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Abstract. Precipitation stable isotopes are critical tracers for understanding climate variability and the hydrological cycle, as

they enable the tracing of moisture sources, air mass mixing, and evaporation, vs. condensation mechanisms. In mid-latitude (é}z-ﬂ’%}: -

regions such as South Korea, which are influenced by tropical and extratropical circulation, long-term isotope records remain ("‘]}“‘1 A7 % = +3L7(Times New Roman), & 4 €
scarce. Here, we analyze stable isotopes in precipitation collected bi-weekly in Seoul, South Korea, from 2016 to 2020. The

oxygen isotope composition (5'*0) ranged widely from 1.15 to —18.21%o, hydrogen isotope composition (§°H) varied from 3.3

to —132.0%o, the deuterium excess (d-excess) ranged from 23.7 to 2.1%o and the '"O-excess (A"'70) ranged from 69 to —28 per (éhﬂ‘i}: permeg

meg, All three primary isotopes exhibited a coherent sinusoidal seasonal cycle, with the most depleted values in winter, gradual (*1’-4 X7 % Z&: +3(Times New Roman), =2 A: €
enrichment through spring, and sharp depletion during the summer monsoon, reflecting the combined influence of temperature

and the amount effect. The d-excess was highest during cold, dry months and lowest in humid, rainy months, reflecting shifts

in near-surface relative humidity at the moisture source region and associated kinetic fractionation. Meanwhile, A'"’O exhibited

a similar season trend with a smaller amplitude, indicating a reduced sensitivity to seasonal variations in relative humidity

compared to d-excess and suggesting additional modulation by large-scale transport and water yapor mixing. The local Cé}xﬂ\?: compared to

meteoric water line closely matches the global line but winter samples show a higher intercept and a slightly steeper 70— ("‘V‘”‘l Z8#: 2 #: 431 (Times New Roman

Al

i

), &
. Lo . . . . . . (AA XA S+ (Times e
3'%0 slope, suggesting enhanced kinetic fractionation under continental air masses. A consistently negative §'*0-A"70 <14 139 < (Times New Roman),

relationship was observed except in winter when it weakened. This integrated analysis of '%0, d-excess, and A"'7O provides
a comprehensive picture of source humidity, transport dynamics, and seasonal precipitation processed in a mid-latitude East

Asia, and offers a valuable reference for refining isotope-enabled climate models over East Asia.
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1 Introduction

Global climate change is modifying the hydrological cycle and increased the frequency of extreme weather events such as

droughts and floods (Masson-Delmotte et al., 2021; Trenberth, 2011), In particular, Asia has experienced substantial changes A A4 X3 & .11
in precipitation intensity and distribution over recent decades, coinciding with continuous surface temperature rise (Masson-

Delmotte et al., 2021), Therefore, understanding precipitation processes, which form a critical link between the climate system

and water resource management (Masson-Delmotte et al., 2021; Trenberth, 2011), is essential. In this context, stable isotopes

(3'%0 and 8%H) in precipitation have emerged as powerful tracers of atmospheric water cycling and climate dynamics { Araguas- [fl}zﬂ?}: (Araguas-Araguas et al., 1998; Craig, 1961; Craig and ]
Araguas et al., 1998; Craig, 1961; Craig and Gordon, 1965; Dansgaard, 1964; Gat, 1996), In recent years, high-resolution :0:2’7:;5; Dansgaard, 1964; Gat, 1996)

isotope datasets have been increasingly recognized for understanding precipitation characteristics and isotopic responses in /< L1
East Asia, as they are sensitive to isotopic fractionation during phase changes such as evaporation, condensation, and //

precipitation formation (Bowen et al., 2018; Cappa et al., 2003; Conroy et al., 2016; Craig and Gordon, 1965; Gat, 1996; (?1738 g= 3=

Majoube, 1971), (*1’-‘4 =% 2%+ (Times New Roman), 22 A 8]~ E |

N N

Heavier isotopes ('*0 and 2H) are preferentially removed from atmospheric water yapor during condensation and Cklé-] AR F: F&: +57(Times New Roman), &% 4): 8]~ E |

precipitation formation and enriched during evaporation and sub-cloud re-evaporation, with the strength of this fractionation

varies with environmental parameters such as temperature, relative humidity, and precipitation amount (Conroy et al., 2016; (fl}z-]]ie}: (Conroy et al., 2016; Craig and Gordon, 1965; Gat, 1996). )
Craig and Gordon, 1965: Gat, 1996), Two well-known relationships, the temperature effect, where colder temperatures lead (é}z-ﬂ%}: — )
to lower 6'*0 and 3°H values, and the amount effect, where increased rainfall results in isotope depletion of stable water isotope, h ("‘V“] A7 F: =2+ (Times New Roman), & 4 |2~ E | )
Jhave been widely observed in various climate regimes (Araguis-Aragués et al., 1998; Dansgaard, 1964), These relationships N ("11‘—] A8 #: & #: +2 ¥ (Times New Roman), &% 4: 9~ 5 | )
have established 8'*0 and 3°H as powerful diagnostic tools for hydrological and climatological studies, as well as paleoclimate iji 3 = [33
reconstructions (Jouzel et al., 1997; Winkler et al., 2012), However, the stable isotopic composition of precipitation (§'*0 and C A )
&°H) is governed by both equilibrium and kinetic fractionation during phase changes such as evaporation and condensation, ) ( A XA 22 + 5 5(Times New Roman), Z-2¢ A 61 E | )
making it difficult to isolate the relative contributions of each process. In addition to §'%0 and §’H, recent analytical advances 4 Cf_\}z-]h?:}: )

have enabled high-precision measurements of 67O, Under both equilibrium and kinetic fractionation, §'’O and §"O follow

