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ARTICLE INFO ABSTRACT
Keywords: Nuanced characterizations of moisture source dynamics and local hydrometeorological processes are essential for
Isotope hydrology interpreting long-term records of stable isotopes in precipitation. Here, we analyze over two decades of stable

Moisture recycling

. isotope records from a site in the Great Plains of United States, revealing a distinct seasonal contrast in 50
Vapor pressure deficit

variability between warm (March-November) and cold (December-February) periods. During the warm season,
isotopic enrichment was largely driven by enhanced convective activity and sub-cloud evaporation under high
VPD conditions. Back-trajectory diagnostics indicate that continental moisture sources dominate precipitation at
the study site, while Gulf of Mexico transport via the Great Plains low-level jet exerts a disproportionate influence
on 5'®0 and d-excess variability. During extreme precipitation years, isotopic signatures reflect the combined
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effects of atmospheric circulation anomalies and local aridity. The 2012 drought year exhibited elevated §'%0
and reduced d-excess consistent with enhanced kinetic fractionation under dry conditions, whereas the wet year
2019 showed isotopic enrichment associated with intensified Gulf-sourced moisture transport under humid
conditions. These findings demonstrate how precipitation !0 in the Great Plains integrates both local evapo-
rative demand and large-scale moisture transport processes. Given ongoing challenges in representing humidity
trends and regional hydroclimate dynamics in climate models, improved characterization of moisture sources
and isotope variability is critical for evaluating model projections and interpreting long-term climate change in

semi-arid continental regions.

1. Introduction

Changes in atmospheric moisture transport and precipitation dy-
namics strongly drive climate variability in interior continents. The
isotopic composition of precipitation (5'%0 and 8%H) reflects the com-
bined influence of local and large-scale hydrometeorological processes.
Classical frameworks describe temperature as the dominant controlling
factor in temperate regions, while the amount effect is the dominant
controlling factor in the tropics (Dansgaard, 1964; Rozanski et al.,
1993). However, beyond the classical temperature or amount effects,
precipitation 8'%0 is universally influenced by moisture source condi-
tions, moisture transport history, rainout processes, sub-cloud evapo-
ration, and continental moisture recycling (Bedaso and Wu, 2020;
Lekshmy et al., 2014; Rahul and Ghosh, 2018; Saranya et al., 2018a). In
continental interior locations such as the Great Plains of North America,
distal hydrometeorological processes, including advection from oceanic
sources and recycled moisture from evapotranspiration, can signifi-
cantly modulate the precipitation isotope signal (Jasechko et al., 2013;
Saranya et al., 2021; Wei et al., 2017). Despite growing recognition of
these influences, the relative influences of local versus remote controls
on precipitation isotope variability remain poorly constrained across
continental interiors, largely due to the lack of long-term observational
datasets linking precipitation isotopes with hydrometeorological
controls.

Atmospheric dryness or Vapor Pressure Deficit (VPD) provides an
additional control on precipitation isotope variability, distinct from
temperature effects (Adhikari et al., 2020; Wu et al., 2015). VPD,
defined as the difference between saturation and actual vapor pressure,
indicates atmospheric evaporative demand (Broz et al., 2021; Ficklin
and Novick, 2017) and influences isotopic fractionation through its ef-
fects on evaporation and sub-cloud processes (Wu et al., 2018). Elevated
VPD indicates unsaturated conditions that enhance sub-cloud evapora-
tion and kinetic fractionation during raindrop descent, enriching pre-
cipitation 5% (Dansgaard, 1964; Jouzel and Merlivat, 1984). Although
these mechanisms are well-established conceptually, the extent to which
sub-cloud evaporation and VPD modulate precipitation §'%0 variability
at continental scales remain poorly constrained.

The hydroclimate of the Great Plains is determined by a combination
of external moisture advection and continental recycling. The Gulf of
Mexico supplies a major fraction of the precipitation through the Great
Plains low-level jet (Bonner, 1968; Weaver and Nigam, 2011). The re-
gion is also one of the most extensively cultivated and irrigated land-
scapes globally, and hence continental moisture recycling can contribute
substantially to total regional precipitation (Deangelis et al., 2010; Sala,
2025). Given the sensitivity of stable water isotopes, 5'%0 and §°H, to
both moisture source and transport conditions, these records are well-
positioned to document variability in both precipitation and terrestrial
climate proxies (Salati et al., 1979; Saranya et al., 2021, 2018b; Xia and
Winnick, 2021).

