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ABSTRACT
Accurate environmental and climate modelling depends on the availability of large observational datasets, yet the generation of

such data is often costly and logistically challenging for individual research groups. This limitation is particularly acute in New

Zealand, where geographic isolation, complex topography, and strong climatic gradients require dense observational networks for

robust national and regional scale modelling. Here we present New Zealand’s national precipitation isotope database, compiled

through a community data-collection effort. The database integrates historical and contemporary datasets with varied analytical

methods, sampling strategies, and temporal coverage. To enable combined use of these data, we describe a standardisation frame-

work, including weighting using gridded precipitation data, and alignment of sampling periods to calendar months. We then show

how the database updates and improves the Precipitation Isotopes New Zealand (PINZ) machine-learning isoscapes.

Incorporation of newly contributed data, particularly from inland and high-elevation regions, reduces overall root mean square

error relative to earlier model versions and substantially expands the model’s area of applicability in New Zealand. Our results

highlight that further advances will benefit from the availability of submonthly precipitation isotope measurements and improved

coverage of alpine environments. We show that community participation offers a practical pathway to strengthening national

precipitation isotope products and their application across hydrology, climate science, and related environmental science

disciplines.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | Introduction

The stable isotopes of hydrogen and oxygen are now crucial data
in hydrological and climate research. They integrate information
across scales, and their patterns can reveal processes—such as
recharge sources, water pathways, and residence times—that
control future changes to the local and regional water cycles
(Bowen 2010; Bowen et al. 2019). Precipitation is the “input”
to hydrological systems and therefore perhaps the most
important and widely developed data to be mapped and shown
as isoscapes (Rozanski et al. 1993) and modelling techniques are
rapidly advancing that enable increasingly detailed representa-
tions of precipitation isotope signals in complex climate systems
(Erdélyi et al. 2023; Eyring et al. 2024).

Yet accuracy of both machine-learning isoscape predictions
and statistically downscaled global climate model outputs
remains constrained by the availability of high-quality isotope
data. Machine-learning models require large, diverse training
datasets to perform reliably on new conditions (Reichstein
et al. 2019; Meyer et al. 2021), while downscaling approaches
benefit—either directly or indirectly—from dense networks of
rainfall measurements for calibration and validation (Breil
et al. 2021; Lima et al. 2021; Wootten et al. 2021). As a result,
advances in precipitation isotope modelling largely hinge on
access to extensive in situ datasets, and the data-generation
process for these is often prohibitively expensive or cumbersome
for a single research team or institution. At the same time, it is
common for multiple teams to be, or have been, working on
similar topics generating data with the potential to be combined.
Leveraging existing data from within the research community or
from citizen scientists—to increase both spatial coverage and
length of time series—can be an efficient way to augment data-
sets and overcome resource constraints (Zhong et al. 2021; Fraisl
et al. 2022).

However, while simple in concept, developing a collaborative
community dataset requires management, curation, and stan-
dardization of data across projects to be of use to the broader
community, and this can be a time consuming and complex
task. Data management considerations include sampling and
sample storage protocols, methods to ameliorate timestep
mismatches, and quality-control of metadata. Also, credit and
citation expectations for participating people and funding
bodies must be addressed. These technical and logistical issues
require time and effort within the community.

A collaborative database approach is particularly valuable
for supporting resource-intensive environmental datasets in geo-
graphically isolated and environmentally unique countries such
as New Zealand, especially given its relatively small research
funding landscape. However, the benefits of this approach extend
well beyond New Zealand and are equally applicable at a global
scale. Other regions with complex climatic variation face similar
challenges, and dense data networks such as those we present
here can serve as effective testbeds for applications like down-
scaling isotope-enabled climate model outputs (Watson et al.
2024), or machine-learning predictions across alpine regions
(Lei et al. 2025). In this study, we describe the process used to
compile a community-sourced dataset and present the resulting
national precipitation isotope database for New Zealand. We

then apply this community database in environmental research
to improve a machine-learning precipitation isoscape for New
Zealand, which in turn provides a powerful, publicly available
modelled dataset that can be used in fields spanning paleoclimate
to hydrology to forensics.