A AR E [ [4]

Rk 5]
Rk [..161]
A4 XA .71

[’i}lﬂﬂ: —defined here as evaporation under temporally varying
/| relative

enables the quantification of subtle deviations from the equilibrium reference relationship, forming the basis of triple oxygen

isotope (870 and §'%0) studies (Angert et al., 2004; Luz and Barkan, 2010), Secondary parameters, namely deuterium excess
(d-excess; d — excess %o),= 8,°H,— 8% 880, ; defined by Dansgaard, 1964) and '"O-excess (A"70; A*70,=

; [’-‘J‘Zﬂ‘ﬂ’ and atmospheric conditions that prevent isotopic steady
state—as

In(8'70 + 1),— 0.528 x In (%0 + 1); defined by Luz and Barkan, 2010) are primarily sensitive to kinetic fractionation
7

) A N

processes and thus help to disentangle them. While 8'*0 and 8H mainly record equilibrium fractionation, d-excess and '"O- C" 4] X173 #: &+ (Times New Roman), 2 4 8 2 E |
Rk 8
(’A}Z‘ﬂﬂ’ (Gat, 1996; Uemura et al., 2008).

("‘Vq 277 2 + 3 (Times New Roman), 2 A): G|~ E |
which is primarily sensitive to relative humidity at the moisture source, A"’O, defined as the logarithmic deviation from the (’i}lﬂih _

ANIZANIP/A N

excess reflect deviations from equilibrium associated with non-steady-state evaporation,driven by, humidity gradients. as well ;-

as_water, vapor mixing or supersaturation during cloud formation (Gat, 1996; Uemura et al., 2008), In contrast to d-excess, ,

- C/“V‘—] XA g 224+ (Times New Roman), =2 A}: B~ E |
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mass-dependent reference relationship between 5'70 and 3'*0, js less directly controlled by humidity and more sensitive to

non-equilibrium processes such as large-scale water yapor mixing and supersaturated condensation, thereby providing

(s —

(A9 R 2w

(Times New Roman),

complementary information on the dynamical history of atmospheric moisture (Barkan and Luz, 2007; Benetti et al., 2014;

Landais et al., 2008), Recent analytical advances have enabled high-precision A’/70 measurements, making this parameter a )

promising tracer of kinetic isotopic effects in the atmosphere. However, observational datasets for A"'7O remain scarce in mid-
latitude East Asia, and few studies have explored its co-variability with d-excess in this region. This study addresses these
gaps by analyzing d-excess and A""7O in mid-latitude precipitation to better constrain the seasonal behavior and origin of

precipitation over the Korean Peninsula.

Mid-latitude regions, such as the Korean Peninsula, exemplify the complex climatic controls on precipitation isotopes

(Ha et al., 2012; Huang et al., 2007; Kim et al., 2019; J. Lee et al., 2013, K. Lee et al., 2003), The peninsula lies at the

i
C/“] 2 Qg A3 (Times New Roman),
C/“] 2 Qg +3%(Times New Roman),
Ck] 2 x4 A3 (Times New Roman),
‘ [f“]l‘—] AR & 3% (Times New Roman),
91 =2k
(f“] 2 Qg 3% (Times New Roman),

convergence between extratropical westerlies and the East Asian monsoon, resulting in large seasonal differences in moisture
sources. In summer, moisture-rich air masses from subtropical oceans (e.g., the western North Pacific) dominate, bringing
heavy monsoonal rainfall. This often yields an amount-effect signal where 3'%0 values decrease during periods of high
precipitation. In contrast, winter precipitation is dominated by cold, dry continental air from the Siberian-Mongolian High,
which acquires limited moisture while crossing the Yellow Sea. As a result, winter precipitation is typically more §'0-depleted
due to the lower temperatures and higher upstream rainout. These seasonal contrasts produce a strong annual cycle in
precipitation isotope composition in the region, which is highly diagnostic of monsoon strength, moisture source changes, and
temperature variability. Accordingly, long-term changes in precipitation isotopes (e.g., 8'°0, §*H, and A'"0) may indicate
broader hydrological and climatic changes. A'"7O measurements offer additional diagnostic value as they are largely
temperature-independent, reflecting kinetic fractionation sensitive to the relative humidity at the moisture source, for example,

changes occurring during water yvapor formation or moisture recycling processes (Landais et al., 2008; Luz and Barkan, 2010),

This makes A''7O a powerful complementary tracer for detecting subtle changes in atmospheric circulation and regional

hydrological processes.

Despite their importance, long-term records of precipitation isotopes over the Korean Peninsula remain limited. The

Global Network for Isotopes in Precipitation (GNIP), established in the 1960s, provides baseline data at a global scale; however,

its coverage in East Asia is sparse and often discontinuous (Aggarwal et al., 2010), This lack of high-resolution, continuous

RCEEEL:

isotope data limits the understanding of hydrological processes in the Korean Peninsula and their response to climate variability
and change. To address this, in this study, a high-temporal-resolution, 5-year record of monthly triple oxygen and hydrogen
isotopes in precipitation was obtained over the Korean Peninsula to investigate their seasonal and interannual variability in
this mid-latitude setting. The results of this study provide a foundation for investigating moisture source dynamics, the behavior
of isotope tracers such as d-excess and A’'70, and the long-term isotopic response to climate variability in East Asia. These

data are also essential for evaluating isotope-enabled climate models and interpreting regional paleoclimate proxies, and could
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accordingly enhance the understanding of hydroclimatic processes in monsoon-affected regions. By employing high-resolution,
ground-based isotope observations, this study provides a critical step toward refining the interpretation of atmospheric

processes in mid-latitude monsoon-affected regions.