Understanding these controls becomes increasingly important as
climate change continues to alter regional hydroclimate. Rising tem-
peratures and atmospheric aridity are projected to increase evaporative
demand across the central Great Plains (Ficklin and Novick, 2017),
while vegetation shifts such as woody encroachment (Ratajczak et al.,
2012; Stevens et al., 2017; Van Auken, 2009; Twidwell et al., 2013) may

further modify land-atmosphere feedbacks (Deng et al., 2021; Keen
et al.,, 2024; Sadayappan et al., 2023). As current climate models
struggle to capture humidity trends (Simpson et al., 2024), especially in
relatively dry regions, an improved understanding of the competing
sources of precipitation, their isotope variability, and their long-term
dynamics is crucial to evaluate and predict climate model projections.

Here, we address three key questions that are particularly important
for understanding hydroclimate dynamics in continental interior regions
where multiple moisture sources contribute towards local precipitation:
(1) What local hydrometeorological processes control precipitation 50
variability? (2) How do oceanic and continental moisture sources
partition and vary through time? and (3) To what extent do atmospheric
vapor content and moisture-source variability influence precipitation
isotope variability? The central Great Plains provides a unique setting to
investigate these questions because it lies far from oceanic boundaries
yet receives substantial Gulf-sourced moisture while also experiencing
strong continental recycling.

To answer these questions, we analyze a 20-year record of weekly
precipitation isotope measurements from Konza Prairie Biological Sta-
tion (KPBS) in northeast Kansas, USA, and combine these observations
with back trajectory-based moisture source diagnostics. In addition to
long-term variability, we examine isotopic behavior during an anoma-
lously dry and wet year, respectively, to evaluate how circulation
anomalies and atmospheric dryness modulate isotope signatures under
contrasting hydroclimatic conditions. This integrated framework en-
ables us to quantify moisture source contributions, evaluate their tem-
poral variability, and assess their relationship with precipitation !0 in
a continental interior setting.

2. Methods
2.1. Study site

The study site, Konza Prairie Biological Station (KPBS, 39°05'N,
96°35'W), is located in the northern Flint Hills region of Kansas, USA.
The region is characterized by a temperate continental climate with an
average annual precipitation of 811 mm, of which 75% occurs during
the growing season (April to October) (Keen et al., 2024). The annual
average temperature for KPBS is 11 °C, with the hottest month being
July and January being the coldest month. The mean annual cycle of
temperature, precipitation amount, VPD, and precipitation 5'%0 (Fig. 1)
shows a pronounced seasonal contrast. December-February is charac-
terized by low temperatures and low atmospheric evaporative demand,
whereas March-November exhibits warmer conditions and higher VPD.
These seasonal differences strongly influence precipitation formation
and isotopic fractionation processes. 5'%0 peaks in July, reflecting the
combined influence of multiple warm-season processes, including the
annual maxima in temperature and VPD at KPBS. These conditions,
along with convective precipitation, are the most proximal explanations
for the peak 5'%0 in mid-summer (July).

Air masses from the Gulf of Mexico bring oceanic moisture to the
region, but their further spread towards the western end of the state is
limited due to the increase in land surface elevation (Miller and Appel,
1997). Precipitation and temperature are strongly related at this site, as
warmer months are wetter, although this relationship tends to weaken
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during extreme drought years (Knapp et al., 2020).

2.2. Sampling, isotopic analysis and data categorization

Weekly bulk precipitation sampling was conducted continuously
from January 2001 to November 2022 at the headquarters region of
KPBS. A total of 638 precipitation samples were collected using an Ott
Pluvio rain gauge utilizing a sensor arm that seals the gauge when dry
and opens during precipitation events (Blair, 2023). To avoid the effects
of post-precipitation evaporative enrichment, the samples were not
exposed to direct radiation. On Tuesday mornings of each week, samples
were transferred to polypropylene bottles, sealed with parafilm tape,
and then stored in airtight polypropylene containers at 4 °C. Snowfall
samples were collected using the same gauge and were allowed to melt
prior to transfer to bottles to ensure complete recovery of the total
volume. The analysis for water stable isotopes (6180 and 62H) was car-
ried out at the Stable Isotope and Mass Spectrometry Lab (SIMSL) at
Kansas State University using a Picarro WS-CRDS water isotope
analyzer. Each sample was analyzed using six sequential injections on a
Picarro WS-CRDS system, and the average of the final three injections
was used for reporting to minimize memory effect and carry over be-
tween samples. Instrument calibration was done using a laboratory
working standard calibrated against the Vienna Mean Standard Ocean
Water (VSMOW). Three internal reference waters spanning a wide iso-
topic range (KS-enriched: §2H = —2%o, 580 = 4.1%o; Evian: §°H =
—71%0, 8'0 = —9.9%o; and Eldorado: §°H = —106%o, 550 = —14.3%0)
were measured throughout each run to normalize sample values and
monitor analytical precision and reproducibility. Isotopic values were
then expressed in per mil (%o) relative to the VSMOW. The long-term
precision of the water isotopic analysis was <0.15%o for 0 and <
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0.3%o for 82H (Keen et al., 2024). Additionally, the secondary parameter,
deuterium excess (d-excess) = 5°H - 8 x §'%0 (Dansgaard, 1964), was
calculated to assess moisture source conditions, which can be modified
by secondary processes such as evaporation and moisture recycling.
Since 5'80 and §2H are strongly coupled along the meteoric water line
and generally exhibit parallel variability, subsequent analyses focus on
5180 and d-excess, which together retain the key information contained
in §2H. Using d-excess also provides information about the moisture
source conditions, kinetic fractionation, and moisture recycling signa-
tures that might not have been captured with 5'0 and &%H.

