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A B S T R A C T   

The Lake Suigetsu sediment cores exemplify a high-quality archive of palaeoclimatic change in East Asia during 
the past 150 ka. Robust interpretation of stable isotope-based proxy reconstructions from the Suigetsu cores can 
be aided by a greater understanding of the factors affecting the isotope composition of the lake and how it relates 
to that of precipitation. Here we use extended contemporary monitoring to establish the factors affecting the 
stable isotope composition (δ18O, δ2H and d-excess) of precipitation, river water and lake water in the catchment 
surrounding Lake Suigetsu, central Japan. We show that the composition of precipitation is influenced by the 
dual East Asian Monsoon system, producing minima in δ18O and δ2H and semi-annually varying d-excess values 
across the year. These signals are then transferred to the lake system, where they are combined with secondary 
local influences on lake water composition: homogenisation with existing catchment waters, a catchment transit 
lag, the interaction with saline water from the nearby Sea of Japan, and evaporative enrichment during summer. 
Our observations suggest that the palaeo-isotope composition of Lake Suigetsu was closely related to the 
behaviour of the East Asian Monsoon. We highlight lake stratification and proxy seasonality as critical compo-
nents of signal interpretation.   

1. Introduction 

The Five Lakes of Mikata are a collection of tectonic lakes located in 
Fukui Prefecture, central Japan, and comprise Lake Mikata, Lake Sui-
getsu, Lake Suga, Lake Kugushi and Lake Hiruga (Fig. 1). To-date, much 
of the Quaternary research undertaken on the lakes has focussed on Lake 
Suigetsu, the central lake of the system, by virtue of its unique under-
lying sedimentary sequence. This sequence is exceptionally well- 
preserved by a deep water column (34 m) and surrounding hills, 
which hinder wind turbation; bottom water anoxia, which prevents 
bioturbation; and a shallow connection (the Seto Channel) between Lake 
Suigetsu and Lake Mikata (upstream of Lake Suigetsu, Fig. 1C), which 
prevents disturbances by high energy events (Nakagawa et al., 2021). A 

series of previous deep coring campaigns have extracted sediment from 
Lake Suigetsu to generate a high-quality archive of environmental 
change (“the Lake Suigetsu sediment cores”) spanning >98 m from the 
present day to in excess of 150 ka BP (Nakagawa et al., 2012). A 
distinctive characteristic of the Suigetsu cores is that they contain 
annual laminations (varves) between ~50 and 10 ka BP, comprising the 
longest continuously varved record from the Quaternary (Schlolaut 
et al., 2012). The youngest sediments (up to 50.3 ka BP) have been dated 
to high precision using radiocarbon dating of >800 macrofossils (Staff 
et al., 2011; Bronk Ramsey et al., 2012, 2020), varve counting using 
optical microscopy (Schlolaut et al., 2012, 2018), and analysis of vol-
canic tephra deposits with independent ages (e.g., Smith et al., 2011; 
McLean et al., 2016). Between 50.3 ka BP and 13.9 ka BP, Lake Suigetsu 
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contributes the only non-reservoir corrected dataset within the inter-
national consensus radiocarbon calibration curve, “IntCal”. 

It is this excellent archive preservation and world-leading chrono-
logical control which makes multiproxy palaeoenvironmental analyses 
of the Suigetsu cores an exciting prospect. Indeed, the location of Lake 
Suigetsu at a lower latitude than other global benchmark records (e.g., 
the Greenland and Antarctic Ice Cores) makes this archive an avenue for 
establishing a more holistic global perspective on past climatic change. 
Additionally, the Japanese archipelago is situated within the East Asian 
Monsoon (EAM) regime, a critical, yet complex, component of the global 

climate system for which palaeoclimate reconstructions offer a means to 
greater understanding. Not only is Japan situated directly beneath the 
seasonally migrating EAM front, making it sensitive to changes in the 
EAM system (Jun-Mei et al., 2013; Nakagawa et al., 2012; Gallagher 
et al., 2018), but unlike continental areas, Japan experiences EAM 
precipitation semi-annually (twice a year), because both the winter 
(EAWM) and summer (EASM) prevailing monsoon winds pass over large 
bodies of water before reaching the Japanese Islands. Therefore, both 
seasonal modes have tangible hydrological influence over precipitation 
in Japan, and reconstructions from here have the unique potential to 

Fig. 1. Map of the Five Lakes of Mikata catchment. Yellow outlines show the extent of subsequent panels in the sequence. Panel A shows the location of the region 
in relation to major Japanese cities. Panel B shows the catchment area of each lake. Panel C shows the sampling locations for this study, including precipitation 
sampling, river and lake sampling, and sampling of the Lake Suigetsu water column, as well as the location of the weather station. Full details of locations shown here 
are available in Appendix A. Basemaps: custom World Dark Grey Base and World Hillshade from Esri (2022a, 2022b) (scale 1:10,000,000 (Panel A), 1:400,000 (Panel 
B), 1:67,946 (Panel C)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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determine the behaviours of both the EAWM and the EASM. In light of 
this, the Suigetsu cores continue to be the subject of an ever-growing 
collection of investigations into climatic change over the last 
glacial-interglacial cycle (e.g., Schlolaut et al., 2017; Nakagawa et al., 
2021), including contributing to the definition of the Holocene onset as 
an auxiliary stratotype (Walker et al., 2009). An ongoing avenue of 
research is the development of palaeoclimate reconstructions derived 
from oxygen and hydrogen isotope compositions of pollen grains, 
biogenic silica and siderite (all of which are abundant components of the 
cores), because these offer a means to infer past hydrological change 
(including links to EAM behaviour). 

Robust interpretation of such sedimentary proxies is predicated on a 
strong understanding of the controls acting on lake isotope composition 
(δlake), which, in the absence of historical datasets, can be achieved by 
extended contemporary monitoring. Of particular interest is the extent 
to which variability in the isotope composition of precipitation 
(δprecipitation, which provides a link to regional-scale hydrological 
change) is reflected in the isotope composition of river water (δriver) and 
δlake and, in turn, lake sedimentary components; however, this depends 
strongly on catchment and lake hydrology. Variability in groundwater, 
river, and in rare cases, marine contributions to the lake water balance 
can act to dampen and sometimes conceal the isotope composition of 
recent precipitation (e.g., Seal and Shanks, 1998; Lacey and Jones, 
2018). In addition, evaporation of lake waters can strongly modify δlake 
compared to inflowing water (Gonfiantini, 1986; Russell and Johnson, 
2006; Wassenaar et al., 2011). These concepts are commonly used in 
modern hydrology (Gibson et al., 2016); for example, during mass bal-
ance modelling to determine the surface versus groundwater contribu-
tion to Lake Ohrid, south-eastern Europe (Lacey and Jones, 2018) or to 
consider mass losses due to evaporation, such as for Lake Edward, East 
Africa (Russell and Johnson, 2006). Monitoring for an extended period 
(on the order of years) is required in order to fully understand the 
evolution of δlake, particularly in regions where the climate is so sea-
sonal. This approach allows for both local influences (such as changing 
inputs and evaporation) to be identified alongside regional scale cli-
matic shifts. 

In this study we aimed to better understand the controls acting on the 
isotope composition of water within Lake Suigetsu and its surrounding 
catchment, in order to facilitate interpretation of isotope-based proxy 
reconstructions of past climate from the Lake Suigetsu sediment cores. 
By monitoring δprecipitation, δriver and δlake over a total observation period 
of two years and ten months across 2011–2012 and 2020–2022, we 
assessed the factors affecting the relationships between these variables. 
Conceptualising δlake of Lake Suigetsu is particularly important because 
whilst the lake and catchment receive high volumes of precipitation 
annually, there are other controls which could act to alter or obscure this 
precipitation signal; namely, that expected evaporation rates are high 
due to a warm summer climate, and in the present day there is some 
interaction between the lake and the Sea of Japan. Consequently, 
resolving the relative influence of δprecipitation (and the propagation of 
δprecipitation signals to δlake) is crucial to understanding the major controls 
over long term δlake within the context of regional scale hydrological 
(and thus climatic) change. 