2 | Methods

2.1 | Initial Data Collation

Following a presentation at the 2024 New Zealand Hydrological
Society Conference, institutions and researchers holding
precipitation isotope data were invited to contribute to the
development of a national database. Those who responded
were provided with a standardised data spreadsheet template
(modified from that of Bowen 2025) and an accompanying
methods table (following Hill et al. (2025)) to provide consistent
reporting of site metadata, sample information, and analytical
methods. Example entries were supplied to illustrate expected
data formats, date conventions, and units of measurement.
These template formats are largely retained in the metadata file
provided as supplementary material to this manuscript.

2.2 | Data Processing

All data processing and analysis were performed in R version
4.5.1 (R Core Team 2025). The full workflow included importing
and quality controlling measurements of precipitation isotope
values and precipitation amounts, then integrating precipitation
isotope measurements with gridded (interpolated) daily precipi-
tation estimates to generate weighted δ2H and δ18O values at
monthly timestep and 5 km resolution.

All submitted datasets were reviewed for completeness, adherence
to template requirements, and consistency of units prior to inte-
gration into the database. Dates were standardised to ISO format
and checked for potential errors (e.g., day–month inversion in U.S.
date formats). Sequential consistency was verified visually by
checking that collection dates increased monotonically within
each site record. Any anomalies or reversed date sequences were
inspected and corrected manually.

Geographic coordinates were verified by manual checking of
mapped locations. Sites with isotope data that could not be con-
verted to monthly values (e.g., one-off event samples, or snow
samples with uncertain timing) were retained in the database
but excluded from subsequent modelling.

2.3 | Community Database Demonstration in New
Zealand Using PINZ

Precipitation Isotopes NZ (PINZ) is modelled δ18O and δ2H
isoscapes generated using the Extreme Gradient Boosting
(XGBoost) machine learning algorithm. PINZ is driven by a
regional precipitation isotope database, uses a combination of
geographic, temporal, and climate predictors, and produces a
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national monthly precipitation isotope model at 5 km resolution
(Hill et al. 2025; McKenzie et al. 2025).

The dataset used for training PINZ described in Hill et al. (2025)
includes long-term time series from two International Atomic
Energy Agency (IAEA) Global Network of Isotopes in Pre-
cipitation (GNIP) sites, two cross-alpine transects to target
orographic processes, a snow-sampling citizen science campaign,
as well as datasets from previous publications (e.g., Baisden
et al. 2016; Dudley et al. 2018). Nevertheless, that combined dataset
contained clear spatial deficiencies—including gaps in the central
North Island, and an underrepresentation of high-elevation areas—
that restrict its appropriateness for national scale analyses
(Dudley et al. 2025). Collecting precipitation isotope data is
inherently laborious and is difficult in remote or high-elevation
regions where coverage is most needed. The XGBoost modelling
framework requires on the order of thousands of data points to
develop robust models in real-world scenarios, although more
data are required for cross-validation to ensure training and vali-
dation sets are representative. As a result, obtaining sufficient
spatially and temporally representative data remains a major lim-
itation for national-scale use of PINZ—one that would be diffi-
cult to overcome for any single research group.

We repeated the ‘PINZ’modelling method described in Hill et al.
(2025) using both the dataset described in that paper, and the
expanded dataset resulting from this community outreach
project for which the vast majority of the data required both
virtual climate station network (VCSN) rainfall weighting and
temporal alignment to calendar months, as described below.
Model performance was evaluated using the 20% of test dataset
aside from the original dataset within δ2H and δ18O quartile
strata to ensure representative distribution of data in the test
set. Predictor variable data and methods for model structure,
and assessment of model performance and uncertainty were
retained from Hill et al. (2025), while the code updates for this
manuscript include spatial cross-validation in the hyperpara-
meter tuning (i.e., optimisation of user-defined model settings
controlling tree complexity and learning behaviour). Full meth-
odological details are provided in Hill et al. (2025), which should
also be consulted when using the updated code provided with
this paper (McKenzie et al. 2025).

