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Abstract:  Stable isotopes in atmospheric water vapor (reported as °H and 0
relative to VSMOW) provide valuable constraints on moisture sources, transport, and
phase-change fractionation. Yet available observations remain fragmented across
platforms, regions, and time periods, and cross-study comparison is often hindered by
inconsistent metadata, calibration reporting, and quality-control practices. Here we
compile and harmonize a global near-surface water vapor isotope dataset from three

sources: the Waterlsotopes Database (wiDB; http://wateriso.utah.edu/waterisotopes),
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PANGAEA (https://www.pangaea.de), and peer-reviewed literature. The dataset
spans 1981-2021 and contains 87,138 records from 112 sites/platforms. We
standardized coordinates to WGS84, timestamps to UTC when possible, isotope units
to per mil (%o) in delta notation, and compiled measurement metadata (instrument,
method, and model where explicitly reported; e.g., Picarro CRDS, LGR OA-ICOS,
IRMS following cryogenic trapping, and satellite retrieval products). A transparent
quality-control workflow was applied to identify duplicates, inconsistent metadata,
and implausible or poorly documented values, while preserving traceability to original
sources. The resulting product provides a consistent observational basis for model
evaluation and for comparative studies of water vapor isotope variability across
climates and observation strategies. The Global Water Vapor Stable Isotope Dataset
is available at https://doi.org/10.6084/m9.figshare.30893984 (Zhu and Yang, 2025).
Keywords: atmospheric water vapor; stable isotopes; dataset; Spatiotemporal Patterns;
quality control
1 Introduction

The water cycle is a central component of the Earth's climate system, and its
dynamic variations directly influence the global energy balance, ecosystem succession,
and water resource distribution (Shi et al., 2022). Under global change, the water
cycle is undergoing significant alterations, with its spatial - temporal distribution and
variability showing new characteristics (Ren et al., 2024), such as enhanced
evaporation, restructured precipitation patterns, and more frequent extreme

hydrological events (Bingham and Bayler, 2025; Colman and Soden, 2021). Stable
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isotopes, as natural tracers of water vapor transport and phase change processes
(Shang et al., 2024), provide a unique perspective for understanding the dynamic
mechanisms of the atmospheric water cycle (Gimeno et al., 2020). The fractionation
effects of isotopes are closely related to temperature, humidity, vapor source regions,
and transport pathways (Xu et al., 2022), making them a link between microscopic
phase-change processes and the macroscopic climate system (Galewsky et al., 2016).

In recent years, advances in laser absorption spectroscopy have enabled
high-frequency and continuous measurements of water vapor isotopes (Wei et al.,
2019), while satellite retrievals have made it possible to observe their
three-dimensional global distribution (Yang et al., 2023); Multi-platform collaborative
observations have preliminarily integrated precipitation, surface water, and water
vapor isotope data (Chen et al.,, 2024; Li et al., 2025); Isotope-enabled general
circulation models (iIGCMs) (Jouzel et al., 2013; Peng et al., 2020) enhance the
analysis of source regions, transport, and phase-change processes by explicitly
simulating isotope fractionation (Leroy-Dos Santos et al., 2023). However,
inconsistencies in sampling strategies, quality control, and calibration systems among
different data sources make cross-regional and intertemporal comparisons susceptible
to systematic errors (Voglar et al., 2019).

At present, the driving mechanisms underlying variations in water vapor isotopes
remain inadequately understood (Galewsky et al., 2023; Xing et al., 2023; Xu et al.,
2024). Under global warming, the combined effects of source-region relative humidity,

land - sea thermal contrast, convective depth, and re-evaporation cause stable
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isotopes in water vapor to exhibit pronounced nonlinear responses and spatiotemporal
heterogeneity to climatic forcing; Isotopic signals are further modulated by the
interplay between multi-scale circulation modes and boundary-layer processes
(Saranya et al., 2018), forming complex feedback mechanisms. Without a unified and
comparable data framework, it is difficult to robustly disentangle the contributions of
source-region conditions, transport pathways, and cloud microphysical processes, or
to quantify the marginal role of water vapor recycling in extreme events (Wang et al.,
2023a). This theoretical gap constrains the examination of the formation mechanisms
and interdecadal variations of the “ first-order spatial framework ”  (low-latitude
enrichment - high-latitude depletion and progressive depletion from ocean to land).
Moreover, recent studies (Gimeno et al., 2021; Lu et al., 2024; Smith and Lacey, 2024;
Zhu et al., 2023) show that arid regions exhibit systematic isotope enrichment and
rising d-excess, whereas responses in high-latitude and oceanic regions are relatively
subdued. Such regionally differentiated responses require integrated analyses based
on unified datasets to disentangle multi-process interactions, clarify causal
relationships, and identify the critical thresholds and strengths of feedback
mechanisms.

