atmospheric circulation patterns and 

climate change. Based on findings of this study, I will conduct two studies in next step. 

First, I will investigate the seasonal variations among the 6 sites for each year and 
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explain the variations of each year based on route of low-pressure center to farther 

confirm the method and the findings of this study. Second, I will investigate relationship 

between stable isotopes of precipitation and atmospheric circulation index and try to 

interpret the relationship by using route of low-pressure center.  
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