As a final examination of the individual and regional benefits of
data contributions such as those provided by the co-authors of
this work, we show changes in the spatial reliability of the
PINZ model using an area of applicability (AOA) approach
(Meyer et al. 2021), using national datasets available before
and after this community outreach effort. The AOA is the
area where the prediction data are similar to the training
data and the estimated cross-validation prediction performance
holds. AOA was calculated using the R package waywiser (Meyer
et al. 2024).

2.4 | Rainfall Weighting and Temporal
Aggregation

Many isotope values in the community database did not have
accompanying precipitation amount data with which to generate
amount-weighted values at monthly timestep. To address this, we

obtained daily precipitation amount data from the VCSN, a
national gridded dataset providing interpolated estimates of
key climate fields at 5 km spatial resolution (Tait et al. 2006).
Each isotope sampling site was assigned to the nearest VCSN grid
point using the sf package in R (Pebesma 2018). Because multiple
sites assigned to the same VCSN point caused problems with later
PINZ training and predictions, sites within 2 km of each other
were assigned a single site location (and VCSN point) at this step.

For each site, daily VCSN precipitation data were extracted for
the full range of isotope sampling dates (first deployment to last
collection). For all months, isotope values (δ2H and δ18O) were
assigned to daily intervals between the ‘Start Date’ and
‘Collection Date’ of each isotope sample. Where exact collection
times were unavailable, sampling periods were treated as inclu-
sive of the start date and exclusive of the collection date. Each day
within a collection interval inherited the same isotopic composi-
tion measured for its composite sample. These daily isotope
estimates were then joined with the rainfall record from the near-
est VCSN grid point to produce a continuous daily time series of
precipitation and isotopic composition for each site, from which
monthly values were calculated. Specifically, for each month m
and site i, the weighted mean was calculated as

δm,i =

P

d
Rd,i : δd,i
� �

P

d
Rd,i

(1)

where Rd,i is the daily rainfall amount (e.g., in mm) for site i on
day d, and δd,i is the isotope composition (δ2H or δ18O) for that
day.

Months with incomplete isotope records were flagged as incom-
plete in the database used for modelling, and the number of miss-
ing days noted. We removed a small number of δ2H and δ18O
values of exactly zero (caused by erroneous zero monthly rainfall
values in VCSN records) and identical δ2H and δ18O values over 2
or more months (caused by collectors being left unattended
across months) during data processing. We flagged data rows
in the resulting dataset to indicate the steps involved in
processing:

• ‘composite’ = TRUE if multiple samples contributed to
that month’s estimate,

• ‘exact month’ = TRUE if sampling periods exactly match
the calendar month, including continuous submonthly
samples (e.g. daily sampling covering the whole month).

• and ‘incomplete month’ or ‘sparse month’ flags indicate
any days and ≥10 days of missing data, respectively.

2.5 | Testing for the Effects of Rainfall Weighting
and Temporal Alignment

We note that the method above causes no change to isotope values
representing a full calendar month (e.g., where a single composite
sample is collected on the morning of the first day of each month).
Thus, the majority of monthly δ2H and δ18O records available for
New Zealand—those from GNIP stations and those of the data-
base described in Baisden et al. (2016)—are unaltered in the
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database used for our model training. Our approach also allows
the inclusion of a great number of monthly δ2H and δ18O esti-
mates from collection time series across dates not matched exactly
to calendar months (i.e., where ‘exact month’= FALSE), and those
where precipitation amounts measured on site were not available.
However, both the correction of temporal alignment to calendar
months, and the use of VCSN data for rainfall weighting introduce
error into monthly δ2H and δ18O values. To address these issues,
we use sites with higher-frequency measurements of precipitation
amount and δ2H and δ18O (at event, daily or weekly time scale) to
estimate the error added by these two steps. We selected five sites