2 Study area and methods

The measurements were made approximately 30 km inland from the western coast of the Korean Peninsula, on the campus of

Ewha Womans University in Seoul, South Korea (37°33°53” N, 126°56°46” E; Fig. 1A and B). The sampling point was located
80 m above sea level. The study area experiences a temperate monsoon climate, with large seasonal variations characterized

by hot, humid summers driven by the East Asian summer monsoon,and cold, dry winters dominated by the Siberian High and

+ (Times New Roman) )

CEEEL i
CEEEL

o+

&
. 5-(Times New Roman), =% 4: €| 2 E | )
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)
the East Asian winter monsoon (Kim et al., 2019; Lee et al., 2013), The Korean Peninsula experiences a temperate monsoon Cklél A7 % = +3L-7(Times New Roman), & 4): € )
climate with four distinct seasons, spring (March-May; MAM), summer (June-August; JJA), autumn (September-November; ‘ g:j 323 i% :if;:mc; ECW Eoman;’ — %

1 =2 i (Times New Roman), = 4): E
SON), and winter (December—February; DJF) (Ha et al., 2012; Lee et al., 2013), In summer, moist southwesterly winds bring L ‘ ( A )
heavy rainfall associated with the East Asian monsoon front, known regionally as the Changma in Korea peninsula, Meiyu in . k (,q 2 A A % +2 B (Times New Roman), 22 4 ¢ )
China, and Baiu in Japan, resulting in the concentration of annual precipitation within a few months. In winter, the | ("11‘4 X| A% 24+ (Times New Roman), = )
strengthening of the extensive Siberian High pushes cold, dry air southward across the peninsula (Ding and Chan, 2005). “ (M4 A% F 2 +2# (Times New Roman), )

Spring is generally mild and dry, whereas autumn is cooler and occasionally affected by typhoons or tropical storms that

deliver intense rainfall events.

Precipitation samples were collected between January 2016 and December 2020 (five years) at approximately biweekly
intervals. For each collection period, the deployment bottle remained in placed to accumulate all precipitation events within

the interval. No mineral oil was applied to prevent evaporation during precipitation collection, because the presence of organic

compounds can interfere with spectroscopic isotope analysis in cavity ring-down systems. Previous studies have demonstrated
that even trace amounts of organic contamination, such as mineral oil residues, can cause spectral interference and bias 6°H

and §"*0 measurements obtained by WS-CRDS (Gupta et al., 2009), Instead of using oil, we employed a funnel system that

physically minimized post-collection evaporation. Precipitation was funneled directly into pre-cleaned and sealed PTFE bottles

immediately after sampling period, thereby minimizing exposure to air and sunlight. Samples were collected on an

unobstructed rooftop of a five-story building. This point was selected because its open setting, free from nearby buildings or
vegetation, ensured that the collected precipitation was representative and minimally affected by local interference (Fig. 1C).
All precipitation samples were stored in pre-cleaned HDPE bottles and sealed with Parafilm, and were kept frozen at —20 °C
until preparation for analysis. Before isotope analysis, the samples were thawed, transferred to glass vials, and stored at 4 °C

in liquid form for less than two weeks prior to measurement.

All samples were transported in a frozen state to the Korea Polar Research Institute (KOPRI), where water isotope

analysis was conducted using a wavelength-scanned cavity ring-down spectrometer (WS-CRDS; model L2140-I, Picarro Inc.,
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CA, USA). The analytical protocol followed the optimized method of Kim et al. (2022), for high-precision triple oxygen isotope ,//{*114 AAg [ 9]

|
measurements. For each sample and reference material, duplicate vials were prepared,, the first vial was discarded to eliminate (f-‘}z-ﬂ?}: , with )

=

\ =
memory and carryover gffects, and only the final six injections from the second vial were averaged for analysis. This strategy /(»‘11:] ki

significantly reduced ynemory effects associated with isotopic differences between successive samples, and threg international ’ vials; only the second vial was used for evaluation, while the first

2}A] 8t Samples and reference materials were prepared in duplicate
served as a buffer against carryover effects.

reference waters, (Vienna Standard Mean Ocean Water (VSMOW), Standard Light Antarctic Precipitation (SLAP), and

N (A the
3 \\\ (ﬂ‘*ﬂ‘ﬂ’ . Three
measured for VSMOW-SLAP scale normalization. Subsequently, samples were analyzed, and every ten samples, two in- \
:

SLAP scalg, At the beginning of each analytical session, international reference waters (VSMOW?2, SLAP2, and GISP) were

s (AA ARG 28+ (Times New R , 28 A HaE
Greenland Ice Sheet Precipitation (GISP)), together with pne in-house standard, were used for normalization to the VSMOW.- N ( nakalichs (Times New Roman), %

(f“]z‘—] XA g 224+ (Times New Roman), =2 A}: B~ E |

house laboratory standards (STYX and KT), both calibrated against VSMOW2 and SLAP2, were analyzed to monitor (A [ZF [ [i

instrumental performance. STYX, a natural water collected from the Styx Glacier region in Antarctica, was used to assess the \ ;(ﬁhﬁh )) and )

long-term analytical reproducibility of the WS-CRDS, while KT, a locally sourced tap water with isotopic composition similar \ Oj:ﬂﬂ;%ﬂ )
NEEEEL:

to the precipitation samples, was used to reduce potential memory effects during analysis. The long-term 1o standard deviations \: — [.[12]]
\ (’i}‘lﬂ?} normalization )

obtained from repeated STYX measurements over several years were =0.10%o for §2H, £0.07%o for 5'*0, and +0.01%o for 5'70, (,q 8 XA q: £ 4+ %(Times New Roman) )

while the 1-year reproducibility for A"7O was +9 per meg (Kim et al., 2022). All data were reported relative to VSMOW using CEEEL: (151

the delta notation (§) (Eq. (1)),

8(%0) = (FomHe 1) x 1000, ) (A9 AT 28 A 9 E )

AA A a\ Rvsmow N A

—— (A A" 1141

where Rsmple and Rvsmow rtepresent the isotopic ratios of the sample (i.e., '30/'°0, 70/'°O, or 2H/'H) and VSMOW,

respectively.

