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Abstract
Isotope-enabled models provide a means to generate robust hydrological simulations.
However, daily isotope-enabled rainfall-runoff models applied to larger spatial scales

o . (>100 km?) require more input data than conventional non-isotope models in the
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form of precipitation isotope time series, which are difficult to generate even with
point station measurements. Spatially distributed isotope data can be circumvented
by isotope-enabled climate models. Here, we evaluate the hydrological simulations of
the J2000-isotope enabled hydrological model driven with data from corrected and
un-corrected isotope-enabled global and regional climate models (isotope-enabled
global spectral model [IsoGSM] and isotope-enabled regional spectral model
[IsoRSM], respectively) compared with 1 year of measured reference station and a
yearly average precipitation isotope input for a pilot site, the data-scarce sub-humid
Eerste River catchment in South Africa. The models driven by all input products per-
formed well for upstream and downstream discharge gauges with Nash Sutcliffe effi-
ciency (NSE) from 0.58 to 0.85 and LogNSE of 0.66 to 0.93. The simulated 8%H

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

provided the original work is properly cited.

© 2024 The Author(s). Hydrological Processes published by John Wiley & Sons Ltd.

Hydrological Processes. 2024;38:€15276.
https://doi.org/10.1002/hyp.15276

wileyonlinelibrary.com/journal/hyp 10of21


https://orcid.org/0000-0001-5998-6933
https://orcid.org/0000-0002-6792-852X
https://orcid.org/0000-0002-1064-5692
https://orcid.org/0000-0001-8034-7538
https://orcid.org/0000-0003-2290-3932
https://orcid.org/0000-0002-1366-0767
https://orcid.org/0000-0002-0898-4791
https://orcid.org/0000-0001-6961-5319
https://orcid.org/0000-0002-5761-1561
https://orcid.org/0000-0002-4756-7640
https://orcid.org/0000-0002-4925-0882
https://orcid.org/0000-0003-2895-540X
mailto:awatson@sun.ac.za
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/hyp
https://doi.org/10.1002/hyp.15276
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fhyp.15276&domain=pdf&date_stamp=2024-09-20

20021 | WILEY.

WATSON ET AL

stream isotopes using the reference J2000-iso and J2000-isoRSM were good for the
main river with a stream Kling Gupta efficiency (KGE) of between 0.4-0.9 and the
top 100 Monte Carlo simulations varying by around 5%o for &2H. For smaller tribu-
taries the model was unable to capture the measured stream isotopes due to biased
precipitation isotope inputs. Adjusting the J2000-iso with a bias corrected IsoRSM
improved the stream and groundwater isotope simulation and outperformed the
model driven by an average yearly precipitation isotope input. Differences in simu-
lated hydrological processes were only evident between the models when evaluating
percolation with unrealistic simulations for the standard J2000 model. While the
regional climate model is computationally more intensive than its global counterpart,
it provided better stream isotope simulations and improvements to simulated perco-
lation. Our results indicate that isotope-enabled climate models can provide useful

input data in data scarce regions for hydrological models, where improved water

KEYWORDS

1 | INTRODUCTION

Stable isotopes, being natural constituents of water, act as sensitive
tracers of the hydrological cycle due to their responsiveness to tem-
perature, where the fractionation of heavy to light isotopes is influ-
enced by condensation and evaporation (Dansgaard, 1964; Jasechko
et al, 2013). The integration of stable isotopes into hydrological
models therefore has the potential to improve the simulation of the
hydrological cycle by considering the impact of evaporation and
source mixing on moisture feedback between the atmosphere and
hydrosphere (Kuppel et al., 2018; Nan et al, 2021b; Stadnyk
et al., 2013; Watson, Kralisch, et al., 2024). While isotope-enabled
models are beneficial in producing more robust simulations of hydro-
logical processes and water balance estimates (Birkel &
Soulsby, 2015; Watson et al., 2023), their more widespread applica-
tion and use at larger catchment scales beyond 100 km? is limited by
the availability of spatially-distributed precipitation isotope data (Yang
etal., 2023).