2. Study site 

2.1. Hydrology 

The Five Lakes of Mikata are located adjacent to the towns of Wakasa 
and Mihama in Fukui Prefecture, Honshu Island, central Japan. The 
lakes lie to the west of the active Mikata fault line and were formed as 
the western side of the fault subsided over time (Fig. 1C; Nakagawa 
et al., 2012). Over the last ~400 years, the Five Lakes of Mikata 
catchment has been anthropogenically influenced by the construction of 
channels and tunnels to connect the lakes. In the present day, the lakes 
form a route between the freshwater Hasu River and the saline Sea of 

Japan (Fig. 1C). Lake Mikata, the southernmost lake, is fed by the Hasu 
River to the south, has an area of ~3.61 km2 and a maximum depth of 
5.8 m and has the largest discrete catchment area (~50 km2; Fig. 1B). 
Lake Mikata is connected to Lake Suigetsu via the shallow (~2 m deep) 
Seto Channel, and to the adjacent Lake Suga via the artificial (<0.5 m 
deep) Horikiri Channel. Lake Suigetsu, which has an area of ~4.2 km2 

and a maximum depth of 34.0 m, then feeds Lake Hiruga (via the sub-
terranean Saga Tunnel, which was sealed during the observation period) 
and Lake Kugushi (via the surficial Urami Canal), which both flow 
directly into the Sea of Japan (Shigematsu et al., 1961, Fig. 1C). In the 
past, prior to the construction of the Horikiri Channel, Saga Tunnel and 
Urami Canal, Lake Kugushi was a coastal lagoon (part of Wakasa Bay), 
and Lake Hiruga was not connected to the sea (except during flooding), 
so four of the five lakes were freshwater (Shigematsu et al., 1961; 
Masuzawa and Kitano, 1982). At this time, the outflow from Lake Sui-
getsu was via Lake Suga (effectively a side basin of Lake Suigetsu), 
which was connected to Lake Kugushi via a channel (the Kiyama River) 
through low ground to the east of the lakes. 

Principally, water flows in a south-to-north direction through the 
catchment, driven by the large quantities of precipitation in the region. 
However, in the present-day, seawater washes back into Lake Suga, Lake 
Suigetsu and Lake Mikata during high tide in autumn (Kondo and 
Butani, 2007). As a result, all five lakes now have some degree of 
marine-derived salinity and observations show that salinity in the lakes 
increases during the autumnal high tide and then decreases due to 
continued freshwater input via precipitation and surface runoff during 
winter. Lake Hiruga and Lake Kugushi are saline, and Lake Mikata is 
fresh to brackish (0–3 g kg− 1). Lake Suigetsu and Lake Suga are both 
meromictic (permanently stratified), with an upper mixolimnion (aer-
obic, brackish to saline water; 2–8 g kg− 1) separated from a lower 
monimolimnion (anaerobic, saline water; ~13 g kg− 1) by a chemocline 
at ~8 m depth (Matsuyama, 1974; Kondo et al., 2000; Kondo and 
Butani, 2007). The mixolimnion exhibits a salinity gradient between the 
surface (fresh) and the chemocline (saline) (Matsuyama, 1974; Kondo 
et al., 2000). Mixing in the mixolimnion occurs once each year, during 
the autumn, resulting in an increase in surface water salinity, a raised 
chemocline and a steepening of the salinity gradient (Kondo et al., 
2000). The chemocline then lowers and a shallower salinity gradient is 
re-established during winter. The monimolimnion is a persistent 
seawater-derived saline layer, confirmed by geochemical analysis (Shi-
gematsu et al., 1961), and has a limited freshwater influence (Mat-
suyama, 1973). This layer is replenished annually at the autumnal high 
tide (Kondo and Butani, 2007). It is not known whether this autumn 
seawater incursion drives mixing in the upper ~8 m of the water col-
umn, or if these two processes are merely coincident, although the latter 
is suspected. No significant long-term increases in salinity have been 
observed in the monimolimnion in the past 70 years; salinity remained 
approximately 12–16 g kg− 1 in the intervals 1951–1966 and 2008–10 
(Matsuyama, 1973; Kondo et al., 2014). Complete lake water vertical 
mixing events are unusual but have been detected (in 1997; Kondo et al., 
2000). 

The residence time of Lake Suigetsu was calculated to be on the order 
of ~1 year, assuming a total annual precipitation of ~2.3 m (Japan 
Meteorological Agency, 2022) across a ~60 km2 catchment (~0.14 km3 

precipitation annually) and then applying this to a simple single box 
model (surface area of ~4.3 km2 and ~34 m depth equating to a ~0.15 
km3 volume). However, when considering the evidence for a stable 
monimolimnion in Lake Suigetsu with a very long residence time (Shi-
gematsu et al., 1961), a two-box model is more appropriate, with water 
effectively flushing solely through the top ~8 m of the lake (Matsuyama, 
1973). In this case, the residence time of the mixolimnion is on the order 
of ~3 months. 

2.2. Climate 

The climate of the Five Lakes of Mikata catchment is temperate with 
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high levels of precipitation. The temperature profile is typical of Japan, 
with low temperatures in winter (reaching a minimum in January with a 
mean temperature of 4.3 ◦C) and high in summer (reaching a maximum 
in August with a mean temperature of 27.0 ◦C). The annual distribution 
of precipitation is more unusual, because a large proportion of the total 
annual precipitation falls during winter (Fig. 2). This is unlike much of 
Japan, where summer is the wettest season. The large quantities of 
precipitation received in winter are a result of the catchment being 
located on the Sea of Japan coast, where it receives a significant input of 
EAWM precipitation annually. This EAWM precipitation falls as both 
rain and snow and is concentrated in December and January. Spring 
(March to May) is the driest season of the year, which precedes a second 
rainy period in early summer which accompanies the EASM. The EASM 
rainy season is known as the Tsuyu or Baiu, which occurs at Lake Sui-
getsu around late June into July, immediately prior to the period of 
maximum temperature. This is followed by typhoon season from August 
to September, during which a series of low-pressure systems pass over 
Japan from the Pacific Ocean to the south, resulting in a third annual 
period of rain. Winter (EAWM) and summer (EASM) precipitation are 
the most significant extended (persistent) freshwater inputs to the 
catchment; typhoon season precipitation comprises a series of intense 
isolated precipitation events. 

3. Materials and methods 

3.1. Sampling methods 

Samples of lake and river waters (n = 463) were taken from the Hasu 
River, Lake Mikata and Lake Suigetsu (Fig. 1C) on a weekly basis be-
tween 1st March 2011 and 3rd January 2012, and again between 15th 

July 2020 and 29th July 2022. Water was collected by submerging a 
collection vessel in the top ~50 cm of water before subsampling using a 
vial leaving no or minimal head space. Precise sampling locations were 
altered between the 2011/12 and 2020/22 sampling intervals, and 
during periods of inaccessibility (e.g., due to bridge repairs, snowfall, 
lake freezing and flooding; Appendix A). The slight changes in sampling 
location are unlikely to affect the isotope composition recorded, being 
within the same water depth range and situated away from lake inputs. 
If visible algae were present in the water, the samples were filtered using 
a 50 μm polyethylene terephthalate (PET) mesh filter. Surface water 
data from the 2011–2012 observation period do not have the accom-
panying (precipitation and water column) data described below in 

Section 4 because this was an extended pilot study focussed on the river 
and lake waters; however, we have nevertheless included these 
2011–2012 data in our analysis because there are subtle differences in 
these data that contribute to a more comprehensive view of isotope 
variations in the catchment. 