To account for multiple precipitation events within a month, precipitation-weighted monthly means (dwm) were ,//{kllﬂ ARE 151
calculated for §°H, §'%0, and §'70 as follows (Eq. (2)):

Sym = Z;%lsl‘ ®) | C/“V‘—] 27 g 22 + ¥ (Times New Roman) )

where P; is the precipitation amount and &; is the isotopic value for each event. Although precipitation samples were collected
at approximately 14-day intervals, all seasonal and intermonthly analyses in this study are based on precipitation-weighted
monthly mean values. For months with two biweekly samples, the isotope values were weighted by their corresponding

precipitation amounts to derive monthly means (dwm).

Meteorological data, including air temperature, relative humidity, and precipitation amount, were obtained fromhourly (’:}zﬂ!}: the Korea Meteorological Administration (KMA) based on )
observations at the Seoul station pperated by the Korea Meteorological Administration (KMA, 2024), For each biweekly ) ("‘V“] A7 8 =+ (Times New Roman) )
sampling interval, the hourly data corresponding to periods with precipitation were integrated to derive time-weighted mean \g—hﬂﬂ. (https://www. weather.go.kr/w/index.do). )

Ad AR E [ 1161

temperature and humidity and cumulative precipitation, representing the meteorological conditions relevant to each collected

5
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sample. The average monthly precipitation amount (grey bars) and average monthly temperature (black-lined boxes) for Seoul,

based on these KMA data, are shown in Fig. 2.

3 Results and Disc

e

L (Times New Roman),

3.1 Variations in precipitation stable isotopes

A total of 130 precipitation samples were collected during the study period, Precipitation-weighted monthly mean values were<

calculated from the biweekly samples and used for all subsequent analyses. The measured isotopic compositions of
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precipitation varied considerably: 370 ranged from —0.89 to —7.53%o (average: —3.74%o); !0 from —1.74 to —14.25%o

(average: —7.11%o); and 8*H from ~11.8 to —93.5%0 (average: —45.2%o). The d-excess fluctuated between 23.7 and 2.1%o ]

(average: 11.7%o), whereas A"7O ranged from 56 to —10 per meg (average: 18 per meg). Unlike d-excess, which peaked in

winter (median = 17%o) and reached its lowest values in summer (median = 6%o0), A'"’O, displayed a distinct seasonal pattern,

(A9 RA:

8'80 and §%H), the precipitation isotopic values were relatively depleted during the coldest months (December to February),

(AR AR w2

increased between around March and April as condition warmed, and then sharply decreased between June and August, when
precipitation peaked (Fig. 3). This pattern indicates that seasonal variations in §'*O and 6*H reflect both temperature-dependent
equilibrium fractionation, which dominates during colder periods, and rainfall intensity (amount effect), which lowers §'*0O
and 8?H during intense summer precipitation. The monthly isotopic patterns observed during the study period align with those

reported for Jeju Island in the Korean Peninsula and the Yangtze River region in China (Gou et al., 2022; Shin et al., 2021),

(A4 AA%: 22
B (’ﬂ,’lﬂﬂ’ permeg (average: 18 permeg).

suggesting that these regions may be influenced by similar meteorological patterns over East Asia. A distinct seasonal variation

in d-excess is evident from the box plots (Fig. 3), with higher values in winter (particularly January and February; whole winter
median values of 15-20%o) and lower values in summer (medians: 0-5%o). This pattern is consistent with previous findings in
the Korean Peninsula and reflects the sensitivity of d-excess to relative humidity and non-equilibrium fractionation processes

driven by moisture-source conditions (Kim et al., 2019; Lee and Kim, 2007), In winter, cold, dry air and a steep

temperature/humidity gradient between the atmosphere and the ocean (or other moisture sources) enhance evaporation-driven

fractionation, thereby elevating d-excess. Conversely, in summer, high relative humidity at the oceanic moisture source reduces

kinetic fractionation during evaporation, resulting in lower d-excess values in the source water yapor, while abundant local -

precipitation and humid conditions further suppress sub-cloud evaporation, collectively leading to substantially lower d-excess

in precipitation. This contrast indicates that A'"’O, and d-excess are influenced by different kinetic fractionation processes

operating under distinct seasonal humidity regimes. Overall, the sine fit of the average monthly A"7O, values (R? =0.53)
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{111 Q)2 o]&F3h: Unlike d-excess, which peaked in winter (median

~ 17%o) and reached its lowest values in summer (median = 6%o),
A0 displayed a distinct seasonal pattern, being highest in spring
(up to =~ 40 per meg) and lowest in summer (down to = 10 per meg).
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supports the presence of a coherent seasonal cycle; although not perfectly periodic, A"'7O, peaks in winter to early spring and

reaches a minimum in summer.
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3.2 Local Meteoric Water Line

The linear relationship between the precipitation §'%0 and §*H defines a Local Meteoric Water Line (LMWL) that closely
aligns with the Global Meteoric Water Line (GMWL; Craig, 1961), while exhibiting additional seasonal variations (Fig. 4).