Weekly isotope values were aggregated to monthly values using
precipitation amount-weighted averaging to account for variability in
event size. Seasonal and annual isotope values were calculated from
these monthly amount-weighted means. Although KPBS experiences
four distinct meteorological seasons (winter, spring, summer, and fall),
the data in this study were grouped into two broad seasonal categories:
cold (December-February) and warm (March-November) seasons. This
categorization was chosen to highlight the contrasting hydrometeoro-
logical regimes that presumably influence the isotopic fractionation
processes related to precipitation formation and sub-cloud processes.
The cold seasons are characterized by the lowest temperatures, low VPD,
and a greater probability of snowfall that reduces sub-cloud evapora-
tion. In contrast, warm seasons are characterized by higher tempera-
tures, elevated VPD, dominance of convective activities, liquid
precipitation, and thus greater possibilities for sub-cloud evaporation.

2.3. Identifying dominant moisture uptake regions using HYSPLIT back
trajectory model

Back trajectory analyses, an approach that helps determine air mass

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 1. Mean annual cycle (monthly climatology) of (a) temperature, (b) precipitation, (c) VPD, and (d) 580 at KPBS based on the monthly values over the full study
period. Solid lines show the climatological monthly mean, and the shaded region around the line indicates interannual variability (=1 SD). Blue background shading
highlights the cold season (December—February), whereas red shading indicates the warm season (March-November).
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origins (Wernli and Davies, 1997), were done at 6-h intervals with a 72-
h backward total run time to evaluate the influence of changing mois-
ture sources on the stable isotope composition of precipitation. For these
analyses, we used the NOAA/Air Resources Laboratory (ARL) Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(Draxler and Hess, 1998; Stein et al., 2015). The 72 h run time was
selected to reflect the average moisture residence time in the United
States, which is typically less than three days (Trenberth, 1999).

PYSPLIT (Warner, 2018), a python-based library with an embedded
moisture uptake algorithm (Sodemann et al., 2008), was used to mass-
generate trajectories and perform computations along the trajectory.
The moisture uptake algorithm is based on the principle of mass con-
servation, assuming that increases or decreases in specific humidity
along the trajectory were contributed by evaporation or precipitation,
respectively (Sodemann, 2025; Sodemann et al., 2008). Only precipi-
tating trajectories were used in the calculation. Since each precipitation
sample collected at KPBS represented the integrative signature of the
previous seven days, all the precipitating trajectories during these seven
days were considered for the computation. The criteria for moisture
uptake were chosen based on the previous studies that adopted this
diagnostic (Molina et al., 2020; Pfahl et al., 2014; Saranya et al., 2021;
Zhang et al., 2023). Based on the back trajectory analysis, four primary
moisture source regions contributed to precipitation at KPBS and were
selected for further analysis: the Gulf of Mexico, the Great Lakes, the
Eastern CONUS, and the Western CONUS (Text S1) (Fig. 2).

Percentage contribution from each source region was estimated
following the formula Fs = ((Xfm/TF) x R) x 100). Where, F; represents
the percentage contribution of moisture from a specific source region (s)
along a given trajectory, fm is the fraction of moisture from that source,
TF is the total fractional contribution (g/kg) from all source regions, and
R is the total precipitation received at the sampling location.

Science of the Total Environment 1030 (2026) 181790
2.4. k-means clustering

To elucidate the hydrometeorological patterns of the §'%0 vs d-
excess relationship, k-means clustering was performed (Kanungo et al.,
2002). The calculation separated the data into different clusters by
minimizing the variance in each cluster. This enabled us to evaluate the
different hydro-meteorological processes governing the precipitation
isotope records. The choice of three clusters enabled optimum clustering
by reducing the sum of squared errors.

2.5. Statistical methods

Relationships between isotopic variables and hydrometeorological
parameters were analyzed using Pearson product-moment correlation
coefficients (r). Correlation matrices were constructed for monthly
amount-weighted and annual datasets, and the statistical significance
was assessed using two-tailed tests (a = 0.05).

To quantify the relationship between moisture source contributions
and precipitation §'80, simple linear regression analyses were per-
formed. Because each regression included a single predictor, the re-
ported multiple R values are equivalent to Pearson correlation
coefficients (r), and associated p-values indicate significance of the
linear relationship. All statistical analyses were conducted in Python and
Microsoft Excel.