Precipitation samples (n = 120) were captured between 13th July 
2020 and 29th July 2022 using a purpose built (3D printed) funnel and 
glass bottle holder in Wakasa (at the location indicated in Fig. 1C). 
Silicone oil was added to the collection bottle to prevent evaporation. 
Water subsamples were taken from the bottle using a Teflon pipette. 
Subsamples were taken on an event basis; every day during periods of 
frequent precipitation, but less often during periods of reduced precip-
itation. The water was allowed to overflow the sample vial in order to 
remove the floating silicone oil. Fresh snowfall samples were collected 
from pristine areas of snow after deposition and melted with silicone oil 
in a lidded container before being transferred to the collection vial. An 
automated Netatmo weather station (location also shown in Fig. 1C) was 
deployed to provide temperature, humidity, precipitation amount and 
wind data to accompany the isotope data. Backwards air parcel trajec-
tory analysis was performed for four precipitation events (representative 
of each season) using the NOAA Air Resources Laboratory HYSPLIT 
model (Stein et al., 2015; Rolph et al., 2017). The selected events ended 
on 27th December 2020, 16th September 2021, 2nd May 2022 and 7th 

July 2022, respectively. Back trajectories were generated for air parcels 
arriving at the catchment every 12 h at 1500 m.a.s.l. across a 72-h 
window prior to the end of each event. 

Water column profiling was conducted ~quarterly on 22nd 

December 2020, 8th April 2021, 5th August 2021, 17th November 2021, 
23rd April 2022 and 21st July 2022 at the approximate centre of Lake 
Suigetsu (Fig. 1C). Samples were taken every 2 m between the surface 
and 10 m depth, every 5 m between 10 m and 30 m depth, and then 
every 2 m between 30 m and 34 m (n = 70). A sealable van Dorn water 
sampler was used to prevent mixing of the sample with water at different 
depths during transit to the surface. A Hydrolab DS5 water quality meter 
was also used to measure temperature and salinity profiles on each 
sampling date; higher resolution geochemical data were collected for 
the December 2020, April 2021, November 2021, April 2022 and July 
2022 dates. The low-resolution data collected for the August 2021 date 
(using a TOA-DKK WQC-24 m) are also shown in Section 4 below. 

3.2. Analytical methods 

Oxygen isotope (δ18O) measurements were made using an Isoprime 
100 mass spectrometer with an Aquaprep dual-inlet system using the 
CO2 equilibration method. Subsamples (totalling 200 μl) were placed in 
a heated sample tray at 40 ◦C before the air was evacuated and each 
exetainer was flushed with CO2. The samples were then left to equili-
brate for between 12 (first sample) and 37 (last sample) hours. Any 
remaining water vapour was then removed on a sample-by-sample basis 
using a cryogenic water trap, before each sample was expanded into the 
dual inlet isotope ratio mass spectrometer (IRMS) for analysis. The 
samples were measured in alternate pulses alongside a reference CO2 
gas, and the integrated values of the sample were compared to the 
reference gas values to determine 18O/16O. Two internal laboratory 
standards (CA-HI and CA-LO) were analysed in each run. The value of 
these standards has been determined accurately by comparison with 
international calibration and reference materials (VSMOW2, SLAP2 and 
GISP). This facilitated the calculation of the 18O/16O ratio of each 
sample versus VSMOW2, and subsequent expression of the oxygen 
isotope ratio in delta (δ) units (δ18O) in parts per mille (‰). The typical 
standard deviation is < 0.05 ‰. 

Hydrogen isotope (δ2H) measurements were made in duplicate using 
a continuous flow, high temperature conversion elemental analyser - 
IRMS (TC-EA-IRMS) (EuropyrOH-Isoprime) with liquid autosampler. 
Subsamples (0.5 μl) were injected into a heated septa-sealed port at 
160 ◦C and converted to water vapour. The vapourised sample was then 

Fig. 2. Climate at the Five Lakes of Mikata. Monthly variations in mean daily 
temperature (pink curve) and mean total monthly precipitation (bars) at 
Mihama, adjacent to Lake Kugushi (35◦36′00″N 135◦55′00″E). Data from the 
Japan Meteorological Agency, 1st January 1990 to 28th February 2022. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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flushed through a chromium-packed reactor at 980 ◦C by the helium 
carrier gas, which reduced the water to hydrogen gas. A reference 
hydrogen gas pulse was introduced to the IRMS prior to the gas pulse 
from each sample. The sample peaks were then integrated and corrected 
for the H3

+ contribution before comparison to the reference gas to yield 
2H/1H. Each sample was measured five times. As with the oxygen 
isotope measurements, the samples were then compared to measure-
ments of CA-HI and CA-LO to calculate the 2H/1H ratio of each sample 
versus VSMOW2, and expression of the hydrogen isotope ratio in delta 
units as for the oxygen isotopes. The typical standard deviation is < 0.5 
‰. 

The aforementioned δ18O and δ2H measurements were then used to 
calculate d-excess (Equation (1)), a second-order parameter which can 
be considered as a measure of deviation from the Global Meteoric Water 
Line (GMWL, which has a gradient of 8). This occurs when there is a 
greater amount of 2H relative to 18O, caused by diffusive fractionation 
during evaporation of water molecules (Bershaw, 2018). 

d − excess= δ2H−
(
8 ∗ δ18O

)
(Equation 1)  

4. Results and interpretation 

4.1. Precipitation δ18O and δ2H 

Values of δ18O for the precipitation at Wakasa (July 2020 to July 
2022) ranged from − 13.2 ‰ to − 2.4 ‰, with a mean value of − 7.0 ‰ 
and standard deviation of 1.6 ‰ (Fig. 3A). δ2H values ranged from 
− 96.4 ‰ to 2.3 ‰, with a mean of − 39.1 ‰ and standard deviation of 
11.9 ‰. Fig. 3A shows only small seasonal differences in δ18O and δ2H 
because there was considerable intra-seasonal variability and overlap. 
Throughout the study period, δ18O and δ2H were associated with rapid 
high amplitude fluctuations with time (Fig. 4); however, winter and 
summer minima were observed when the data were considered on a 
monthly basis; likely due to greater quantities of precipitation (Fig. 2) 
during these seasons (discussed in Section 4.4). This trend was clearest 
in the δ18O values, but a summer minimum was also observed in the δ2H 

values (Fig. 4); the winter minimum likely obscured by high d-excess 
values (described in Section 4.2). Back trajectory analysis of four pre-
cipitation events from across our sampling period indicates that air 
parcels arriving at the catchment predominately originated over Con-
tinental Asia during the winter, in the oceanic domain (Pacific Ocean, 
Philippine Sea and East China Sea) during summer, and a mixture of the 
two during the spring and autumn (Fig. 5). 

These trajectories, which ultimately reflect the operation of the EAM 
as dual EAWM and EASM modes, highlight the influence of the EAM on 
the climate of Japan, and can explain the lack of distinctive seasonal 
precipitation δ18O and δ2H trends at Wakasa. EAWM and EASM pre-
cipitation over Japan generally have very similar compositions (Tani-
guchi et al., 2000; Uemura et al., 2012) in direct contrast to Continental 
Asia, where EAWM and EASM precipitation exhibit distinct composi-
tions due to continental (δ18Oprecipitation ~ − 4 ‰) versus oceanic sources 
(δ18Oprecipitation ~ − 10 ‰), and hence vary seasonally (Araguás-Araguás 
et al., 1998). EAWM air masses originate in central Asia and Siberia and 
are predominately cold and dry, and hence whilst distillation and 
moisture recycling earlier in the trajectory is possible, the isotope signal 
of EAWM precipitation over Japan is dominated by the interaction of 
this air mass with the Sea of Japan. The evaporation from the Sea of 
Japan in winter has a light isotope signal (δ18O ~ − 8 ‰; Uemura et al., 
2012) and the transport distance is short (on the order of <1000 km), so 
this signal is retained in winter precipitation δ18O and δ2H (i.e., little 
further depletion of the heavier isotopes occurs during transport). 
Conversely, EASM air masses originate over the Pacific Ocean and track 
towards the Japanese archipelago via the Philippine Sea and East China 
Sea (the trajectory ultimately determined by the positioning of the 
Western Pacific Subtropical High (Xu et al., 2020, Fig. 5). Evaporation 
from this oceanic domain has a range of isotope compositions (from 
δ18O ~ − 4 ‰ in the Western Pacific Warm Pool to δ18O ~ − 8 ‰ in the 
East China Sea; Uemura et al., 2012); however, the distance from the 
sources with a heavier isotope signal to Japan is greater, such that 
overall depletion of the heavier isotopes during transport acts to mini-
mise differences between proximal and distal sources. As such, EASM 
δ18O and δ2H is low, as with the EAWM. 