In arid and semi-arid regions, intensified precipitation variability and
evapotranspiration imbalance have exacerbated conflicts between water supply and
demand. Isotopic data can be used to identify re-evaporation intensity and the
contribution of upstream moisture transport (Fang et al., 2022), providing a scientific

basis for drought monitoring and water allocation decisions; In monsoon - westerly
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interaction zones, phase shifts in moisture pathways and convective activity amplify
precipitation extremes. Coupling analyses of d-excess and isotope — climate indicators
can identify source-region transitions (Tharammal et al., 2023) and enhanced vapor
recycling in advance, which is valuable for early warning of extreme precipitation
events; In high-latitude and polar regions, sea-ice melting and the expansion of open
water modify local evaporation and boundary-layer structure (Rozmiarek et al., 2025).
Abnormal d-excess values provide independent constraints on ice - atmosphere
interactions and freshening effects, which are crucial for assessing the hydrological
and climatic impacts of sea-ice decline (Klein et al., 2015). The combination of
regional challenges and societal demands — such as intensified droughts, greater
precipitation variability, and more frequent extreme events — calls for the rapid
establishment of standardized datasets and comparable analytical frameworks to
support water resource management, extreme event attribution, and climate resilience
building (Baijuan et al., 2023).

To address the above challenges and demands, this study aims to solve the
following core issues: (1) to establish a high-resolution global water vapor isotope
dataset; and (2) to identify the dynamic processes of the atmospheric water cycle
based on the global water vapor isotope data. The outcomes of this study will provide
essential validation benchmarks for global hydroclimate models and support
sustainable water resource management and the development of climate-resilient
societies.

2 Data and methods
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2.1 Data sources and collection

The dataset consists of three main components: data from the Global Network of
Isotopes in Water (http://wateriso.utah.edu/waterisotopes), data from the World Data
Center PANGAEA (https://www.pangaea.de), and isotopic data retrieved from
published literature. The dataset includes 87,138 records from various continents.
Literature-based data were systematically retrieved from the Web of Science database
using keyword combinations such as  “isotope” and “atmospheric water,” along
with Boolean logic (Wang et al., 2023b). Based on quality control, targeted selection
and supplementation were carried out for underrepresented regions, thereby filling
spatial gaps and enhancing the dataset’ s global representativeness and regional
coverage. We selected academic papers providing isotopic data in text, table, or figure
formats as the main data sources to improve data accuracy. The selected studies
explicitly identified the water type as "atmospheric water." In addition to isotopic data,
we also collected spatiotemporal information of sampling sites, including geographic
coordinates (latitude and longitude), exact sampling time, and elevation.

Moreover, the global climate classification data used in this study were derived

from the Koppen Global Climate Classification (Beck et al., 2018).
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Figure 1: Spatial distribution of sampling sites in the global atmospheric water vapor stable
isotope dataset.

2.2 Instrumentation and measurement uncertainties

Atmospheric water vapor isotope observations included in this compilation
originate from heterogeneous measurement approaches. Because the dataset
aggregates values reported by different research groups rather than reprocessing raw
spectroscopic or mass- spectrometric signals, we document the instrumentation and
measurement method as reported in the original sources and summarize
major uncertainty drivers that users should consider when comparing records across
sites and platforms (Table S1).
2.2.1 In situ laser spectroscopy (Picarro CRDS and LGR OA-ICOS)

A substantial fraction of near-surface, high-frequency observations are based on
laser absorption spectroscopy, mainly cavity ring-down spectroscopy (CRDS)

analyzers from Picarro (e.g., L1102-i, L1115-i, L2120-i, L2130-i, L2140-i; model
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names as reported) and off-axis integrated cavity output spectroscopy (OA-ICOS)
analyzers from Los Gatos Research (LGR) (e.g., WVIA series and related LGR
instruments; model names as reported). These instruments measure water vapor
mixing ratio and isotopic composition continuously, but their effective precision and
accuracy depend on humidity level, inlet configuration, calibration strategy, and
maintenance.