for this demonstration: Ashley Dene (weekly sampling), B3 Kaitaia
(daily to weekly sampling), B3 Christchurch (daily to weekly
sampling), Melrose Farm (daily sampling), and Maimai M8 catch-
ment (subdaily sampling). At these sites we compared monthly
values weighted with VCSN rainfall data against monthly values
weighted with precipitation amounts measured on site. We then
tested the sensitivity of monthly weighted isotope values to collec-
tion-date frame shifts, simulating offsets (±5, ±10, ±15 days) from
ideal calendar-month sampling. This allows assessment of how
deviations in sampling period alignment affect monthly rainfall-
weighted isotope estimates. We calculated root mean square error

FIGURE 1 | Locations of monitoring sites, split by contributing project. Contributing projects vary in funding source (e.g., University research

funding, or applied science projects from New Zealand regional government), and institutional origin (e.g., visiting scientists from non-New

Zealand universities). Project codes are shown in abbreviated form, with both abbreviated and full project names available in metadata provided

as Supporting Information.
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(RMSE) resulting from our methods for each demonstration site,
and for all months in this reduced dataset.

Code for the data processing steps described above is available in
the supplementary code and data repository accompanying this
work (Dudley et al. 2026).

3 | Results

3.1 | Composition and Coverage of the National
Precipitation Isotope Database

Data from 245 sampling stations are included in the database, with
148 sampling stations reporting data from precipitation (rather
than snowpack) samples. Of these 148 precipitation stations, 108
provide monthly time series, 18 provide isotope time series at inter-
vals between daily and monthly, two provide daily data, and 20
report ad-hoc or one-off observations. The locations of all precipi-
tation sites in the expanded database are shown in Figure 1, colour-
coded by contributing project. The highest number of observations
are available at the two long-runningGNIP stations in Kaitaia (241)
and Invercargill (282), with a median of 26 observations per site
across the 148-site precipitation network.

Figure 2 shows the effect of new data additions on the distribu-
tions of available data with respect to year of collection
(Figure 2A) and elevation (Figure 2B). Of note are increases
in data available prior to the year 2000 through the incorporation
of the data reported in Taylor (1990), which included measure-
ments from Taupo and Christchurch Airport not previously
included in the GNIP dataset used by Hill et al. (2025).
Additions post-2000 (which are included in model training)
add balance to a dataset previously dominated by collections
from the Cross Departmental Research Project (CDRP) analysis
of rainwater collected from weather stations across New Zealand
between 2007 and 2010 (Baisden et al. 2016). Notably, Figure 2B
shows that these additions also add considerable data density to
that available from middle elevations (�300–800m) across New
Zealand (a notable shortcoming of the previous database), as
much of the new data originates from the Taupo and Rotorua

areas, and at higher elevations in the Canterbury region.
Further data details are available in the metadata file included
as supplementary material, which describes station locations,
project affiliations, contact details for data holders, sampling fre-
quency, collection date ranges, and the number of δ18O and δ2H
precipitation measurements at each site.

3.2 | Effects of Rainfall Weighting and Temporal
Alignment on Monthly Isotope Values

Errors resulting from using interpolated gridded precipitation
estimates instead of on-site precipitation measurements are sum-
marised in Table 1. Across the five test sites, the root mean squared
errors of the monthly estimates generated using this approach were
5.53‰ for δ2H and 0.71‰ for δ18O. Errors associated with shifting
the sampling dates away from the first day of the month (‘frame
shifts’ – again, shown in Table 1) were approximately double those
associated with precipitation weighting. Values were relatively
consistent across the simulated 5-, 10-, and 15-day offsets. The
effects of these treatments—intended to mimic monthly values
derived from ‘imperfect’ time-series data—are also shown in plots
in the supplementary material (Figures S1 and S2).