Fig. 3. Precipitation δ18O and δ2H at Wakasa and Tokyo. A comparison of isotopes in precipitation at (A) Wakasa 2020–22 (event basis, Sea of Japan Coast) and 
(B) Tokyo 1960–79 (monthly averages, Pacific Ocean Coast). Linear regression local meteoric water lines for each season are shown and numerically described in the 
table. Black diagonal lines represent the Global Meteoric Water Line (GMWL). The points plotted for the composition of Wakasa are scaled by quantity of precip-
itation (as calculated from the Wakasa weather station; WEATHER20 in Fig. 1). Seasons are defined as: Spring (Mar–May), Summer (Jun–Aug), Autumn (Sep–Nov), 
Winter (Dec–Feb). d-excess is higher for points above the GMWL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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This similarity in the composition of precipitation from each end 
member trajectory likely results in the limited seasonality that we 
observed at Wakasa. The air parcel trajectories during spring and 
autumn exhibited mixed behaviour, and we suggest that this lack of 
strong prevailing wind direction and a mixture of vapour sources during 
these intermediate seasons produced precipitation with a similar 
composition to the EAM months, although we suspect that the spring 
and autumn values were slightly higher due to relatively reduced 
quantities of precipitation during these seasons (discussed in Section 
4.4). Intra-seasonal variability was likely due to subtle differences in the 
airmass trajectories associated with each precipitation event. 

Very low δ18O and δ2H values (in the δ18O range of − 13.2 ‰ to 
− 11.0 ‰) were uncommon at Wakasa; however, a minor cluster of 
precipitation events was nevertheless associated with such values 

(Fig. 3A). The majority of these datapoints represent precipitation from 
August to October (Fig. 4) and include rains from Tropical Storm Dol-
phin (2020). Given the seasonality of such events, a simple explanation 
could be that this precipitation was derived from tropical storms (ty-
phoons), which are associated with δ18O values up to 6 ‰ lower than 
other summer precipitation events, driven by strong fractionation pro-
cesses in heavy cyclonic precipitation (Lawrence and Gedzelman, 1996; 
Fudeyasu et al., 2008; Li et al., 2010; Jackisch et al., 2022). However, it 
is worth noting that precipitation from earlier months of the year also 
occasionally exhibited these values, and other typhoon events did not. 
Instead, we posit that these compositions were associated more gener-
ally with intense precipitation events. Whilst they do not universally 
correspond to periods with large quantities of precipitation, this does 
not preclude a relationship with intense precipitation events because our 
analysis considered only the total amount of precipitation which fell in 
the collection period, not the intensity. Not all typhoon events result in 
intense precipitation at Wakasa due to its location, and many typhoons 
are associated with high wind speeds alone; hence, some were not 
associated with very low isotope values during the study period. 

4.2. Precipitation d-excess 

In contrast to the δ18O and δ2H datasets, we observed very clear high- 
amplitude seasonal patterns in precipitation d-excess, which exhibited 
an average value of 17.1 ‰ and range of 35.6 ‰ across the entire dataset 
(Fig. 3A). The values for summer precipitation fell broadly along the 
GMWL, whereas winter precipitation consistently expressed higher d- 
excess values, offset yet parallel to the GMWL (Fig. 3A). The autumn and 
spring d-excess values exhibited intermediate values with some overlap 
with summer and winter, particularly so for the autumn. Regression 
lines between δ18O and δ2H applied to each season had similar gradients 
(~8), with minor differences due to the relatively limited amount of 
data across a narrow range. The difference in intercept between the 
summer and winter regression lines was 24.1 ‰ (equating to a differ-
ence in seasonally averaged d-excess of 23.5 ‰). 

Collective observations of d-excess at sites across Japan suggest that 
this variable shows this distinct pattern regardless of location (Uemura 
et al., 2012; Hasegawa et al., 2014; Ichiyanagi and Tanoue, 2016). High 
values of d-excess in winter precipitation and low values in summer 
precipitation can be attributed to contrasting relative humidity values in 
the precipitation source regions, which overprints the d-excess of the 
source water itself (Xia et al., 2018; Uemura et al., 2012). Due to cooler 
sea surface temperatures (and thus low relative humidity) over the Sea 
of Japan during the winter, we suggest that winter (EAWM) precipita-
tion exhibits higher d-excess values relative to summer (EASM) precip-
itation, which originates from the oceanic domain during the summer 
where relative humidity is high (Araguás-Araguás et al., 1998; Kurita 
et al., 2015). Relative humidity can affect d-excess via multiple mech-
anisms, but in the low latitudes the dominant control is the amount of 
raindrop re-evaporation, and in the mid latitudes oceanic evaporation 
conditions show greater significance (Xia et al., 2022). The gradual 
transition of influence between these contrasting extremes suggests that 
there were no abrupt shifts or interfaces between systems at play in this 
region during spring or autumn and instead, hydrologically, Japan 
transitioned gradually between the influence of the EAWM and EASM 
operational modes; supported by the back trajectory analysis (Fig. 5). 

4.3. Quantity-weighted composition 

The largest precipitation events during our study interval occurred 
during winter and, to a lesser extent, during the late summer and early 
autumn (Fig. 3A), which is in line with the long-term climate data from 
nearby Mihama (Fig. 2). The largest winter events exhibited higher d- 
excess values, whilst the largest late summer/early autumn events 
showed low δ18O and δ2H values (as discussed above). This has impor-
tant implications for the introduction of precipitation to the catchment; 

Fig. 4. Variations in δprecipitation with time. δ18O, δ2H and d-excess values 
from precipitation at Wakasa from across the study period (colour lines). Black 
lines represent monthly averages of each dataset. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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most notably, this indicates that the largest contribution to the catch-
ment on an annual basis is that of a mid-range isotope composition (with 
high d-excess), with a secondary component having low δ18O and δ2H 
values (with low d-excess). When weighted by precipitation amount, the 
annual mean δ18O was − 7.4 ‰, the annual mean δ2H was − 39.7 ‰ and 
the annual mean d-excess was 19.8 ‰, which lies between the winter 
and autumn regression lines. A caveat to this is that the values used to 
calculate precipitation amount for this analysis were measured by the 
Netatmo weather station, which did not contain a heating element, so 
the quantity of precipitation may be underestimated for snowfall events 
and hence the precipitation-weighted annual mean δ18O and δ2H values 
may lie closer to the winter average. Snowfall events are likely to be 
amongst the smallest winter precipitation events in Fig. 3A, however, 
the relatively tight grouping of winter values suggests that the difference 
between snowfall and rainfall isotope values was not particularly 
marked across the observation period. 

4.4. Temperature and amount effects 

Additional analysis (least-squares linear regression) was performed 
using the precipitation δ18O and δ2H values to provide an indication of 
the influence of a “temperature effect” or precipitation “amount effect”. 
The isotope data were compared to the average temperature and the 
total precipitation amount (square root transformed) during each 
collection period, as measured by the Netatmo weather station (position 
indicated in Fig. 1C). These analyses were conducted using monthly 

average δ18O and δ2H values (to reduce the influence of noise) and then 
repeated using datapoints from each season in isolation, and the full 
results are presented in Appendix B. All of the calculated R2 values were 
low (0.00–0.34), suggesting that neither temperature nor precipitation 
amount explained a large proportion of variability in precipitation δ18O 
or δ2H. Our findings are in line with other studies, which have suggested 
that local meteorological parameters are not as prominent as source 
region and transport effects on precipitation isotopes in Japan (e.g., 
Hasegawa et al., 2014; Ichiyanagi and Tanoue, 2016); however, others 
have found that they can retain moderate influence on a local scale 
(Ichiyanagi and Tanoue, 2016). Our R2 values are similar to those pre-
sented by Ichiyanagi and Tanoue (2016), who found that the δ18O of 
precipitation in Fukui City, ~60 km from Lake Suigetsu, showed weak to 
no correlation with either temperature (R2 = 0.02) or precipitation 
amount (R2 = 0.14). 