Key uncertainty sources for laser-based vapor isotope measurements include:

(i) humidity dependence of isotopic retrievals (especially at low water vapor
concentrations),

(i1) instrument drift and calibration-scale transfer to VSMOW,

(ili))ymemory effects caused by adsorption/desorption in tubing and internal
surfaces,

(iv)spectral interferences and pressure/temperature sensitivity, and

(v) condensation risks in sampling lines (which can induce fractionation).

Many source studies mitigate these effects using multi-point or two-point
calibration with laboratory standards and frequent checks; when such information is
explicitly reported, it is captured in the metadata fields of this dataset.

2.2.2 Cryogenic trapping followed by IRMS

Some records are derived from cryogenic trapping of atmospheric water vapor
(e.g., trapping at very low temperatures) followed by laboratory isotope-ratio mass
spectrometry (IRMS) of the condensed water (e.g., Finnigan/Thermo IRMS systems

such as DELTA V Plus with GasBench; other models as reported). IRMS typically
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provides high analytical precision for O and  H under controlled laboratory
conditions, but the overall uncertainty also reflects the vapor collection procedure.

Major additional uncertainty sources include:

(i) collection efficiency and representativeness of time- integrated samples,

(ii) potential fractionation during sampling/storage if evaporation occurs, and

(iii)blank effects or contamination in field handling.

Accordingly, IRMS-based values may be analytically precise yet temporally
averaged and method- dependent.
2.2.3 Satellite retrieval products

A limited subset of isotope information may come from satellite retrieval
products (e.g., TES on Aura retrieving from nadir-viewing infrared Fourier
transform spectroscopy). Satellite products represent retrieval-based estimates with
vertical sensitivity characteristics and averaging kernels; near- surface layers (e.g.,
900 hPa products used in some studies) should therefore be interpreted as retrieval
estimates rather than direct in situ measurements. Users should consider reported
retrieval precision, degrees of freedom of signal, and recommended quality flags in
the original product documentation.
2.2.4 Practical implications for cross-study comparability

To support reuse, we (i) record method class (in situ laser, cryogenic+tIRMS,
satellite retrieval) and (ii) capture instrument/method/model information when
explicitly provided. Users conducting quantitative syntheses should account for
method-specific uncertainties and sampling representativeness, and are encouraged to

10
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apply additional filters (e.g., humidity thresholds for laser instruments or product
quality flags for satellite retrievals) consistent with their scientific objectives.

2.3 Data processing and quality control

To ensure consistency across heterogeneous sources, we applied a standardized
harmonization and quality-control workflow to all records. This workflow focuses
on metadata and value integrity and preserves traceability to the original source.

(1) Data ingestion and formatting. Records were collected from wiDB,
PANGAEA, and peer-reviewed literature (tables, supplementary files). All fields
were converted into a unified tabular format with consistent variable names and units.

(2) Coordinate and time standardization. Site coordinates were harmonized to
WGS84 (latitude/longitude). Sampling time information was standardized to UTC
when sufficient information was available; otherwise, the reported local time and its
context were retained and flagged in metadata.

(3) Isotope notation and derived variables. Isotopic composition was stored in
delta notation in per mil (%o) relative to VSMOW as reported by the source. When
both 2Hand 80 were available, d- excess was computed as = 2H—8 180. We
did not interpolate missing isotope values; missing entries remain as missing in the
dataset.

(4) Duplicate detection and traceability. Potential duplicates across sources (e.g.,
identical site/time/value combinations appearing in multiple repositories or
publications) were identified and consolidated while keeping the original source
references.

(5) Plausibility checks and QC flags. We screened for inconsistent metadata (e.g.,
impossible coordinates, swapped latitude/longitude, unrealistic elevations), unit
inconsistencies, and implausible isotope values. Records failing mandatory metadata
requirements or showing clear formatting errors were corrected when the original
source allowed unambiguous correction; otherwise, they were flagged. The dataset
includes QC indicators to allow users to filter data according to their tolerance for

uncertainty.
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Figure 2: Data processing workflow of the global atmospheric water vapor stable isotope dataset.