The LMWL derived from linear regression is §H = 7.79£ 0.35:8'%0 + 10.2,+ 2.7 (R> = 0.92, p < 0.01), indicating that the _
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isotopic composition of precipitation in Seoul follows the global meteoric trend that reflects equilibrium fractionation on

average, although substantial seasonal variations in d-excess demonstrate the coexistence of kinetic effects that partially
compensate in the annual regression. The near-identical slope to the GMWL suggests minimal deviation from global meteoric
trends, although seasonal changes in moisture sources and humidity may introduce modest variation. Further examination of
seasonal subsets revealed distinct differences in isotopic behavior across the year. Summer precipitation clusters tightly along
the GMWL, indicating near-equilibrium condensation under humid monsoonal conditions. This pattern is consistent with the
dominance of moisture originating from the Northwest Pacific and South China Sea, where high humidity minimizes kinetic
fractionation effects. Conversely, winter precipitation plots above the GMWL, with a higher intercept (~20) compared to

summer, reflecting the influence of cold, dry air masses and enhanced d-excess.

This difference between summer and winter precipitation suggests that kinetic fractionation, likely associated with ice-
phase microphysics and dry air mass transport from the Asian continent, plays a greater role in winter precipitation compared

to summer (Kim et al., 2019; Merlivat and Jouzel, 1979; Uemura et al., 2008), Spring and autumn values fall between these

(A

(CEELE

seasonal extremes, maintaining an overall LMWL slope close to 8. The persistence of a near-global slope across seasons
suggests an apparent equilibrium-like isotopic behavior that may result from either dominant equilibrium fractionation or
compensating seasonal kinetic effects, while seasonal intercept variations reflect changes in humidity and moisture source
conditions. However, modest seasonal variations in intercept reflect differences in humidity and the moisture source over the
year. These findings align with previous studies conducted in Korea based on year-long precipitation isotope records from
Chunju, Chuncheon, Jeju, Hongseung and Busan, which reported LMWL slopes ranging from 6.7 to 8.4 and intercepts from
7.7t0 19.2 (Lee et al., 2003; Lim et al., 2012; Shin et al., 2021; Yoon and Koh, 2021), Compared to these, the LMWL in this

study shows a similar slope but a slightly lower intercept. This confirms that, while Korean precipitation follows global
meteoric trends, seasonal shifts in air mass origin and fractionation processes introduce predictable deviations from these

trends (Lee et al., 2007; Lim et al., 2012; Shin et al., 2021; Yoon and Koh, 2021),

The relationship between 870 and §"'*0 in natural waters is generally linear under both equilibrium and kinetic
fractionation, but characterized by distinct mass-dependent slopes, with equilibrium fractionation defining the near-global

reference slope (Angert et al., 2004; Landais et al., 2008; Luz and Barkan, 2011), This relationship is a fundamental

characteristic of stable oxygen isotopes in precipitation, with minor deviations due to kinetic effects, ice-phase processes, and

variations in relative humidity at the moisture source (Barkan and Luz, 2005), In the present study, the relationship between

precipitation §'’0 and §'*0 defines an LMWL, exhibiting strong linearity across all samples, although including seasonal
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variability (Supplementary Table 1). A linear regression applied to the full dataset results in 370 = 0.528,£0.0010,x 3"%0 + .~ ( A

N

0.0208 = 0.007,(R? = 1.00), confirming the strong linear correlation between 5’70 and §''%0 characteristic of mass-dependent . ;/C/qzq BEE -
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fractionation in meteoric waters. A distinct separation in slope occurs when precipitation is classified into winter and non- (’i}zﬂih :

. . . . . Py . . . . oqe . - } * hi 517y 5718y
winter periods, The apparent slope differences, in winter precipitation likely reflect the combined influence of equilibrium .- (é' ¥+ higher 370 and "0 slopes

N . .. » { 4}A & enhanced kineti
Jfractionation, kinetic effects under cold and dry conditions, and additional processes such as water vapor mixing, rather than C-} T1%h: enhanced kinetic

NCEEELS -
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kinetic fractionation alone, (Luz and Barkan, 2011), In this season, Rayleigh distillation along moisture transport pathways %

EEEEL: =

S
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L VEVUN A A/

further depletes heavy isotopes in precipitation, increasing the 570 and §''*O slope, a pattern also observed in high-latitude t‘(’i}ﬂ]‘?:

precipitation (Landais et al., 2012), Ice-phase microphysical processes, particularly supersaturation with respect to ice, cause N CAH]‘E}: where low humidity amplifics non-cquilibrium effec] 1237 |
additional fractionation, reinforcing the seasonal difference in the slope of §!70 vs §'%0 regression line (Luz and Barkan, 2010), (HZ*-] ABE [ [21]]
In contrast, non-winter precipitation follows near-equilibrium fractionation, with high humidity minimizing kinetic effects and (*11‘—] ol 75? [..[22]]
maintaining §''70-3"%0 ratios similar to those of global meteoric waters (Angert et al., 2004; Landais et al., 2008). These C::: ;jﬂ L. [245‘
seasonal variations highlight the role of atmospheric humidity and cloud microphysics in modulating triple oxygen isotope (’i}*ﬂ%}: N )
fractionation. EEEELS (510
4 LRk [..[26]]
The 6""70-8""0 regression derived from the Seoul dataset (870 = 0.528 = 0.0010,x §"'*0 + 0.0208 £ 0.007; R> = 1.00) ; Cé}z-ﬂﬂ': but )
is consistent with results from a nearby GNIP station at Cheongju (~100 km south), which reported §"70 = 0.5283 x "0+ . (&A% Cheongju record shows a slightly higher )
0.0216 (Terzer-Wassmuth et al., 2023). Both stations exhibit nearly identical slopes, and, the jntercept difference between, the . (’4 A (~_11 per meg )
Jwo sites is very small (approximately 0.8 per meg), suggesting that local climatic influences on, the $"'70—3""*0 relationship \ ‘ %:j];jie]y eflocting s more contimental location and 1} EZ}} :
are limited, This small offset lies within the regional variability observed across East Asia, supporting, the interpretation that * " - (‘1 B )
both datasets yeflect, the same large-scale atmospheric processes. Taken together, the Seoul record displays an LMWL slope (,qzq L 91
consistent with global meteoric trends while its intercepts and the triple-oxygen isotope relationship align closely with nearby LR ("11‘4 Rk [..[311]