Analysing the data by season allows for changes in more dominant 
influences (e.g., opposing precipitation sources) to be minimised, and 
thus any obscured temperature and amount effects to be more easily 
identified. Indeed, this method reveals a stronger relationship between 
precipitation amount and isotope composition in spring, summer and 
autumn (but no relationship to temperature during those seasons). This 
suggests that there was a small amount effect acting on isotopes in 
precipitation at Wakasa, but no observable temperature effect on event- 
based timescales. Conversely, winter precipitation isotopes were very 
weakly correlated with temperature (R2(δ18O) = 0.18) and not corre-
lated with precipitation amount (R2(δ18O) = 0.00). However, as 

Fig. 5. HYSPLIT back trajectory model results. HYSPLIT back trajectory model results for four rainfall events across the 2020-22 rainfall study period. Events were 
selected to cover a range of d-excess values which are typical of each of the four seasons. Dates and times indicate the end of each sampling interval. Red stars 
indicate the position of the catchment; backtrack analysis was performed to the exact position of the precipitation sampler (RAINFALL20 in Figure 1.1). Surrounding 
seas and oceans are labelled as follows: SoJ = Sea of Japan, ECS = East China Sea, PS = Philippine Sea, PO = Pacific Ocean. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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previously mentioned, the Netatmo weather station did not contain a 
heating element and hence snowfall amount was underestimated. 
Hence, we posit that there may have been a small amount effect influ-
encing precipitation isotopes during winter, in line with other seasons, 
but this was not accounted for by our methods. This analysis suggests 
that the amount effect was a second-order control on isotopes in pre-
cipitation at Wakasa but was obscured by seasonality. Indeed, our 
dataset provides further qualitative evidence for such an amount effect 
because we observed minima in precipitation δ18O and δ2H coinciding 
with the periods of greatest precipitation amount (excluding the winter 
δ2H minimum, observed by high d-excess values) and attributed very 
low δ18O and δ2H values to intense precipitation events. It might be 
expected that a clearer relationship would be observed between pre-
cipitation δ18O and δ2H and the integrated amount of precipitation from 
across the entire transport pathway (as proposed by Uemura et al. 
(2012)). A lack of any temperature effect was not unexpected, because it 
has been posited that temperature effects merely explain spatial, not 
temporal, differences in precipitation isotope composition (Ichiyanagi 
and Tanoue, 2016). 

4.5. Comparison to Tokyo 

The isotope composition of precipitation at Wakasa and the nearest 
GNIP station at Tokyo (350 km to the east) was very similar, albeit with 
some key disparities (Fig. 3B). The same seasonal patterns in d-excess 
were observed at both locations, with the summer and winter values 

acting as end members, and intermediate spring and autumn values. 
However, compared to Wakasa, the seasonal difference at Tokyo was 
much less distinct, and the difference between the summer and winter 
regression line intercept was only 11.1 ‰ (reflecting a difference in 
seasonally averaged d-excess of 13.0 ‰). This is most likely due to a 
smaller relative influence of EAWM precipitation (which is associated 
with the highest d-excess values); Wakasa is located on the Sea of Japan 
coast, where there is a strong EAWM (and thus Sea of Japan) influence, 
and Tokyo is located on the Pacific coast, where these influences are 
significantly weaker. Instead, winter precipitation at Tokyo generally 
falls in short duration events that result from recycled local water. The 
local meteoric water line gradients were also shallower and more 
consistent at Tokyo across the seasons; however, this is likely to be the 
result of a larger dataset from Tokyo which captured values over a 
longer timescale. It is important to note that these datasets do not have 
the same resolution or cover the same period (the Wakasa precipitation 
dataset is on an event-basis over 2020–22, and the Tokyo precipitation 
dataset is monthly from 1961-79); however, the same trends are 
observed when the Wakasa precipitation data is considered at a monthly 
resolution, and also in comparison to event-based data from Tokyo in 
2013 (Appendix C; Ichiyanagi and Tanoue, 2016). Hence, the compar-
isons made here are reasonable. 

4.6. Catchment effects 

The seasonal patterns in Hasu River δriver and Lake Mikata and Lake 

Fig. 6. Surface water δ18O and δ2H. The isotope composition of surface waters from the Hasu River, Lake Mikata and Lake Suigetsu. Panel A shows differences in 
composition between parts of the catchment, with colour corresponding to location. Subsequent panels show seasonal variations in composition at (B) the Hasu 
River, (C) Lake Mikata and (D) Lake Suigetsu. In Panels B–D, monthly averages are shown as opaque symbols and labelled, whilst underlying data points are shown as 
transparent symbols. Points in Panels B–D are colour-coded by season as in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Suigetsu surface δlake paralleled those of δprecipitation, showing that the 
precipitation signals were transferred to the catchment, although there 
is evidence for some internal modification (Fig. 6). All three locations 
(the Hasu River, Lake Mikata and Lake Suigetsu) exhibit a smaller range 
of δ18O and δ2H values than precipitation, and hence plot as a tighter 
grouping of points (range(δ18O) = − 9.5 to − 4.5 ‰, σ(δ18O) = 1.0 ‰ for 
river and lake water (Fig. 6A) versus − 13.0 to − 2.5 ‰ and 2.3 ‰ 
respectively for precipitation (Fig. 3A)), which indicates homogenisa-
tion of precipitation inputs with existing catchment waters (likely both 
surficial water and groundwater). Whilst the isotope composition of 
groundwater was not quantified as part of this study, and hence remains 
an unknown input to the lake system, we posit that groundwater 
composition was merely a slower average of precipitation composition; 
otherwise, lake water δ18O and δ2H would be offset to that of precipi-
tation. We also observed that in-catchment homogenisation attenuated 
the effect of peripheral values and thus there was a limited influence of 
isolated events (including the aforementioned intense precipitation 
events with very low δ18O and δ2H values) on the lake system. Instead, 
prolonged precipitation modes were the more dominant control. Despite 
annually averaged precipitation being strongly weighted to winter, 
signals from all four seasons were detectable in the river and lakes 
(discussed in Section 4.8). 

The evolution of δ18O and δ2H as water moves through the catch-
ment from the Hasu River to Lake Mikata and then to Lake Suigetsu, also 
reveals some interesting patterns (Fig. 6A). The Hasu River exhibit a 

very tight grouping (σ(δ18O) = 0.36 ‰) of low isotope ratios (mean 
(δ18O) = − 7.98 ‰). Isotope values then increased, parallel to the 
GMWL, as the water moved through to Lake Mikata (mean(δ18O) =
− 7.13 ‰, σ(δ18O) = 0.83 ‰) and then to Lake Suigetsu (mean(δ18O) =
− 6.32 ‰, σ(δ18O) = 0.85 ‰). This suggests some mixing with seawater 
(which has higher δ18O and δ2H) in the lakes, with a greater departure in 
values for Lake Suigetsu, which is the most saline of the three locations 
(discussed in Section 4.8. Comparatively, the compositions of Lake 
Mikata and Lake Suigetsu also covered a greater range than the Hasu 
River. Prior to this study, it was assumed that the Hasu River was the 
primary input to the lakes, however the differences in the range of their 
isotope compositions suggests that there was an additional overland 
(responsive) flow component feeding the lake system and that the river 
received a substantial groundwater input, producing a more homoge-
nised isotope signal (Fig. 6B). Despite this, the river still reflected the 
seasonality of precipitation composition, and whilst monthly average 
composition values for the Hasu River exhibited smaller variations than 
Lake Mikata and Lake Suigetsu, the signals from the river maintained 
coincident timing with these parts of the catchment (Fig. 7). These ob-
servations suggest that the Hasu River had both direct and groundwater 
influences on its isotope composition, but we cannot rule out the pos-
sibility that weekly sampling of the river did not fully capture the most 
extreme isotope values here, due to the rate of river flow relative to the 
sampling resolution and the large catchment area. 