3 Dataset Description
3.1 Dataset Overview

This dataset comprises 87,138 measurements of hydrogen and oxygen stable
isotopes in atmospheric water vapor from 112 observation sites (Fig. 3). Specifically,
it includes 53,617 isotope records from 6 observation sites on the Global Water
Isotope Website, 29,100 records from 21 sites in the PANGAEA database, and 4,421
literature-derived records from 85 observation sites. We standardized and compiled
the scattered observational data into a unified dataset, achieving spatial coverage from

low to high latitudes and from continents to oceans. Importantly, the dataset covers
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regions traditionally lacking observations, including Greenland, Iceland, Africa,
Antarctica, and adjacent oceanic areas, while maintaining dense observation sites in
key regions such as North America, the Mediterranean coast, and the western Pacific
margin, thus significantly enhancing global representativeness. The literature-derived
data span a wide temporal range, encompassing both high-frequency short-term
sequences and multi-year station or experimental observations. The PANGAEA data
are mainly distributed in the Atlantic Ocean and adjacent coastal regions, with
sampling largely derived from cruises or continuous station observations; these data
are temporally concentrated and highly continuous. Data from the Global Water
Isotope Website are more geographically clustered, primarily in mid-latitude inland
urban regions, with high sampling frequency and relatively continuous temporal
coverage.
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Figure 3: Time series and categories of the global atmospheric water vapor stable isotope dataset.
3.2 Spatiotemporal Patterns in Atmospheric Water Vapor Isotopes

Based on water vapor isotope data collected from global observation stations and
reanalysis datasets, we standardized the data format and applied quality control,
calculated the deuterium excess (d-excess), and aggregated annual data by taking the

median within 3°  grid cells. Spatial mapping employed segmented discrete color
13
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scales to enhance regional comparability and suppress the influence of outliers. Figure
4 presents the global distributions of & > H, 8 ' 20, and d-excess under annual
conditions, while Figure 5 shows boxplot statistics for tropical, arid, temperate,
continental, and polar regions across the four seasons.

Spatially, both 6 >H and & '80 exhibita “double gradient”: enrichment at low
latitudes and depletion toward high latitudes; enrichment near the coastlines and
gradual depletion inland (Fig. 4). High values over subtropical to tropical oceans
indicate enrichment in warm, high-evaporation source regions; along the main
transport pathways extending inland and poleward, isotope ratios become
progressively lighter with decreasing temperature and stronger condensation (Ruan et
al., 2023), reaching the lowest values in polar regions. Pronounced gradients appear in

the transition zones between monsoon and westerly circulation systems and at

continental - oceanic boundaries. The d-excess demonstrates a complementary pattern:

it is higher over arid continents and subsidence zones, indicating enhanced
non-equilibrium evaporation and re-evaporation; it is lower over humid oceans and
deep convective regions, reflecting dominant near-equilibrium evaporation and strong
condensation processes.

Seasonally, all climate zones exhibit clear annual cyclic patterns, though
differing in amplitude and phase. The tropics show the smallest seasonal differences,
with slight enrichment in summer and depletion in winter. Arid regions exhibit the
largest amplitudes, with marked enrichment during summer due to non-equilibrium
evaporation, and depletion in autumn and winter as temperature and evaporation
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decrease. Temperate regions display a “summer-enriched, winter-depleted” pattern,
consistent with their regional annual temperature variations. In continental regions,
long-range transport and re-evaporation amplify the seasonal amplitude, with the
lowest values in winter and secondary maxima in summer; spring shows increased
dispersion due to snowmelt and circulation transitions (Hua et al., 2017). Overall,
polar regions are the most depleted, with small amplitude — slight enrichment in
summer and the lowest values in winter under strong low-temperature fractionation.
In terms of dispersion, arid and continental regions display the widest boxplots,
indicating a higher likelihood of extreme values under interannual climate variability
and surface heterogeneity (e.g., lake/river evaporation, irrigation recharge,
anthropogenic water use). The tropics and polar regions show smaller dispersions,
corresponding respectively to near-equilibrium processes under high humidity and
stable fractionation dominated by low temperatures. 6 >H and & ' 8O display high
consistency in seasonal phase and stable amplitude ratios, indicating co-control by
evaporation - condensation processes. However, in arid regions and during summer,
8 2 H is more sensitive to non-equilibrium evaporation, showing stronger responses

than & '%80.
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In summary, global atmospheric water vapor isotopes exhibit a spatial pattern of
“enrichment in low-latitude and arid regions, and depletion in high-latitude and inland
areas.” Temporally, isotope variations are coupled with temperature and evaporation:
amplitudes are larger in arid and continental regions, but smaller in tropical and polar