3.3 | PINZ Model Trained Using the Expanded
Database

Gridded predictions of δ2H and δ18O from the PINZ model
trained using the expanded database are exemplarily shown
for February and August 2024 (Figure S3), and time series of
monthly predictions are provided as supplementary material
to this manuscript. These predictions cover New Zealand in
its entirety at 5 km resolution, from 1997 to 2025.

For δ2H, the RMSE for the overall model (national scale)
evaluated using the test data is 13.3‰, RMSE evaluated on
the training data is 10.1‰, and RMSE evaluated on all data
is 10.8‰. Comparable δ2H RMSE statistics using the dataset
of Hill et al. (2025) were 13.4, 10.8, and 11.4‰, respectively.
For δ18O, the RMSE for the overall model (national scale)

FIGURE 2 | Temporal and elevation origin of data added to New Zealand’s national-scale precipitation isotope database from this community

outreach project in addition to that used for training the model of Hill et al. (2025).
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evaluated using the test data is 1.75‰, evaluated on the training
data is 1.37‰, and evaluated on all data is 1.45‰ (1.76, 1.37, and
1.46‰, respectively, using the Hill et al. (2025) dataset). The
overall R2 of monthly δ2H predictions was 0.55 for test
data, and 0.77 for training data (0.55 and 0.75 using the Hill
et al. (2025) dataset). For δ18O, the overall R2 was 0.51 for test
data, and 0.72 for training data (0.52 and 0.71, respectively,
using the Hill et al. (2025) dataset). These results show a slight
improvement in RMSE at test sites resulting from additional
data, but a slight decrease in test R2 for δ18O.

Plots of RMSE and median absolute deviation (MAD) at the site
level are provided in Figure S4. In general, sites in alpine regions
showed the greatest RMSE and MAD values; additional alpine
sites in the Canterbury and Southland regions likely worsened
overall model performance metrics.

3.4 | Changes to Model Spatial Reliability (Area of
Applicability)

Changes to model reliability in space, resulting from the addition of
data described in this study, are shown in Figure 3. Improvements
were apparent at higher (but not the highest) elevations nationally,
and also in areas where data density increased substantially. The
inset to Figure 3 shows one such area, where data additions, largely
from the Rotorua FaCTS sampling programme and sampling across
an elevation range at Mount Te Aroha, added considerably to the
AOA across the nearby Kaimai Range.

4 | Discussion

4.1 | On the Need to Share Climate Science Data
in New Zealand

The need for data sharing in climate science is particularly acute
in New Zealand. This is due first to the country’s small economy
and limited science-funding environment, and second to its

geographic isolation, meaning environmental data collected in
neighbouring regions are less applicable to New Zealand. In addi-
tion, the country’s varied topography and climate require high-
density observations for accurate modelling. New Zealand’s
island setting and long, narrow shape expose it to moisture sour-
ces from all directions, from cold Antarctic southerlies to warm,
humid subtropical systems, resulting in highly variable weather
patterns (Salinger 1980). Frequent atmospheric river events
deliver high-intensity, multiday rainfall (Prince et al. 2021), while
the Southern Alps, which run the length of the South Island,
generate strong orographic precipitation gradients, with steep
rises on the west (averaging 12% from sea to highest point)
and pronounced rain shadows in the east. These interacting cli-
matic and topographic controls result in strong spatial and tem-
poral variability in the isotopic composition of precipitation
across New Zealand (Baisden et al. 2016), placing particularly
high demands on the density and coverage of observational
isotope data.

Because of this variability, our community dataset has immense
potential value as input into further local modelling and associ-
ated applications. For example, global-scale precipitation isotope
models, while limited in spatial resolution, hold advantages over
PINZ in terms of temporal resolution (Watson et al. 2024) and
mechanistic representation of the climate processes that drive
variation across New Zealand (Bong et al. 2024, 2026). As such,
use of the database compiled in this work for high-spatial reso-
lution correction of global models may provide a future pathway
to accurate, event-scale precipitation isotope data for New
Zealand, and other similarly climatologically complex countries.
A key component of such advances is likely to be further
additions of isotope data to our national database.