Fig. 7. Variations in δriver and δlake with time. δ18O, δ2H and d-excess values from the Hasu River, Lake Mikata and Lake Suigetsu from across the study period 
(colour lines). Black lines represent monthly averages of each dataset. Vertical scales are non-equivalent to best represent the shape of the data for each location. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

C.L. Rex et al.                                                                                                                                                                                                                                   



Quaternary Science Advances 13 (2024) 100145

10

4.7. River and lake water d-excess 

Despite the signal homogenisation, seasonal variations in river and 
lake water d-excess were very similar to precipitation d-excess, with 
clear differences observed across the year (Fig. 6B–D) which can be 
interpreted in line with the precipitation signals. This offers the most 
convincing evidence that δprecipitation signals are detectable in δlake. 
However, the difference between lake water (Fig. 7) and precipitation d- 
excess seasonality (Fig. 4) highlights a significant modification of the 
precipitation signals delivered to the catchment. The seasonal extremes 
observed in the lakes fell during spring (high d-excess) and autumn (low 
d-excess; Fig. 7), in contrast to the winter and summer extremes 
observed in precipitation d-excess (Fig. 4). This indicates a lag of ~1–3 
months between an input of precipitation and detection of this signal in 
lake water composition, which we attribute to the average time taken for 
the water to transit through the catchment. Incidentally, this interval is 
equivalent to the residence time of the mixolimnion, providing support 
for our estimation that every three months the upper ~8m of the water 
column is replaced with precipitation from three months previously. A 
comparison of Lake Suigetsu d-excess to Wakasa precipitation d-excess 
suggests that the transit lag was proportional to the amount of precipi-
tation and was longer (two to three months) for the drier summer 
months and shorter (one to two months) during the wetter winter 
months. A shorter winter lag compared to summer contrasts with what 
might be expected for a season associated with the accumulation of snow 
in the catchment (which can persist on high ground for weeks at a time) 
and the delayed release of snowmelt to the lakes. This appears to suggest 
that either the snowmelt lag was negligible compared to catchment 
transit time, possibly because only precipitation falling on the highest 
ground in the catchment was delayed, or that there was still sufficient 
winter rainfall or rapidly melting snow to cause a response in the lake 
and river water within one to two months. 

4.8. River and lake water δ18O and δ2H 

The river and lake water δ18O and δ2H values were also very similar 
to precipitation, exhibiting intra-seasonal variability with significant 
overlap (Fig. 6B–D). The Hasu River showed δ18O minima in spring and 
late summer, a δ2H minimum in late summer and slight downward in-
flection in δ2H during spring, which were reflected in both the raw 
datasets and in the monthly averages (Fig. 7). Lake Mikata and Lake 
Suigetsu showed greater inter- and intra-annual differences than the 
Hasu River, but monthly averaged data from these parts of the catch-
ment also exhibited minima in δ18O in the spring and δ2H in the late 
summer, as well as a downward inflection in δ2H during the spring 
(Fig. 7). We relate these minima to winter (EAWM) precipitation and 
summer (EASM) precipitation, as detailed above in relation to precipi-
tation δ18O and δ2H; importantly, accounting for the aforementioned 
transit lag. However, unlike precipitation δ18O, lake δ18O lacked a 
minimum coinciding with summer (EASM) water entering the lake; 
instead, there were elevated δ18O values in the autumn in Lake Suigetsu 
(and to a lesser extent, Lake Mikata). The autumnal δ18O peak (based on 
monthly averages) in Lake Suigetsu was approximately 3 ‰ greater than 
the δ18O of summer precipitation. We attribute this trend to a combi-
nation of lake water mixing and saline water incursion, which brings 
saline water with high δ18O and δ2H values to the surface, causing 
elevated lake isotope values in autumn (discussed in Section 4.9) and a 
small amount of summer evaporative enrichment. We might also expect 
to see this trend in δ2H, given our proposed mechanisms, however this 
was not observed, likely as an artefact of a relatively small spring δ2H 
inflection (due to high d-excess values). 

Besides these elevated values of lake water δ18O in summer and 
autumn, there is very limited evidence for an evaporation effect on the 
composition of lake water; a subset of summer values in each lake 
expressed a δ18O versus δ2H relationship with a reduced slope (similar to 
a local evaporation line), however this was restricted to the data 

collected in 2011 and was not present in the 2020–2022 data (Fig. 6C 
and D). Additionally, the δ18O versus δ2H slope for other seasons did not 
suggest evaporation effects. This highlights the potential for inter- 
annual variability in the influence of evaporation on lake water iso-
topes, but demonstrates that this effect was a secondary one and affected 
summer δ18O and δ2H alone. We posit that the enhanced evaporation in 
summer 2011 was due to lower relative humidity. Relative humidity 
data was not available from the local Mihama weather station, but the 
nearest data from Tsuruga, 14 km to the northeast shows that relative 
humidity in 2011 was on average 5 % lower than summer 2021 (Japa-
nese Meteorological Agency, 2023). Whilst Tsuruga experiences subtly 
different weather conditions, it is reasonable to compare these locations 
on seasonal timescales. 

As well as this evaporation trend, δlake in 2011 showed some dis-
crepancies relative to the 2020–2022 interval (the data from which were 
broadly consistent). The data from 2011 showed a distinctive trend (a 
minimum in δ18O and δ2H in May, and an earlier increase in d-excess in 
the autumn). Because these trends were not observed for the Hasu River, 
they can be attributed to within-lake processes; however, there is no 
comparable precipitation isotope data available for this period in order 
to further interrogate this interpretation. Data from the local Mihama 
weather station shows intense precipitation during May 2011 (448 mm), 
which could have resulted in a significant direct input of low δ18O and 
δ2H water into Lake Mikata and Lake Suigetsu during this month; 
however, with available data this remains speculative. Overall high 
precipitation amounts in 2011, and hence a shorter residence time, 
might also explain the earlier increase in lake d-excess in autumn 2011 
compared to the 2020–2022 observation period. 

4.9. Vertical profiles of lake water isotopes in Lake Suigetsu 

The ~quarterly depth profiling of Lake Suigetsu shows seasonal 
variations in the mixolimnion (above the chemocline) but compositions 
were consistent and homogenous in the monimolimnion year-round 
(Fig. 8). In the monimolimnion, temperature and salinity were consis-
tently at ~16 ◦C and ~14 g kg− 1, respectively. Above the chemocline, 
the water temperature was highest in the summer and lowest in the 
winter. A salinity minimum was observed during the spring and 
maximum during the autumn, with summer and winter exhibiting in-
termediate values. These observations are in agreement with the find-
ings of Kondo et al. (2000), which presented long term monitoring of 
changes in temperature and salinity with depth at Lake Suigetsu. 
Throughout the sampling period the monimolimnion waters had higher 
δ18O and δ2H values relative to the mixolimnion and showed no varia-
tion with depth between ~8 m and the lake bottom at 34 m. The d-excess 
values in the monimolimnion were also invariant and generally lower 
than the mixolimnion. In the mixolimnion, the δ18O, δ2H and d-excess 
values showed smooth gradients between the chemocline and the sur-
face, which suggests that the shape of each depth profile was driven by 
the difference between deepwater and surficial δlake. The d-excess depth 
profiles in Fig. 8 matched the seasonal fluctuations discussed above, 
with the highest values in spring and lowest values in autumn. 

The δ18O, δ2H and d-excess profiles did not show any correlation 
with temperature and hence lake water temperature is unlikely to have 
been a controlling factor. However, there was an increase in salinity, 
δ18O and δ2H through summer and autumn which suggests common 
drivers. We theorise that this trend was a result of saline water incursion 
and mixolimnion mixing during autumn (evidenced by Kondo et al., 
2000). Summer evaporation could have enhanced this effect via the 
enrichment of heavier isotopes at the surface and by increasing the 
relative concentration of dissolved ions. There is evidence for a combi-
nation of these effects at play, because both the summer (August) and 
winter (November) profiles exhibited raised surface δ18O and δ2H values 
(Fig. 8); however, the evidence for evaporation trends in the surface 
water samples (discussed above) was limited to 2011, so we suggest that 
in most years evaporation was less influential than mixing. These effects 
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explain the absence of a late summer δ18O minimum in Lake Mikata and 
Lake Suigetsu (in contrast to precipitation δ18O) and elevated autumn 
values (discussed above; Fig. 7). D-excess did not appear to change 
significantly in autumn; possibly due to the overwhelming influence of 
seasonality, but most likely because the d-excess values at the surface 
and in the saline deep water were similar during the autumn. Hence, any 
amount of incursion or mixing would not result in a change in d-excess 
at the surface. 