regions.
3.3 Uncertainty and outlook

At present, limited by sampling technologies and methods, the sampling
frequency, observation duration, and analytical procedures vary across different
climatic regimes. The spatial distribution of observation sites is uneven, and the
establishment of long-term continuous monitoring is constrained by cost, labor,
equipment, and environmental conditions. Consequently, data continuity and
completeness across spatial and temporal scales remain limited—especially in
high-latitude regions and harsh environments such as deserts and rainforests, where
observations are sparse—thus constraining the reliability of regional comparisons
(Smedsrud et al., 2022). In addition, differences in sample preservation conditions,
analytical techniques, and instrument precision may introduce systematic errors,
reducing the comparability and overall reliability of multi-source datasets. Although
the present study applies unified calibration as far as possible, achieving consistency
and precision at a global scale remains a significant challenge.

In the future, continuous high-frequency observation networks could be
established in data-sparse regions such as arid zones and polar areas to reduce

uncertainties in quantifying nonequilibrium processes and moisture recycling (Zhu et
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al., 2022). Unified standards for sampling, preservation, analysis, and quality control
should be established and promoted. In addition, metadata cataloging and traceable
data sharing should be improved to build a high-quality global atmospheric water
isotope database. On this basis, multi-source integration of ground-based,
remote-sensing, and reanalysis datasets should be advanced (Li et al., 2024). By
coupling artificial intelligence with reanalysis products (e.g., ERAS, MERRA-2) and
applying multivariate decomposition and causal inference frameworks, contributions
of driving factors can be quantitatively assessed. Consequently, this would enable
robust characterization of evaporation—transport—condensation linkages and recycling
processes, narrowing structural and parametric uncertainties, improving predictability
from event to decadal scales, and elevating isotopes from “tracer information” to
“decision variables.” Such progress would provide traceable evidence for drought
early warning, extreme precipitation attribution, ecological water allocation, and
cross-regional coordination—thus supporting higher-quality water and climate
governance with reduced uncertainty(Grafton et al., 2013).
4 Data availability

The global atmospheric water vapor stable isotope dataset has been publicly
released and is available at https://doi.org/10.6084/m9.figshare.30893984 (Zhu and
Yang, 2025). Files and accompanying metadata (e.g., variable definitions, source
references, and processing notes) are provided on the repository landing page. Users
are encouraged to cite the DOI and the original data sources when reusing the dataset.
5 Conclusion
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This data description paper delivers a traceable, harmonized compilation of
near-surface atmospheric water vapor stable isotopes (reported as 2H and 80
relative to VSMOW) by integrating three complementary sources: the Waterlsotopes
Database (wiDB), PANGAEA, and peer-reviewed literature. The primary
contribution is not a new interpretation of vapor isotope variability, but a documented
workflow that converts heterogeneous observations into a single product that is easier
to discover, filter, and reuse across disciplines and regions.

To construct the dataset, we consolidated records from repositories and
publications into a unified tabular structure and preserved links to original sources for
each entry. We standardized spatial metadata by harmonizing coordinates to WGS84
and checked for common geolocation issues. We harmonized temporal information by
converting timestamps to UTC when sufficient time- zone information was available,
while retaining and flagging records whose time reference could not be
unambiguously converted. Isotope values were stored consistently in delta notation in
per mil (%o0) on the VSMOW scale as reported by the source, and d-excess was
computed where both ?H and *20 were available. Importantly, We did not attempt
to enforce data continuity by filling gaps (e.g., via interpolation or other imputation
methods); instead, we retained missing entries as missing to preserve the original
values and their reported accuracy.

Because comparability depends strongly on measurement strategy, we compiled
instrumentation metadata (instrument/method/model when explicitly reported) and
categorized observations by method class, including in situ laser spectroscopy
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(Picarro CRDS; LGR OA-ICOS), cryogenic trapping followed by IRMS, and satellite
retrieval products. We applied transparent quality-control checks to identify duplicates
across sources, inconsistent metadata, unit/format issues, and implausible or poorly
documented records, using QC flags to support user-defined filtering while
maintaining traceability.

The resulting dataset is intended to support (i) evaluation and benchmarking of
isotope- enabled models, (ii) cross-site comparisons under different climates and
observation protocols, and (iii) synthesis studies of boundary-layer and
land—atmosphere water-cycle processes. Users are encouraged to account for
method- dependent uncertainties and sampling representativeness using the provided
metadata and QC indicators. Future updates can extend temporal coverage,
incorporate newly published datasets, and improve the completeness of instrument

and calibration documentation where available.
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