4.2 | Spatial and Temporal Representativeness of
the National Precipitation Isotope Dataset

Early collections of precipitation isotopes in New Zealand were
limited in site numbers, with initial sampling at Kaitaia, Taupo,

TABLE 1 | Root mean square errors (RMSE) associated with shifts in monthly sampling date, and use of interpolated (VCSN) rainfall data for

weighting for monthly precipitation δ2H and δ18O values.

Site name Isotope RMSE 5-day date shift
RMSE 10-day
date shift

RMSE 15-day
date shift RMSE VCSN rainfall weighting

Ashley Dene δ2H 5.09 6.62 6.87 2.42

Ashley Dene δ18O 0.54 0.72 0.75 0.33

B3. Kaitaia δ2H 4.19 6.23 7.24 3.45

B3. Kaitaia δ18O 0.57 0.85 0.95 0.44

B3.Christchurch δ2H 9.52 11.9 12 9.6

B3.Christchurch δ18O 1.86 2.22 2.29 1.2

Melrose Farm δ2H 17.7 19.1 15.5 3.52

Melrose Farm δ18O 1.81 2.01 1.62 0.47

Maimai (M8) δ2H 18.7 19.6 18.7 2.79

Overall (pooled) δ2H 10.4 12 11.1 5.53

Overall (pooled) δ18O 1.32 1.56 1.52 0.71

Note: Shown are results for five example sites where rainfall was collected on an event-by-event basis. Overall (pooled) RMSE values give the overall error across all
months in the 5-site dataset.
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Christchurch and Invercargill contributing to the GNIP database
(Taylor 1990). Of these early sites, sampling continued longest
at Kaitaia and Invercargill, both near sea level, which biased
long-term records toward coastal environments. As a result,
global products built primarily from GNIP inputs provide weak
representation of New Zealand’s pronounced elevation-related
variability (Dudley et al. 2024). The national-scale dataset
described in Baisden et al. (2016) expanded national coverage
considerably and remains foundational, but again, dictated by
the practicalities of monthly sampling over several years, was
also biased towards accessible, low-elevation areas. More recent
additions of alpine sites (where rainfall volumes are dispropor-
tionately large (Caloiero 2014)) have improved representation
of these hydrologically critical areas. It is notable that many
of these recently added alpine sites feature among those
with the poorest fit statistics to model outputs (as described
in Hill et al. (2025) and shown in supplementary Figure S3).
However, this variability should not be seen as environmental
noise in this context, but instead a reflection of the true climatic,
and isotopic, heterogeneity present at high elevations in New

Zealand (Purdie et al. 2010; McMecking 2025). For this reason,
these high-elevation sites are of immense value to understanding
the isotopic composition of the precipitation that feeds much of
New Zealand’s river water and groundwater. Within the confines
of the current PINZ model structure any reduction in statistical
neatness in model results when including these sites is the cost of
increased hydrological relevance. Improving model fits at these
sites remains an important direction for future work.

4.3 | Benefits of Local Data Contributions for
Model Applicability

A key outcome of this study is that new observations from
previously under-represented regions directly improve the
PINZ model’s local predictive skill. AOA analysis demonstrates
this effect: additional sites shrink extrapolation zones, thereby
increasing confidence in predictions at and around the contrib-
uting locations. This provides a tangible return for data contrib-
utors; where short-term funding cycles provide resources for a

FIGURE 3 | Effects of data addition on Area of Applicability for the XGBoost spatial predictions model ‘PINZ’ without (Panels A and C) and with