2.6. Data sources

The Global Data Assimilation (GDAS) (ftp://arlftp.arlhg.noaa.gov
/pub/archives/gdas1) data product was used as input meteorological
data in the HYSPLIT model. Total precipitation amount and the
convective fraction of precipitation (fraction of total precipitation that is
convective) were obtained from the North American Land Data Assim-
ilation System (NLDAS) Phase 2 forcing data (monthly, 0.125° x 0.125%)
(Xia et al., 2009). The 4-km resolution gridded temperature and VPD
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Fig. 2. Geographic definition of moisture source regions used for trajectory-based moisture uptake analysis. Shaded regions indicate the respective moisture sources,
and the “star” symbol marks the locations of the Konza Prairie Biological Station (KPBS).
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data were obtained from the PRISM Climate Group, Oregon State Uni-
versity (https://prism.oregonstate.edu/). The geopotential height, spe-
cific humidity, and wind vector data were obtained from ECMWF's
atmospheric reanalysis dataset ERA5. Air temperature and relative hu-
midity were obtained from the meteorological station installed at the
KPBS (Nippert et al., 2026). Local VPD was calculated from these
measurements as the difference between saturation vapor pressure
(SVP) and actual vapor pressure (AVP).

(17.27*7")

SVP = 0.6108%\" >?
RH *

AVP — (ﬁ> SvP

VPD = SVP — AVP

3. Results

In the sections that follow, we examine the isotopic-
hydrometeorological relationship at monthly, seasonal, and annual
timescales. Monthly analyses provide the full annual cycle, while sea-
sonal analyses separate the data based on temperature contrasts that
influence the fractionation processes. Annual interpretations integrate
the longer-term controls, reduce the influence of short-term variability,
and provide insights relevant for interpreting paleoclimate archives.

3.1. Variability of precipitation 5'%0 and its hydrometeorological controls

Trend analysis of the weekly (non-amount-weighted) precipitation
8180 record at KPBS revealed a weak but statistically significant long-
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term enrichment (Sen's slope = +0.071%0 yr !, Mann-Kendall p <
0.01) over the study period (Fig. 3 a). This trend was driven primarily by
the warm season (Fig. 3 b), whereas no significant long-term trend was
detected during the cold season. 5!0 exhibited a wide distribution of
values across cold and warm seasons. In the cold season, 50 had a
mean of —10.9%o with values ranging from —27.3 to 0.6%o (Fig. 4a). The
warm season 520 showed a mean of —4.6%o with a minimum of —19%o
to a maximum of 8.4%.. While the ranges were broadly similar, the cold
season exhibited greater 5'80 variability with a higher standard devia-
tion (6.0%o) than the warm season (3.5%o). The amount-weighted mean
5'%0 (—5.54%0) at KPBS was higher than reported from other mid-
western sites, —6.6%o at Zionsville, Indiana (Tian et al., 2018a) and —
6.6%o at Dayton, Ohio (Bedaso and Wu, 2020). The long-term monthly
weighted Local Meteoric Water Line (LMWL) shows a lower slope (6.81
+ 0.21) and intercept (1.68 + 1.17) in the warm season compared to
that in the cold season (7.65 + 0.19 slope, 3.16 + 2.49 intercept)
(Fig. 4b).

The monthly precipitation amount-weighted 8'%0 chronologies were
significantly correlated with local hydrometeorological variables, with
the strongest relationships observed for temperature (r = 0.67) and
convective precipitation fraction (r = 0.65) (Fig. 5a). The annual
average of the amount-weighted monthly 5180 values (alsoannual)
showed its strongest correlation with convective precipitation rate (r =
0.56), followed by VPD (r = 0.46) (Fig. 5b). d-excess exhibited a stronger
negative correlation (r = —0.55) with 5180 at the annual scale compared
to the monthly timescale (r = —0.25). Unlike the classic “amount effect”
(Dansgaard, 1964) common in coastal CONUS stations (Sun et al., 2019)
and many tropical sites — where precipitation 880 is negatively corre-
lated with precipitation amount — we observed a positive 5'%0-precipi-
tation relationship at the monthly scale (Fig. 5a).