GNIP observations. This coherence demonstrates that the isotopic variability observed in Seoul is regionally representative y @h“}: influence of
and Jargely influenced, by seasonal changes in humidity, moisture-source origin, and kinetic fractionation strength. N Q—\hﬂﬂ‘: Sﬂ_)erian High, whereas Scoul’s stronger maritime inf",, [33] |
NCEEEE] [.p2)

(AR 2015; U t al., 2008).
3.3 Climatic controls on precipitation isotope composition (‘} 1% emura et a )

i (’-‘J‘Zﬂ‘ﬂ’ and supports

This study performed a seasonal correlation analysis between precipitation isotopes (8°H, §'*0, d-excess, and A''’0) and (*11‘—] Bkk .34
meteorological parameters (air temperature, relative humidity, precipitation amount) (Fig. 5). The overall monthly averages \ B (klé‘] Zﬁ]? [..135]]
across the study period revealed a significant correlation between meteorological variables and isotopes only for d-excess. |\ E:‘j];]:i:esem [..361]
This suggests that variations in '0 and A7, are governed by different meteorological influences that vary with season. In \\ ( FEEEL. BRan
contrast, d-excess consistently exhibited significant negative correlations with relative humidity, temperature, and precipitation. \ (’ihﬂih primarily governed

These relationships likely reflect a combination of processes acting at different stages of the hydrological cycle. At the moisture \(*114 Bk .38
source, lower relative humidity, pften associated with cooler conditions, enhances kinetic fractionation during evaporation, A8 A" [...[39]]
leading to higher d-excess values (Merlivat and Jouzel, 1979; Uemura et al., 2008), During atmospheric transport and ) CA}}H}: — )
precipitation formation, local meteorological conditions, such as higher temperatures and lower humidity, may promote sub- g:jsi]:;ﬁ B [403‘
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cloud re-evaporation and mixing between moist and dry air masses, thereby modifying and potentially reducing the original

360 d-excess signal (Steen-Larsen et al., 2014), The negative correlation with precipitation may reflect the amount effect, but is Cklé-] AR & (Times New Roman), &% A: B] = E | )
better interpreted as a result of multiple interacting meteorological factors, such as variations in temperature, relative humidity, ‘ ("11‘4 A4 (Times New Roman), &% A: B] 2 E | )
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air-mass trajectories, precipitation intensity, and microphysical processes within clouds, that together influence the isotopic ™ <_' albic )
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composition of precipitation (Holmes et al., 2024), .
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n spring, strong positive correlations were observed between values and both temperature and precipitation (r = ( EEEEL T (Times New Roman), )
365 0.49 and 0.53, respectively; n = 10 in each case). This indicates a significant temperature effect during spring due to relatively A (,q FEEL (Times New Roman), )

dry conditions and intermittent precipitation. The d-excess also displayed strong negative correlations with temperature during

this period, providing insights into moisture sources and isotopic fractionation during precipitation (Uemura et al., 2008), Ckll*—] AR F: F&: +52(Times New Roman), &% 4): 8]~ E | )
During summer, 8'*0 values were significantly negatively correlated with precipitation amount (r = —0.44, n = 14), reflecting ‘ Cklé-] A7 F: =2+ (Times New Roman), & 4 9|2 E | )

the amount effect characteristic of monsoon climates. The relatively low §'*O values during summer primarily result from
370 prolonged monsoon precipitation and successive rainout within moisture-rich air masses of marine origin. In autumn, the
monthly mean 3'*0 was also strongly negatively correlated with precipitation amount (r = —0.55, n = 10), mainly due to
frequent heavy rainfall events associated with typhoons or tropical cyclones, which are most common during this season.
Although there were no direct passages of typhoons at the study site during the study period, substantial precipitation events
influenced by typhoons were frequently observed. The strong correlations observed between d-excess and meteorological

375 variables likely reflect moisture supply from nearby oceanic areas influenced by migratory high-pressure systems. In winter,

- C’i}lﬂﬂ: 70 exhibited a clear
(’i}lﬂ 3 correlation

\ . (’ﬂ,’lﬂﬂ’ meteorological variables such as

d-excess and A'’O showed, negative correlations, with temperature and precipitation amount, suggesting that these relationships

reflect an integrated influence of moisture source conditions, atmospheric transport, and precipitation processes, rather thana *

direct response to, evaporation conditions af the moisture source alone, (,qq EELE (Times New Roman), 1
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Overall, seasonal variations in precipitation isotopes across the Korean Peninsula reflect the combined influence of (’AM]‘?J: strongly reflecting
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on isotopic composition, consistent with previous observations in East Asia (Kim et al., 2019; Lee et al., 2003), This seasonal
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evaporation processes such as continental recycling, partial re-evaporation within clouds, and sub-cloud raindrop evaporation

(Landais et al., 2010; Li et al., 2015; Tian et al., 2018; Xia et al., 2023), These additional factors complicate the interpretation

of seasonal isotopic variability in precipitation (Aron et al., 2023; Chen et al., 2023),

During spring, summer, and autumn, no statistically significant correlation was observed between A'170 and 6180,

likely because monthly precipitation values represent an integrated signal of multiple source-related and post-condensation

processes rather than a simple linear relationship. In contrast, A"7O showed a weak positive correlation with d-excess (Fig,6). .-