The combined influence of saline water incursion, mixing and 
evaporation did not persist through the entirety of the year; evidence 
from the surface water isotopes indicates that evaporation was limited to 
the summer, and extended monitoring by Kondo et al. (2000) suggested 
that mixolimnion mixing was temporally constrained to autumn. Our 
observations suggest that heavy winter precipitation delivered to the 
catchment regenerated the freshwater mixolimnion in Lake Suigetsu and 
effectively “reset” the effects described above, producing the minima in 
δ18O and δ2H in the surface waters (Fig. 7) and reinstating the rela-
tionship between precipitation and lake δ18O and δ2H. However, since 
the surface waters of Lake Suigetsu retain some salinity year-round, the 
influence of saline water is never zero, merely diminished in relation to 
the effect of precipitation inputs. We observed an increase in δ18O and 
δ2H of the surface waters from the freshwater Hasu River to the 
fresh-brackish Lake Mikata and then to the brackish-saline Lake Suigetsu 
(Fig. 6), which was likely due to increasing quantities of Sea of 
Japan-derived waters (with higher isotope compositions). The compo-
sition of Lake Suigetsu showed the greatest departure from the Hasu 
River composition during autumn, but there was still ~1 ‰ difference in 
δ18O during spring between the locations which can be attributed to this 
non-zero salinity. Lake Mikata existed between the compositions of Lake 
Suigetsu and the Hasu River because it is a shallower water body with no 
persistent saline deepwater but does experience a small degree of saline 
water incursion during autumn (Kondo et al., unpublished data) and 
possibly some evaporation. 

5. Discussion 

The key motivation of this study was to understand the major con-
trols of δriver and δlake within the Five Lakes of Mikata catchment and 
hence direct future interpretation of isotope-based palaeoclimate prox-
ies from the Lake Suigetsu sediment cores. Our results show that a 
dominant control of Lake Suigetsu δlake (as well as Lake Mikata δlake) was 

the isotope composition of precipitation, and whilst there were internal 
catchment processes (homogenisation, a transit lag, seawater influences 
and evaporation) that affected the composition of river and lakes, for the 
most part (excluding autumn) these did not obscure the δprecipitation 
signals, or prevent their detection in δlake. Indeed, the predominant ef-
fect of the signal homogenisation was to limit the effect of δprecipitation 
dataset noise on δlake. In order to better understand the propagation of 
δprecipitation signals to δlake across the span of the Suigetsu cores, it is 
important to consider the ways in which the current lake configuration 
is non-analogous to the past. 

Our observations also indicate that evaporation effects were not 
particularly influential during the study period (with the strongest evi-
dence limited to a single year) and were limited to the summer months. 
This would be expected to be the case for much of the interval covered 
by the Suigetsu cores, given that, aside from the Eemian, our monitoring 
period existed at the upper limit of temperatures experienced at the Five 
Lakes of Mikata for the last 150 ka. Whilst it is important to consider that 
evaporation is not singularly related to air temperature, but rather a 
range of interconnected physical processes, Lake Suigetsu receives large 
quantities of precipitation annually which limits the impact of evapo-
ration on δlake (Vystavna et al., 2021). It follows that evaporation is not 
likely to have been a major driver of δlake across the history of Lake 
Suigetsu sedimentation, as long as the region was not significantly more 
arid in the past, but should still be considered when interpreting proxies 
of summer δlake. 

Marine influences are also negligible from a palaeo-isotope 
perspective. In the modern day, saline water incursions and mixing of 
surface lake water with low δ18O and δ2H deepwater originating from 
the Sea of Japan had a demonstrable effect on lake δ18O and δ2H in the 
autumn months. However, the connection between Lake Suigetsu and 
the Sea of Japan is anthropogenic and there were no marine influences 
on the lakes for most of the late Pleistocene (exceptions being at ~7 ka 
during a highstand in the Sea of Japan, and during the Eemian global 
highstand) as corroborated by diatom assemblage counts of freshwater 
versus brackish-tolerant species (Saito-Kato et al., unpublished data). 
Aside from these intervals, we predict that δlake was not affected by 
seawater, either via saline water incursions or mixing. There is evidence 
for stratification in the past (deepwater anoxia is supported by varve 
preservation, and surface water oxygenation is supported by aquatic 
productivity); however, we would not expect to see the same stark dif-
ference in isotope compositions above and below the palaeo-chemocline 

Fig. 8. Variations in Suigetsu δlake with depth. d-excess, δ18O, δ2H, temperature and salinity profiles across the study interval. Data were collected (approximately 
quarterly) on 22nd December 2020, 8th April 2021, 5th August 2021, 17th November 2021, 23rd April 2022 and 21st July 2022. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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as the present-day chemocline because the deepwater and surficial 
waters would have had the same meteoric source. As a result, there 
would be no influence of the Sea of Japan to Lake Suigetsu outside of 
these periods and the elevated autumn δ18O and δ2H values that 
partially obscure the summer precipitation δ18O minima would not be 
observed. Hence, in the intervals where Lake Suigetsu was a freshwater 
lake, we would expect δprecipitation and δlake to be more closely aligned, 
and no offset between the Hasu River, Lake Mikata and Lake Suigetsu. 

However, persistence of this stratification regime, evidenced by the 
preservation of varves that required basal water anoxia, suggests that 
the mechanistic elements of signal homogenisation (muting the seasonal 
precipitation signal in the surface water and homogenising the deep-
water) and seasonal lags in the surface water were still active during this 
time, although subject to some variability. As a result, on longer time-
scales, palaeoclimate proxies that record deepwater conditions (e.g., 
isotopes of siderite (FeCO3), abundant in Lake Suigetsu) would record an 
averaged δprecipitation signal, possibly over a number of years (accounting 
for other fractionation processes involved in signal capture by the proxy 
system). Conversely, palaeoclimate proxies that record surface water 
conditions (e.g., diatoms and other algae) will record seasonally lagged 
δprecipitation; i.e., spring-weighted proxies will capture winter δprecipitation, 
and so forth. This relationship is of course subject to variations in the lag 
time (which, if lengthened, could cause greater overlap of seasonal 
signals) and differences in climate, which could alter the timing of de-
livery to the lakes. During glacial intervals, pollen reconstructed tem-
perature for the coldest month is consistently below 0 ◦C, suggesting that 
the limited snowmelt lag in the present day would be more prominent. 
Additionally, the lakes were likely frozen on the surface for much of the 
winter. Overall, this would be expected to have stalled the movement of 
water through the catchment and extend the transit lag between de-
livery of winter (EAWM) precipitation and detection in the lake into the 
spring season. Under these circumstances, palaeoclimate proxies that 
capture the spring δlake, such as spring blooming diatoms, would capture 
winter (EAWM) δprecipitation (arguably with even greater certainty than 
the present day). Proxies that capture summer δlake, such as algal bio-
markers would, by contrast, capture a mix between winter, spring and 
summer δprecipitation because these would enter the lake in quicker suc-
cession (although spring precipitation quantities are very small in 
comparison to winter and summer, and hence are unlikely to have a 
significant effect). Autumn δlake-capturing proxies, such as autumn 
blooming diatoms, would still predominately capture summer (EASM) 
δprecipitation composition. Terrestrial proxies (e.g., δ18O of pollen grains 
and δ2H of long-chained n-alkanes and n-alkanoic acids) would be un-
affected by changes to the transit lag as they capture soil pore water 
rather than lake water and would be expected to more closely reflect 
changing δprecipitation. 