(a) All weeks

Sen's slope = 0.070 %o yr_1
—254{ Mann-Kendall p <0.01

T T

(b) Warm season (Mar—Nov)

Sen's slope = 0.059 %o yr_l
—254 Mann-Kendall p <0.05

1 M AR AAANRA AN

2000 2004 2008

2012
Year

2016 2020 2024

Fig. 3. Weekly precipitation 5'80 timeseries at KPBS from 2001 to 2022 showing (a) the full record and (b) the warm-season subset (March-November). Light lines
represent the raw weekly measurements, and dark lines show a 3-week centered running mean to highlight short-term variability. Dashed lines indicate Sen's slope
trend. Lines are broken across sampling gaps (>45 days) to avoid implying temporal continuity.
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3.2. K-means cluster analysis

The winter season at Konza Prairie was characterized by freezing
temperatures and lower VPD, suppressing sub-cloud evaporation. This
was evident in the lack of significant correlations between 5'%0 and
local meteorology and the lack of negative correlations between d-
excess and temperature (Table. S1). Despite an overall significant
negative relationship between 8'%0 and d-excess (Fig. S1), the rela-
tionship during the cold season exhibited greater variability and a
weaker correlation compared to the warm season, as reflected in the
broader distribution of values and lower R2 Grouping these data using
K-means clustering revealed an otherwise hidden pattern in the third
cluster. While the rest of the data show negative correlations between d-
excess and 580, cluster 3 which was mostly comprised of cold season
observations (and the 1-2 months preceding or following the cold sea-
son) showed a strong positive correlation (r = 0.62, p value <0.001,n =
65) (Fig. 6).

3.3. Quantifying moisture source contributions

Overall, the continental sources of moisture contributed most to the
precipitation occurring at KPBS compared to the Maritime source (Gulf
of Mexico). The temporal evolution of regional moisture source contri-
butions and precipitation isotopes are shown in Fig. 7. Monthly §'%0
variability generally coincided with changes in moisture sources. The
moisture originating from the Eastern USA (relatively wet and vege-
tated) contributed the most, followed by the Western region (relatively
dry and vegetated; Fig. S2). The monthly moisture contributions from
the Gulf of Mexico showed a significant positive relation to precipitation
5'%0 (r=0.33, p value <0.001) while those from the East and the Great
Lakes exhibited a negative relation (r = —0.22, p value <0.01) (Table.
1). Source contributions showed no significant correlation with isotopic
variables during the warm season, while the cold season Gulf of Mexico
contributions were positively correlated (r = 0.35, P value <0.05) with
5180. While monthly moisture contributions significantly correlate with
the isotopic data, no such relationship is evident at the annual scale.
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Table 1

The correlations between 880 and moisture contributions from various sources
at the monthly scale and cold seasons. No significant correlations were observed
during the warm season.

Source Data type Variable r P value

Gulf Monthly 51%0 0.33 5.61 x 107°
Great Lakes —0.22 0.003

East -0.22 0.003
North/Polar —0.16 0.04

Gulf Cold season 8'%0 0.35 0.03

However, excluding the record-breaking drought year of 2012 (Hoerling
et al., 2014), annual moisture contributions from the western and
eastern CONUS exhibited opposing correlations with 5'80: negative for
contributions from Eastern CONUS (r = 0.76, p value <0.01) and posi-
tive for Western CONUS (r = 0.72, p value <0.01). These findings sug-
gest that the 2012 8'80 signature was strongly influenced by local
meteorological conditions, as indicated by the highest VPD recorded

during the study period.
4. Discussion
4.1. Influence of local hydrometeorology on 50

Monthly amount weighted precipitation 520 at KPBS is primarily
governed by warm-season atmospheric dynamics, particularly convec-
tive activity and associated thermodynamic conditions. Overall, the
results indicate that 5'80 variability reflects seasonal coupling between
temperature, VPD, and convective fraction of precipitation. At the
monthly scale, 5'%0 shows moderate to strong positive correlations with
temperature (r = 0.67), VPD (r = 0.59), and convective rate (r = 0.65),
whereas the correlation with precipitation amount is weaker (r = 0.34).
These relationships suggest that isotopic enrichment at KPBS is closely
linked to warm-season convection and atmospheric drying. Tempera-
ture, VPD, and convective activity are strongly intercorrelated (r = 0.89
between temperature and VPD; r = 0.86 between temperature and
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convective rate.; r = 0.78 between VPD and convective rate; Fig. 5a),
indicating 5'80 that variability reflects integrated seasonal atmospheric
conditions. The positive relationship between 50 and precipitation
amount at the monthly scale, therefore, likely reflects seasonal covari-
ance, whereby both precipitation and isotopic enrichment peak during
the summer (Sun et al., 2019). Such seasonality has been documented in
other mid-latitude continental regions, where apparent deviations from
the classic “amount effect” arise from temperature- and convection-
driven controls rather than event-scale rainout (Bedaso and Wu, 2020;
Tian et al., 2018a).