These tendencies are broadly consistent with theoretical expectations under non-steady-state oceanic evaporation at the
moisture source, where kinetic fractionation induces a simultaneous increase in A""’O and d-excess and a depletion in §'*0 and

similar isotopic trends can also arise during sub-cloud rain re-evaporation (Li et al., 2015). The slopes observed between A"’O

and d-excess fall within the range of 0.7-2.0 per meg per %o, which aligns with results from conceptual models and field-based

estimates in regions influenced by oceanic moisture (Landais et al., 2010; Li et al., 2015),,These observations suggest that, in _

non-winter seasons, kinetic processes acting during oceanic evaporation and subsequent sub-cloud re-evaporation of
precipitation exert a dominant influence on isotopic composition. In contrast, in winter precipitation, no statistically significant

correlation was observed between A0 and either 3'*0 or d-excess. While the d-excess range remained relatively narrow in

operating simultaneously under cold, dry atmospheric conditions. First, A"’O is inherently more sensitive to water vapor

mixing and nonequilibrium effects than d-excess, and may therefore decouple from §'®0-based processes under reduced

surface moisture recycling (Li et al., 2015; Xia et al., 2023). Second, part of the enhanced winter A"’O variability may also

arise from ice—vapor equilibrium fractionation during snow formation, which affects A"7O and d-excess differently from

liquid-phase condensation (Jouzel and Merlivat,1984; Landais et al., 2012). Under such mixed-phase conditions, equilibrium .-

enrichment associated with ice deposition can increase A'’O while kinetic effects during water vapor transport or re-

evaporation act in the opposite direction, producing the wide isotopic dispersion observed in winter samples. Taken together.
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B ("‘]4‘4 XA g 224+ (Times New Roman), =2 A}: B~ E | )
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autumn, A"O was moderately negatively correlation with §'*0 and
weakly positively correlated with d-excess (Fig.

AFA)8E: Our analysis showed that, during spring, summer, and ]

("‘] 24} A% 2 & +12(Times New Roman),

these results indicate that winter isotopic variability in precipitation is governed not only by mid-tropospheric water vapor

mixing and heterogeneous moisture sources but also by ice-phase fractionation processes that accompany snow formation

which are difficult to isolate in biweekly integrated samples.

During spring, summer, and autumn, A'"’O was negatively correlated with §'*0 and positively correlated with d-excess.

These relationships reflect kinetic fractionation processes associated with evaporation and sub-cloud re-evaporation, with

A""70O—d-excess slopes (0.7-2.0 per meg per %o) consistent with previous modeling and observational studies (Landais et al.
2010; Li et al., 2015). Overall, these findings demonstrate the utility of A0, alongside '*0 and d-excess, in disentangling
the effects of evaporation, recycling, and mixing on precipitation isotopes across seasons.
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358 1 C ison of Precipitation Isotope Trends: Observations vs. IsoGSM, Model

(Aq AR =
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Monthly mean precipitation §°H, §'%0 and d-excess from this study are compared with simulations from the isotope-enabled

Global Spectral Model (IsoGSM) (Figure 7). IsoGSM simulates stable water isotopes within the atmospheric hydrological ;

cycle and has been widely used to investigate large-scale isotope variability (Yoshimura et al., 2008). The model has been

widely used to investigate the climatology and variability of precipitation isotopes and to evaluate isotope-enabled process

representations in global models (Farlin et al., 2013; Kathayat et al., 2021; Kim et al., 2019; Tada et al., 2021). Both datasets

A}A 8 (Li et al,, 2015). The slopes observed between A"70 and d-
excess fall within the range of 0.7-2.0 per meg per %o, which aligns
with results from conceptual models and field-based estimates in
regions influenced by oceanic moisture (Landais et al., 2010; Li et
al., 2015).

Wy C’—‘hﬂ‘?}: First, A™"O is inherently more sensitive to vapor miY™_ 3] |

Y (’—‘h‘“‘?}: Under such mixed-phase conditions, equilibrium enf 71437}
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reproduce the same broad seasonal patterns, with isotopically depleted summer precipitation and enriched winter values. (‘11‘—] K| A g 224 + 37 (Times New Roman)
s § . - . L ny T
However, some systematic differences are apparent. The IsoGSM outputs are slightly more depleted in 3°H and §'°0, especially (klé‘] A3 ¥+ (Times New Roman), &8 4): 922 | )
. . . . . . A2 AR & +4%- 4% (Times New Roman), A EAE |
during late autumn and winter, and show a reduce amplitude of d-excess variability relative to the observations. These ! %k]é] Er T in( ) :ﬂ :ME %
i A : +v-i-(Times New Roman), AU AE
discrepancies likely reflect known limitations of isotope-enabled GCMs in representing kinetic fractionation processes and (k] FEEL R -+ %5 (Times New Roman), 22 A}; 9] & | )

moisture recycling dynamics, particularly during cold-season conditions (Pfahl and Sodemann, 2014 Risi et al., 2008). While

the IsoGSM captures the overall phasing of the seasonal isotope cycle, it tends to underestimate the amplitude of d-excess

fluctuations, which are strongly influenced by sub-cloud evaporation, boundary-layer humidity, and re-evaporation of falling

(AARAE: 2w

(’—‘h‘“‘?} Monthly mean precipitation 8H, 'O and d-excess {_ J24]
(2t seoul

l>
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+4%- 4% (Times New Roman),

raindrops. In contrast, the observed dataset shows pronounced intra-annual variability in d-excess (approximately 5-20%o)

especially outside the winter season, highlighting processes that are only partially represented in the model framework.