The global network of precipitation isotope data (GNIP), managed
by the International Atomic Energy Agency, is a global database of
stable isotope precipitation data at a monthly resolution (International
Atomic Energy Agency, 2008; Vystavna et al., 2020) and some more
recent daily datasets. The database is reasonably extensive, covering
100 countries with over 900 monitoring stations across tropical, tem-
perate, arid and polar regions. As such it represents an invaluable data
source for monthly water balance-type assessments. However, for
hydrodynamic modelling, there is the need for catchment specific pre-
cipitation isotope data at daily or sub-daily time resolution (Yang

et al., 2023). Furthermore, such higher-resolution precipitation isotope

management to address climate change impacts is needed.

isotope tracers, isotope-enabled modelling, Mediterranean southern Africa, model uncertainty,
rainfall-runoff modelling

data is also needed to effectively correct and apply isotope-enabled
climate models for use with isotope-enabled hydrological models
(Arciniega-esparza et al., 2023; Delavau et al., 2017). Extensive sup-
plementary isotope sampling campaigns and continuous monitoring
programs in countries such as Canada, Scotland and Germany have
supported the long-term use of daily isotope-enabled models (Birkel
et al., 2018; Holmes et al., 2023; Koeniger et al., 2022). However, in
most developing countries such as South Africa, Costa Rica and
Mexico, the limited availability of daily isotope precipitation data has
restricted the development and application of isotope-enabled
rainfall-runoff models.

As a primary source of isotopes for precipitation, an isotope-
enabled global spectral model (IsoGSM: Yoshimura &
Kanamitsu, 2008) can provide globally-distributed, sub-daily scale pre-
cipitation isotope estimates (50 km grid scale) for catchments with
spatially insufficient observation data. Like its non-isotope enabled cli-
mate model counterparts, the isotope-enabled regional spectral
model, IsoRSM (Yoshimura et al., 2010) is a regional version of the
global 1soGSM applied to a smaller domain at a higher spatial resolu-
tion (10 km). The regional model is computationally more intensive
and requires setting initial and boundary conditions in the generation
of high-resolution precipitation isotope estimates. IsoRSM can there-
fore reduce downscaling errors for sub-grid estimation of isotope pre-
cipitation at local scales by considering complex topography and low-
pressure systems (Bong et al., 2024). Nonetheless, 1soGSM and
IsoRSM require testing for their use in isotope-enabled rainfall-runoff
models and whether they, despite the spatial and temporal mismatch
between the input data source and hydrological model scale, improve

overall model robustness. Similar to non-isotope climate model
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correction with for example, quantile mapping (Gudmundsson
et al,, 2012), the 1soGSM and IsoRSM model outputs may need to be
corrected for biases before use in hydrological models (e.g., Delavau
et al., 2017). Such corrections are needed to capture local climate con-
ditions. However, it is necessary to identify and test best practices to
adjust regional and global isotope enabled-climate models to better
reflect local climates but also consider whether the addition of precip-
itation isotopes improves hydrological models.

In this study, we assess the potential use of IsoRSM and IsoGSM
as inputs for isotope-enabled rainfall-runoff modelling. The evalua-
tion was done in the Mediterranean Eerste River catchment in the
Western Cape of South Africa. The simulation of percolation/
groundwater recharge is of particular interest in the Western Cape
due to the numerous pressures on groundwater resources including
population growth, agricultural expansion and climate change (Miller
et al., 2018; Watson et al., 2018, 2022). The combined pressures of
these three factors contributes to the increased urgency to generate
robust early warning forecasting systems linked to climate projec-
tions. The Eerste catchment has high-quality climate data but does
not have the available extended precipitation isotope time series nec-
essary to run an isotope-enabled hydrological model. Therefore, the
hydrological simulations of the J2000-iso and stream water isotope
fit using 1soGSM and IsoRSM simulated precipitation isotope data,
were benchmarked against 2023 time series of measured precipita-
tion isotope data, which is the only measured time series available. A
yearly average precipitation isotope value from IsoRSM was used to
evaluate the model parameter's ability to dampen or amplify the sim-
ulated stream isotope composition, according to the measure data

and the added benefit of including the simulation of stable water

2 | ENVIRONMENTAL SETTING

The Eerste River covers the southern part of the Berg River Water
Management Area (WMA), falling within the Western Cape province
of South Africa (Figure 1a,b), where Stellenbosch is the dominant
urban settlement (population: 155 000) in the catchment (Figure 1c).
The Eerste catchment area is 620 km?, draining the mountain ranges
of the Jonkershoek (1589 m.a.s.l.) in the east, Simonsberg (1399 m.a.s.
1) in the north and Hottentot-Holland (1590 m.a.s.l.) in the south.
Anthropogenic features which impact and modify the natural flow of
the Eerste River include: the Kleinplaas (0.37 Mm?®) reservoir, as well
as the Stellenbosch wastewater plant (SWTP: capacity 35 ML/day),
Faure (capacity 500 ML/day) treatment works, and a small channel
used for residential irrigation (leiwater) in Stellenbosch (Figure 1c).
Geological features in the catchment include the Cambrian
Table Mountain Group sandstones (TMG) which dominate the moun-
tain ranges, while the Tygerberg formation is dominant in the valley
and is comprised mainly of shales, fine grade greywacke and quartzite
(Johnson & Thamm, 2006). The Cape Granite Suite has intruded the
Tygerberg formation and outcrops in low-lying places. Towards
the coast, the Cape Flats aquifer is present which is a highly produc-
tive alluvial aquifer, used mainly for irrigation and is underlain by the
Tygerberg and Cape Granite suite. Mean annual precipitation (MAP)
varies between 2000 to 3000 mm/year in the Jonkershoek headwa-
ters, around 650-900 mm/year in Stellenbosch, while in the western
portion of the catchment precipitation is between 500 and 650 mm/
year (Figure 2a) (Lynch, 2004). Across the entire catchment precipita-
tion is around 774 mm/year, where 2023 had the second highest
amount of precipitation for the last 29 years (1995-2023) with
1034 mm. The Eerste falls within the winter rainfall section of the