Convective precipitation accounts for 30-70% (Andresen et al.,
2012) of warm-season precipitation in the Midwest and about 73% for
KPBS over the sampling period. Convective precipitation shows a strong
positive correlation with 5'%0. Following the mechanism proposed by
Aggarwal et al. (2016), ice particles in convective systems grow rapidly
through accretion as they are lofted by strong updrafts, during which
supercooled boundary-layer water freezes onto the surface of the
condensation nuclei. As a result, rainout from the convective clouds
retains an isotopic composition that closely reflects that of the boundary
layer (Sun et al., 2019). Under these conditions, 5180 reflects the in-
tensity and location of convective activity (or the moisture sourcing),
rather than local precipitation amount. The weakening of the positive
relationship between 5'%0 and precipitation amount at the annual scale,
with decreased correlations between 880 and convective rate (Fig.5b),
supports that the monthly data are dominated by seasonal effects. This
interpretation is consistent with findings from monsoon-dominated re-
gions, where precipitation 5'80 often exhibits spatially coherent pat-
terns linked to large-scale atmospheric circulation despite varied local
precipitation distributions (Duan et al., 2023; Kathayat et al., 2022). In
eastern China, for example, summer precipitation may display dipole or
tripole rainfall structures, whereas 5'80p reflects broader circulation-
driven signals (Duan et al., 2023). A similar mechanism may operate
at KPBS, where the location and strength of upstream convection asso-
ciated with the GPLLJ modulate the isotopic composition of precipita-
tion. The weakening of the §'80—precipitation relationship at the annual
scale further supports that seasonal and circulation-driven dynamics
dominate the monthly signal. The stronger negative correlation between
d-excess and 8'®0 at annual timescales when compared to monthly
timescales was consistent with enhanced kinetic effects associated with
sub-cloud evaporation, suggesting an enhanced role of local hydrome-
teorology in the 5'80nnual (Xia and Winnick, 2021).

Similar to the “inverse amount effect” (positive correlation between
rainfall amount and precipitation 5!%0) observed at KPBS, this pattern
has also been documented at another midwestern CONUS site, Zions-
ville, Indiana (Tian et al., 2018b) and in certain tropical sites in southern
India (Lekshmy et al., 2015; Yadava et al., 2007). The strong positive
relationship between §'%0 and the convective fraction on both monthly
and annual timescales indicates that the inverse amount effect may arise
from the dominance of convective precipitation that accounts for
30-70% of warm-season precipitation (Andresen et al., 2012). The
enriched isotopic signatures of convective precipitation (Aggarwal et al.,
2016) can mask the depleted isotopic signals associated with non-
convective events, particularly during the warm season when nearly
75% of the annual precipitation occurs. The shift from the significant
“inverse amount effect” at the monthly scale to a non-significant amount
effect at the annual scale, along with a weaker correlation between 580
and convective fraction, is consistent with this pattern.

In contrast to this interpretation, the tenet that isotope ratios reflect
rain-type (convective or stratiform) proportions (Aggarwal et al., 2016)
was recently challenged by Yu et al. (2024). Yu et al. (2024) argued that
5180 also remains strongly correlated to convection intensity but inde-
pendent of rain-type proportions because stratiform precipitation
isotope ratios span a wide range of values. Although the Yu et al., 2024
interpretation was supported using data from pantropical sites, we
explored this perspective because the correlation of §!%0-convective
fraction applies to non-tropical sites as well (Sun et al., 2019). Our data
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illustrate higher stratiform fractions (lower convective fractions) cover a
large range of isotopic values. However, contrary to what was observed
by Yu et al. (2024), correlation with the convective strength (lower
outgoing longwave radiation- more cloud cover) was lower (r = 0.54)
compared to that of convective rate (r = 0.65) (not shown here).

4.2. Below-cloud evaporation and the anomalously low d-excess values

Fig. 6 reveals two contrasting 5'80-d-excess patterns reflecting sea-
sonal differences in the dominant fractionation processes affecting pre-
cipitation isotopes at KPBS. Because d-excess reflects the differential
fractionation of hydrogen and oxygen isotopes and is particularly sen-
sitive to kinetic processes such as sub-cloud evaporation (Craig et al.,
1963), variability in d-excess provides insights into evaporative modi-
fication of precipitation. Although d-excess is mathematically defined as
52H-8x 680, a systematic relationship with 580 emerges only when its
variability relative to §'%0 primarily reflects kinetic modifications
rather than a mathematical relationship.

Most of the samples, particularly during the warm season, show a
negative 5'80-d-excess relationship. This pattern is consistent with
Rayleigh distillation and kinetic fractionation associated with below-
cloud raindrop evaporation under unsaturated conditions (Craig et al.,
1963; Landais et al., 2010; Laskar et al., 2014; Sun et al., 2024; Tian
et al., 2018a; Xia and Winnick, 2021). Enhanced warm-season convec-
tive activity can transport recycled continental moisture, while season-
ally higher VPD favors kinetic fractionation during raindrop descent,
enriching 8'80 and reducing d-excess values. When such convection
occurs under higher relative humidity conditions, the entrained mois-
ture will reflect the isotopic composition similar to the surface water/
soil moisture. The increased correlation between d-excess and VPD
during the warm season (Table S1) further supports this interpretation
and is consistent with the low d-excess values observed in Great Plains
surface waters (Bowen et al., 2007).