It is important to note that this comparison is intended as an illustrative example of how the precipitation,isotope dataset

WCEEETT
4 (’-‘-}Fﬂ‘?} differences underscore
i (k]é_] K| A g 224 + 37 (Times New Roman), =2 A): ©

g (’4‘ A8} require better

can be used to benchmark model outputs rather than as a full-scale model evaluation. The observed model-data demonstrate,
how high-temporal-resolution isotope measurements can help identify the physical processes that yequiring improved,

parameterization in isotope-enabled models, such as cloud—precipitation interactions, moisture-source tracking, and convective

transport. Moreover, future model-data comparisons jncorporating, triple oxygen isotope measurements (A"7O) yay, pr

Additional constraints on, non-equilibrium and mixing effects that are difficult to isolate using §'*O and d-excess alone (Luz

FECEEEL =
' (4‘}1‘“‘}'} expanding

and Barkan, 2010; Landais et al., 2008). highlighting the potential of the present dataset as a regional benchmark for improving

isotope-enabled model parameterizations,

4Concl

This study examined 130 precipitation samples collected in Seoul between 2016 and 2020 to quantify seasonal variability in
&2H, §"%0, §'70, d-excess, and A"'70 and clarify how these isotope tracers respond to local meteorological conditions. §'70,
580, and §°H followed a pronounced sinusoidal seasonal cycle, being most depleted during winter, becoming gradually
enriched in spring, and sharply declining during the summer monsoon due to the amount effect. d-excess was highest in winter
and lowest in summer, reflecting its sensitivity to non-equilibrium evaporation and relative humidity at the moisture source.
Meanwhile, A"’0O exhibited a similar seasonal cycle with a reduced amplitude, indicating that, although both A"?O and d-

excess are influenced by large-scale circulation and water yapor transport, A"70 is relatively more sensitive to these processes.
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The calculated Local Meteoric Water Line (§?Hz7.7920.35,8'%0;510.2£2.7) closely resembles the Global Meteoric Water Line,

but with a higher winter intercept, suggesting enhanced ice-phase fractionation and the influence of dry continental air masses.
The 6'70-8"%0 relationship indicated equilibrium fractionation dominates the isotope system during the non-winter seasons,

conditions.

The comparison of the seasonal behavior of 3'%0, d-excess, and A"7O revealed distinct tracer-specific responses. During
spring, summer, and autumn, A"7O was negatively correlated with §'0 and positively correlated with d-excess, consistent
with theoretical expectations for non-steady-state evaporation. The slope between A"'7O and d-excess ranged from 0.7 to 2.0

per meg per %o, aligning with conceptual models and empirical results from ocean-influenced regions, while also failing within

the range of slopes associated with sub-cloud rain re-evaporation, In contrast, in winter, no statistically significant correlation

This decoupling likely reflects the heightened sensitivity of AO to mid-tropospheric_water, vapor mixing and contributions
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from diverse moisture sources, rather than surface evaporation alone. These findings underscore the utility of A0 as a

diagnostic tracer of atmospheric mixing and moisture transport, especially in cold seasons.

By integrating §'%0, d-excess, and A’'’O, this study provides a more comprehensive understanding of seasonal+
hydrological processes than would be possible using any of these tracers alone. The results highlight key controls on isotopic
variability in the East Asian monsoon system, particularly during winter, when interactions between continental and marine
air masses become dominant. This dataset serves as a valuable benchmark for interpreting modern hydroclimatic dynamics
and offers a foundation for evaluating isotope-enabled climate models. Beyond contemporary climate diagnostics, the
integrated use of A""7O and d-excess also holds implications for interpreting isotope records in subsurface hydrological archives.
These tracers may enable enhanced reconstructions of past climatic conditions from speleothems or glacier ice and improve
the understanding of groundwater recharge processes in monsoon-influenced regions. As such, this work bridges modern
atmospheric processes with paleoclimate interpretations and supports future hydroclimate modeling and water resource

management across East Asia.

5.Data availability

All precipitation isotope data generated and analyzed in this study are publicly available through the PANGAEA data
repository. The dataset includes precipitation-weighted monthly mean values of 8°H, §'*0, §'’O, d-excess, and A"7O for Seoul,
South Korea, covering the period from 2016 to 2020. The data can be accessed at: Kim, Songyi; Han, Yeongcheol; Jung,

Hyejung; Lee, Jeonghoon (2025): Monthly means of triple isotopic compositions of precipitation in Seoul (2016—
2020)[dataset]. PANGAEA, https://doi.org/10.1594/PANGAEA.983390.
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Figure 1: (A) A map showing the location of South Korea within East Asia. (B) An enlarged map highlighting the study site (red dot)

in Seoul, South Korea, with administrative boundaries for surrounding regions. (C) The precipitation sampling device that was
720 installed at the study site, designed to minimize post-collection evaporation.
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Figure 2: The average monthly precipitation amount (grey bars) and average monthly temperature (black-lined boxes) for the city
of Seoul, based on meteorological data provided by the Korea Meteorological Administration (available at:
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Figure 3: The monthly average values of the observed isotopic tracers. From top to bottom: 3'70, $'*0, 5’H, deuterium excess (d-
excess), and '7O-excess.
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Water Line (GMWL).
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ing color, while the solid black lines represent the regression for the entire dataset.
The regression equations and Pearson correlation coefficients (r) are listed in the legends.
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Figure 7: The monthly mean precipitation stable isotope values (8*H, 3'*0, and d-excess) from observations (black solid line with
gray shading) and Isotop bled Global Spectral Model (Iso-GSM) outputs (red solid line with pink shading). The shaded areas
represent the uncertainty range of the monthly mean (£1 standard deviation), while the solid lines indicate the monthly average
values.
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