Having established that the dominant driver of δlake is δprecipitation, it 
is prudent to consider what could affect this quantity in the past. We 
anticipate that palaeo-EAM precipitation from both seasonal modes was 
a dominant influence on δprecipitation delivered to the catchment because 
winter and summer are associated with large quantities of precipitation 
(and hence δprecipitation will be weighted towards the composition of the 
EAWM and EASM). Additionally, whilst autumn (predominately 
typhoon) precipitation provides a third period of rain annually, and we 
observe the influence of intense precipitation events on δ18O and δ2H of 
precipitation, these signals were not detected in the lakes. For this 
reason, we anticipate that unless typhoon frequency was significantly 
greater in the past, the tendency of δlake to reflect only extended seasonal 
precipitation events (i.e., the EAM) will limit the influence of typhoon 
precipitation, even if it is recorded in δprecipitation. It is not unreasonable, 
therefore, to exclude the typhoon season influence on δprecipitation, and 
consider δprecipitation at Wakasa to be most closely linked with EAM 
behaviour. Importantly, the influence of both EAWM and EASM com-
ponents were observed at the catchment, establishing that the area is a 
sensitive location – even optimised, especially relative to Tokyo – for 
studying both components of the EAM. This is particularly useful given 

the skew in existing palaeoclimate reconstructions towards the summer 
months. 

However, our findings were consistent with others from central 
Japan (e.g., Taniguchi et al., 2000), which note that for contemporary 
isotopes there is no significant difference in δ18O and δ2H between 
EAWM and EASM precipitation. As such, it is important to note that 
unlike Continental Asia, annually integrated δ18O and δ2H do not reflect 
the changing relative input of EAWM and EASM precipitation, because 
their compositions are so alike. Isotope composition averaged on mul-
tiannual timescales will not reflect the balance between these systems 
unless either one of EAWM or EASM changes in strength and the other 
remains stable, or one increases in strength and the other decreases 
concurrently. These changes in behaviour can be caused by different 
climatic regimes (such as glacial periods) or across climatic transitions. 
Under such conditions, the changing strength of the EAWM and EASM 
would be expected to impact on both the annually averaged deep δlake 
and the seasonally-lagged surface water δlake; the former by affecting the 
balance between the two seasonal modes, and the latter by affecting 
either EAWM or EASM δprecipitation. Under these circumstances, EAWM 
and EASM δprecipitation would diverge, and hence terrestrial and surface 
water palaeoclimate proxy seasonality becomes extremely important for 
interpretation. It is therefore vital to know which composition (win-
ter-weighted, summer-weighted or mixed) is captured by each palae-
oclimate proxy before interpreting the signal, accounting also for 
changes to the lag time. 

Our observations are restricted to the study interval, and hence 
provide limited contributions to the interpretation of long-term drivers 
of δ18O and δ2H associated with EAM behaviour, however this remains 
an important component of palaeoclimate proxy interpretation. EAM 
rainfall δprecipitation tends to respond inversely to monsoon strength, due 
to a combination of preferential rainout of the heavier isotopes, 
enhanced by increased quantities of precipitation and increased cloud 
top height with a stronger monsoonal convection, which is associated 
with low condensation temperatures (Cai and Tian, 2016). Our results 
show that the amount effect does not have a strong relationship within 
the catchment in the modern day; however, that does not preclude a 
relationship to monsoon intensity; Uemura et al. (2012) noted a limited 
influence of local precipitation amount on δ18O in Okinawa (Southern 
Japan), but that the precipitation amount integrated over the full 
transport pathway was significant. Furthermore, the Fukugaguchi sta-
lagmite record (Itoigawa, central Japan) shows a strong relationship of 
δ18O to EAWM precipitation amount despite modern δprecipitation 
showing a statistically weak relationship to precipitation amount (Sone 
et al., 2013). Other factors which could contribute to the overall signal 
are changes at source: composition, temperature and relative humidity 
(e.g., Amekawa et al., 2021), and, in the EASM mode, the positioning of 
the EAM front (Kurita et al., 2015). Furthermore, the prevalence of sea 
ice during glacial periods, particularly in the relatively isolated Sea of 
Japan, might be expected to limit evaporation despite changes to EAWM 
strength. Hence, it is vital to consider how EAM δprecipitation was 
controlled by the evolution of the climate of the region as a whole and 
how this affected δprecipitation at Wakasa. 

Finally, the clearest seasonal signal derived from the catchment was 
undoubtedly that of d-excess, and this was the only isotope parameter 
which demonstrated the ability to distinguish precipitation from 
different seasons. Not only this, but the transfer of the d-excess signal 
from precipitation to lake was clearer than for δ18O and δ2H, possibly 
due to the amplitude of seasonal changes and the limited influence of 
other competing controls. However, it is much more difficult to calculate 
d-excess using palaeo-isotope reconstructions, because it requires the 
combination of temporally and spatially equivalent δ18O and δ2H 
values. If compatible palaeoclimate proxy records are produced and d- 
excess calculation becomes possible, this should be a consideration for 
future research based on the excellent seasonal distinctions observed in 
this variable and its potential as a powerful proxy of past monsoon 
dynamics. 
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6. Conclusions 

Understanding the relationship between climate variability, the 
isotope composition of precipitation and the transfer of precipitation 
isotope signals into lake waters is essential to support the interpretation 
of past climates using isotope-based proxies derived from lake sedi-
ments. Using contemporary monitoring of the isotope composition of 
precipitation (δprecipitation), river water (δriver) and lake water (δlake) 
across the Five Lakes of Mikata catchment, Japan, we assessed the fac-
tors affecting δlake, with a particular focus on Lake Suigetsu. Precipita-
tion δ18O and δ2H exhibited only small seasonal differences across the 
year due to the similar compositions of winter (EAWM) and summer 
(EASM) precipitation, which act as end members with opposing trajec-
tories. Precipitation d-excess, by contrast, clearly demarcated the 
different seasonal influences due to different evaporation conditions at 
the moisture sources of the EAWM (Sea of Japan) and EASM (Pacific 
Ocean domain), with a gradual shift between the two during the spring 
and autumn. The difference between winter and summer d-excess was 
enhanced by the location of the catchment. There was limited statistical 
evidence to support a temperature effect over precipitation δ18O or δ2H; 
however, when considering the data on a seasonal basis, there was some 
evidence to support a local amount effect, with minima in monthly 
averaged δ18O and δ2H during the wettest (EAM) seasons of the year. 

We found that δlake and δprecipitation were directly related, although 
the spread of values of δlake was more limited due to in-catchment ho-
mogenisation. Despite this, compositional patterns were preserved, and 
it was still possible to detect seasonal trends in δlake, which paralleled 
those of δprecipitation and were attributed to the same causes. A two to 
three-month transit lag between δprecipitation and δlake was observed and 
the length of this lag related to the quantity of precipitation. The in-
fluence of isolated precipitation events on δlake (including typhoons) was 
negligible in comparison to significant extended freshwater inputs to the 
catchment from the East Asian Monsoon. The incursion of saline water 
from the Sea of Japan and autumnal mixing resulted in elevated δ18O 
and δ2H values in the lakes during late summer and autumn (obscuring 
the δ18O minimum equated to the EASM) and caused a greater effect for 
Lake Suigetsu than Lake Mikata. This was possibly combined with 
summer evaporation effects, although evidence for the influence of 
evaporation varied between years. The large influx of winter precipi-
tation to the catchment re-established the relationship between δlake and 
δprecipitation which extended from winter to early summer. Deep water 
composition in Lake Suigetsu was stable and homogenous across the 
study period. 

These results will facilitate interpretation of palaeoclimate re-
constructions derived from oxygen and hydrogen isotope analysis of the 
Lake Suigetsu sediment cores. It is expected that δprecipitation (and thus 
δlake) will be closely related to East Asian Summer Monsoon and East 
Asian Winter Monsoon δprecipitation fluctuations across the ~150 ka of the 
late Quaternary covered by the Suigetsu cores. The seasonal patterns in 
δlake could be altered under different climatic regimes by large scale 
drivers (such as monsoon strength and balance of seasonal precipita-
tion), along with the influence of local factors, including the transit lag. 
However, not all of the factors affecting δlake observed during this 
contemporary monitoring will be significant on longer timescales. The 
incursion of sea water is a consequence of anthropogenic catchment 
alteration and, as such, is not expected to have affected the lake water 
isotope hydrology prior to the last ~400 years. Evaporation is also ex-
pected to have minimal effects on down-core δlake reconstructions which 
are limited to the summer months. Robust interpretation is predicated 
on sound understanding of proxy seasonality and whether the proxy 
captures surficial or deepwater δlake. 
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