In contrast, cluster 3 represents a distinct cold-season isotopic
pattern characterized by higher d-excess with a statistically significant
positive correlation between d-excess and 5'%0 (Fig. 6 b). This behavior
is inconsistent with below-cloud evaporation and instead reflects a
greater in-cloud fractionation process and large-scale dynamics. During
the cold season, regional vegetation is dormant and/or senesced, and
potential evapotranspiration is low, limiting the contribution of recycled
moisture to local precipitation (Singer et al., 2021). Under these cold-
season hydrometeorological conditions, isotopic signatures are gener-
ally less affected by below-cloud evaporation and more strongly influ-
enced by colder, high-latitude moisture sources (Bedaso and Wu, 2020)
and kinetic fractionation associated with supersaturation during cloud
formation, thus increasing d-excess (Deshpande et al., 2013; Graf et al.,
2019; Merlivat and Jouzel, 1979).

These contrasting seasonal behaviors highlight that warm-season
precipitation is associated with reduced d-excess owing to evaporation
and convective processes. In contrast, cold-season precipitation exhibits
enhanced d-excess driven by in-cloud supersaturation and large-scale
moisture transport. While cluster 3 comprises only a small fraction of
the overall dataset, it is a useful subset for isolating processes that are
otherwise masked by evaporation-led isotopic effects. These results
highlight that the application of d-excess as a paleo-meteoric tracer re-
quires careful consideration of seasonality and synoptic/thermody-
namic conditions.

4.3. d-excess variability and isotopic similarity during extreme wet and
dry years

Based on the annual isotopic composition of precipitation at KPBS,
years with distinct isotopic values were identified and the potential
causes were investigated. The high 5'80ann values (—3.7%o in 2012 and
— 3.6%o in 2019) accompanied by low d-excess values (4.9%o in 2012
and — 6.7%o in 2019) during two contrasting hydroclimatic years,
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extremely dry (2012- lowest precipitation and highest VPD during the
study period, 565.9 mm and 0.87 kPa respectively) and wet (2019-
above average precipitation- 1142 mm and relatively humid atmo-
spheric conditions) (Fig. 8 a), presented an unexpected pattern. Despite
contrasting hydroclimatic extremes (i.e., dry vs. wet), these years
showed comparable isotopic patterns, indicating that different atmo-
spheric pathways can still result in similar isotopic behavior. This
equifinality underscores the complexity of interpreting precipitation
isotope records, as similar 5'0 and d-excess patterns may arise from
fundamentally different combinations of atmospheric aridity, moisture
sourcing, and circulation dynamics.

The higher 680y, in 2012 coincides with the highest VPD observed
during the study period, suggesting a dominant influence of local
meteorological conditions that likely overprinted the isotopic signal of
distal moisture sources. In terms of the annual moisture uptake pattern,
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2012 exhibited the lowest overall contributions from continental sour-
ces, whereas 2019 showed enhanced uptake from continental sources.
Hoerling et al., 2014 showed that the 2012 drought in the central U.S,
was exacerbated by a reduction in the moisture flux from the Gulf of
Mexico. However, at KPBS, the annual Gulf of Mexico percentage
contribution was above average, likely due to diminished land-
atmosphere feedback (Herrera-Estrada et al., 2019). The higher %0
in 2012 likely reflects this increased percentage contribution from the
Gulf, intense continental evaporation under dry conditions, and
increased local aridity. In 2019, although the 500 hPa geopotential
height anomalies (Fig. 9) resembled the zonal wave train pattern linked
to heavy midwestern precipitation events (Zhang and Villarini, 2019),
the trough over the western and central CONUS did not extend to
northeast Kansas. However, the ridge over the central US was weak and
coincided with strong low-level (850 hPa) moisture transport, resulting
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Fig. 8. a) Annual averages of monthly amount weighted 5'®0 and d-excess at Konza Prairie. Light green shading highlights years with distinct isotopic signatures in
either 5'80 or d-excess. b) Clusters of annual moisture uptake locations during the isotopically distinct years, based on differences in specific humidity between two-
time intervals (Aq). c) Interannual variability in regional moisture source contributions to precipitation at Konza Prairie Biological Station (KPBS) for the selected
years (2007, 2008, 2012, 2014, 2016, and 2019). Stacked bars show the percentage contribution of moisture originating from the Gulf of Mexico (blue), Great Lakes

(red), Eastern CONUS, and Western CONUS.