(Panels B and D) the data collated via community outreach described in this paper. Area of Applicability is the region in which the model has encoun-

tered similar predictor data characteristics to that during training and model prediction performance is similar (Meyer et al. 2021).
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limited period of data collection, this can be used to constrain
model predictions for the region of collection over a much longer
period. Across New Zealand, the incorporation of additional data
from high-elevations and inland areas increased variance within
the training pool and marginally reduced the R2 fit to training
data; however, overall RMSE fits improved relative to those
of Hill et al. (2025), and R2 performance in well-sampled lowland
regions was not compromised. In practical terms, additional pre-
cipitation isotope datasets enhance the reliability of modelled
precipitation isotopes where contributors most need it. These
results suggest that community contributions of precipitation iso-
tope data hold similar benefits at the local level to those of citizen
scientist contributions of weather data, adding resolution at
local-scale not resolved by large-scale networks (Muller et al.
2015; Medina et al. 2024). A key difference of our approach is
that we have not relied on a single, centralised laboratory
and/or standardised collection methods common to similar
community initiatives for precipitation isoscapes (Terzer et al.
2013; Good et al. 2014; Cole et al. 2021).

While precipitation isoscape development for New Zealand does
not necessarily require the continued development of the PINZ
model, aspects of the PINZ approach that facilitate ongoing
refinement include automated input of predictor variables from
the VCSN dataset, the precoded capacity to track changes in ‘area
of applicability’ using the method of Meyer et al. (2021) and
consistent training architecture that enables the addition of
new predictors and response data. The PINZ model operates
at a monthly timestep because the vast majority of precipitation
isotope data available for New Zealand has been taken from rain-
fall totalisers (see Michelsen et al. (2018)), at monthly timestep.

However, almost none of the new data collated within this
latest effort has been collected over exact calendar months. As
described above, the estimation of monthly values from these
data is not without error, and at most sites this cannot be quan-
tified. For example, at high elevations, where VCSN rainfall esti-
mates may be less accurate (Tait et al. 2012), error associated with
using VCSN rainfall for rainfall weighting may be higher than
the estimates in Table 1.

Nevertheless, the spatially continuous time series of monthly
precipitation isoscapes provided by PINZ lay a foundation for
a wide range of applications across fields such as plant physiology
(Lin et al. 2022; Siegwolf et al. 2023), hydrology of groundwater
(Schroeter et al. 2025) and rivers (Vystavna et al. 2024), nitrate
provenance (Matiatos et al. 2023), and sediment transport
(Hirave et al. 2023). PINZ and the community database described
in this study are already supporting applications in New Zealand
including tracer-based studies of river water age (Dudley et al.
2025), susceptibility of planted forests to climate change (Klein
et al. 2026) and isotope-enabled hydrological modelling. Their
continued refinement will expand opportunities for both applied
water-resource management and fundamental research.

4.4 | Potential Improvements for New Zealand’s
Precipitation Isotope Network

Future, deliberate additions to New Zealand’s precipitation
isotope network would substantially strengthen the use of
hydrogen and oxygen isotopes in environmental applications,
particularly by improving our understanding of (1) submonthly

FIGURE 4 | Damping effect of monthly weighting, shown using daily precipitation δ2H and amounts recorded at the Maimai experimental

catchment near the southwest coast of New Zealand. Rolling 3-day and 7-day weighted averages are shown, in comparison to monthly values weighted

for calendar months.
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variability in precipitation isotope values and (2) spatial and tem-
poral patterns in high-alpine environments.

Regarding submonthly variability, reliance on monthly composite
samples dampens event-scale fluctuations and thus constrains our
ability to model temporal variation. The effect of monthly
sampling is evident from Figure 4, where strong departures above
and below monthly means (likely driven by moisture-source
variability (McDonnell 1988; Stewart et al. 2020)) would be largely
smoothed at a monthly timestep but far better resolved with
weekly or higher-frequency sampling. This is particularly perti-
nent to New Zealand, because submonthly variation dominates
in marine climates with weak seasonal temperature cycles
(Dudley et al. 2024). Improved tracer input data at submonthly
timestep would thus benefit hydrological applications such as
hydrograph separation, tracer-based transit-time estimation, and
isotope-enabled hydrological modelling (Benettin et al. 2022).
Increased sampling frequency would also support more direct
use of daily isoGSM outputs, which at present require downscaling
and correction using sparse station data (Watson et al. 2024).