S. Puthalath et al.

(a) 2012

Science of the Total Environment 1030 (2026) 181790

50°N

40°N

20°N

50

40

30

- 20

T
—
[

(b) 2019

S0°N

40°N

30°N

20°N

T
[

|
s
Geopotential Height Anomaly (m)

|
[
[—]

|
‘w
=

|
&
=

|
h
(=]

120°W 100°W

80°W

60°W
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in intense precipitation across the region (Fig. S3 b). Gulf of Mexico
moisture brought by the GPLLJ converged near Texas, and as suggested
by the back trajectories, subsequent moisture uptake occurred from this
region and farther north (Fig. 8 b). The resultant convective updraft
likely occurred under higher humidity conditions, resulting in reduced
kinetic fractionation; thus, the isotopic signatures resembled the evap-
orative waters of the southern coasts (Bowen et al., 2007) that are
mainly fed by the Gulf (high 5'%0 and low d-excess). In contrast, strong
positive geopotential anomalies across much of the CONUS indicated a
dominant mid-tropospheric ridge in 2012. At the same time, the 850 hPa
moisture transport and divergence fields revealed a weaker GPLLJ and
widespread moisture divergence over Kansas (Fig. S3 a). The extreme
drought brought arid conditions to KPBS leading to enriched 5'80 and
reduced d-excess via enhanced sub cloud evaporation and associated
kinetic fractionation.

Notably, in 2007, the Gulf of Mexico moisture contributions
increased (27.9%; highest among the whole study period) with the
second lowest continental contributions, resulting in a d-excess (—3.5%o)
reflective of the south coast. The years with comparatively higher d-
excess have coincided with the contributions from the eastern CONUS
(2008, 2011, and 2016) that hold the highest d-excess regions in the
CONUS (Bowen et al., 2007). Additionally, it is also noted that the

10

negative precipitation d-excess coincided with fewer differences in
moisture contributions between the eastern and western CONUS
(Fig. S4) indicating that these anomalously low d-excess values could be
attributed to the increased moisture uptake from the west, as was the
case for years 2007 and 2014 (Fig. 8).

Quantitative comparison of annual moisture contributions shows
that continental sources consistently dominate precipitation at KPBS,
with the Eastern CONUS source being the largest contributor. Interan-
nual variability is therefore mostly controlled by shifts in the continental
recycling intensity and the atmospheric processes. We note that d-excess
variability depends on the combined influence of humidity conditions at
the moisture source, Rayleigh fractionation during moisture transport,
and local kinetic modification. Isotopic similarity during extreme years
results from combinations of boundary-layer evaporation, recycled-
moisture entrainment, and large-scale circulation dynamics. Although
the moisture contributions from Gulf of Mexico to the KPBS are smaller
compared to the continental sources, its influence remains critical in
shaping the precipitation patterns across the Great Plains as a whole and
to Konza Prairie specifically. As the primary source of moisture flux to
the western CONUS, the Gulf's influence on d-excess is substantial,
which is mediated by the GPLLJ that acts as a key nexus between the
oceanic and terrestrial moisture sources (Sala, 2025).
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5. Conclusions and implications

The >20-year precipitation isotope record from KPBS reveals that
580 variability is primarily governed by warm-season atmospheric
dynamics rather than by the classic precipitation “amount effect.” In
tropical regions, the traditional amount effect describes a negative
relationship between §'%0 and precipitation amount, whereby heavier
rainfall is associated with lower 5'20. In contrast, we observe a positive
relationship between 5'%0 and precipitation amount at the monthly
scale, indicating that periods of enhanced precipitation coincide with
isotopic enrichment. This “inverse amount effect” reflects seasonal
covariance between precipitation, temperature, VPD, and convective
activity, all of which peak during the warm season. At the annual scale,
this relationship weakens, consistent with the integration of multiple
seasonal processes.

During the cold season, precipitation 5'20 is less influenced by local
thermodynamic conditions and more strongly controlled by in-cloud
fractionation processes and large-scale moisture transport from the
Gulf of Mexico and the eastern CONUS. These seasonal contrasts
demonstrate that 5!80 at this continental interior site reflects the com-
bined influence of convective regime, upstream moisture sourcing, and
sub-cloud evaporation rather than local precipitation amount alone.

Our results further show that warm-season §'%0 is closely linked to
atmospheric aridity, as shown by persistent correlations with VPD and
enhanced evaporative modification during dry conditions. Extreme
years highlight this coupling: elevated 5'®0 values during the 2012
drought and 2019 wet year reflect differing combinations of atmo-
spheric dryness and moisture source variability. These findings under-
score the importance of both below-cloud evaporation large-scale
circulation dynamics, including transport via the Great Plains low-level
jet, in defining precipitation isotope signal.

These results have important implications for interpreting ecohy-
drological proxies. Because precipitation 50 integrates both local
evaporative demand and remote moisture transport processes, hydro-
climate reconstructions in temperate continental interiors must account
for seasonal dynamics, atmospheric aridity, and circulation variability.
As climate change is projected to alter both humidity regimes and
oceanic moisture transport pathways, improved understanding of these
competing controls will be critical for evaluating isotope-enabled
climate model simulations and future hydroclimate projections.
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