High-elevation regions remain the largest spatial gap in the
national network. Fit statistics from this study show that pro-
cesses controlling isotopic variability at alpine sites are still
imperfectly captured by the PINZ model. This likely reflects both
the relatively limited number of high-elevation observations
available for model training and the increased importance of
interacting controls at these sites, such as elevation, aspect,
and moisture-source variability, which may differ from those
dominating lower elevations (Moran et al. 2007; Tian et al.
2007). Targeted improvements in observational coverage across
alpine gradients would therefore help constrain these relation-
ships and improve model performance. Moreover, elevation
gradients in New Zealand occur over spatial scales far smaller
than those resolved by global isotope-enabled models, meaning
that topographic effects are effectively averaged out; alpine obser-
vations are therefore essential for maintaining model realism
even at large-catchment scales (Watson et al. 2024).

Future precipitation isotope modelling would also benefit from
the careful collection of precipitation amount data alongside
isotope samples. This would reduce reliance on gridded rainfall
products for rainfall weighting and the associated uncertainty
demonstrated in Figure S1. Error associated with temporal
alignment for monthly modelling (Figure S2) could be reduced
or eliminated by inclusion of a precipitation isotope collec-
tion day on the first day of each month. Participation in inter-
laboratory comparison exercises such as the IAEA Water
Isotope Interlaboratory Comparison (WICO) programme
(Ahmad et al. 2012; Wassenaar et al. 2018, 2021), together with
the use of standardised field protocols (Gröning et al. 2012), would
help ensure data quality consistency and facilitate the integration
of future datasets into national compilations and precipitation
isotope models.

5 | Summary and Conclusions

This study delivers two key national-scale resources for New
Zealand: an expanded precipitation isotope database compiled

from historical and contemporary studies, and an updated spatially
continuous time series of monthly precipitation isoscapes gener-
ated using the PINZ modelling framework. Together, these prod-
ucts improve national-scale estimates of precipitation δ2H and δ18O
for New Zealand and provide a foundation for a wide range of
hydrological and climatological applications. Although inclusion
of data from multiple sources, alignment of data to calendar
months, and weighting using gridded rainfall data introduce uncer-
tainty, additional training data (especially that from high eleva-
tions) added valuable environmental heterogeneity to the
training dataset of our national-scale machine learning model
(PINZ) and expanded its AOA without degrading its performance
in well-sampled lowland areas. The primary limitation on further
improvement to modelling capability is not technological, but the
availability of submonthly scale precipitation isotope measure-
ments, especially in regions characterised by strong orographic
effects, and at high elevations. Continued community contributions
of alpine and higher-frequency data will further improve model
realism and extend the utility of precipitation isotope products
for hydrological and climatological applications in New Zealand.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Figure S1: Effect of using daily rainfall data from
the interpolated Virtual Climate Station Network (VCSN) to amount-
weight event-scale isotope values when generating monthly isotope val-
ues. Results are shown for five sites where isotopes were collected at event
scale and rainfall was measured on site. Root mean-squared errors arising
from this method are presented in Table 1. Figure S2: Effect of shifting
monthly collection dates on estimates of amount-weighted monthly iso-
tope values for the period ending on the first day of each month. Results
are shown for five sites with event-scale isotope collections and on-site
rainfall measurements. Errors associated with shifting the collection date
to the 5th, 10th, and 15th of the month were calculated from these time
series. Root mean-squared errors for each date shift are presented in
Table 1. Figure S3: Representative PINZ precipitation isoscapes for a
warmmonth (February) and cold month (August) for 2024. Upper panels
show results for δ18O, lower panels show results for δ²H. Figure S4:
Median Absolute Deviation (MAD) and Root Mean Squared Error
(RMSE) for PINZ trained using the database described here (‘All
Sites’) and the database described in Hill et al. (2025) (‘Old Sites’).
Table S1: Methods summary for laboratories contributing to the
database.
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