isotopes.
N
A9
1
FIGURE 1 Location of the Western

Cape within (a) Africa and (b) South Africa,
(c) the Eerste River catchment including
the town of Stellenbosch, water
treatment works (Faure) and Stellenbosch
water treatment plant (SWTP) main river
stem of the Eerste River, the Eerste's
tributaries, streamflow gauging stations,
available climate and precipitation
stations, the collected stable isotopes of
rain water, stream water and groundwater
(shallow and deep), Kleinplaas Dam and
mountain ranges of Simonsberg,
Jonkershoek and Hottentots Holland.
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Western Cape (Roffe et al.,, 2019), having a Mediterranean climate
where 50% of MAP is received in the months June, July and August.
Precipitation stations in the headwaters of the catchment exhibit a lin-
ear relationship (R = 0.83) between altitude and MAP, while in the
valley altitude and MAP have (R=0.07)
(Figure 2b). Groundwater recharge rates are between 13% and 27%
of MAP for the TMG in the region (Miller et al., 2017; Watson
et al., 2019; Weaver & Talma, 2005; Wu & Xu, 2005), compared with
the alluvial aquifer which is between 2% and 5.6% of MAP (Conrad
et al., 2004; Watson et al., 2020). While limited information is avail-
able on groundwater recharge for the Tygerberg formation, estimates

limited correlation

of between 6% and 8% of MAP have been made for the Malmesbury
formation which is a similar shale aquifer found in the northern parts
of the Western Cape (Conrad et al., 2019). Groundwater recharge for
the Cape Granite suite is largely regarded as low, due to most bore-
holes (42%) vyielding <2 L/s (Department of Water and Sanitation
[DWS] groundwater dictionary). The most prevalent land use in the
catchment is cultivated vines as much of the catchment has been con-
verted into agriculture (33%). For additional information on climate
and similarities between Eerste and other surrounding catchments
refer to Watson et al. (2021).

MATERIALS AND METHODS

3 |

The study uses J2000-iso (Watson et al., 2023; Watson, Kralisch,
et al., 2024), an isotope-enabled version of the JAMS/J2000 rainfall-
runoff model (Kralisch & Krause, 2006; Krause & Kralisch, 2005), to
simulate streamflow and streamflow isotopes within the Eerste River.
The JAMS/J2000 is a modular object-oriented conceptual rainfall-
runoff model which can be used to simulate hydrological and hillslope
processes on a catchment scale Figure S1. The model uses hydrologi-
cal response units (HRUs) as entities of homogeneous topology,
hydrogeology, soil and land use characteristics. HRUs are paired with
a topological routing scheme in the model to simulate catchment flow
dynamics (Pfennig et al., 2009). To account for the impact of the
upstream reservoir (Kleinplaas Dam) within the Eerste, new compo-
nents were developed to simulate water storage, change in cross-
sectional area, evaporation, inter-basin transfer, reservoir inflow and
outflow from the reach (Figure 3). The isotope-enabled version differs
from the standard conceptual rainfall-runoff model as it includes the
simulation of stable isotope fluxes (52H) using a mixing cell approach.
Further, isotope fractionation within the soil and for open-water bod-

ies (reservoir) horizons is considered using a combination of the
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FIGURE 3 An overview of the
modelling approach including the input
data for the J2000-iso, the inclusion of
isotope fractionation during water
evaporation simulation (from the soil and
reservoir), isotope mixing within soil pore
storages, groundwater storage and total
flows from surface runoff, interflow and

baseflow, the addition of reservoir
operations (release program, inter-basin
transfer and abstraction), the multi-site
(three stream gauges) multi-objective
calibration (Nash Sutcliff efficiency (NSE)

Isotope
fractionation

£ i

in standard form; Nash, 1970, logarithmic
form: LogNSE and the Kling Gupta
efficiency: KGE, Gupta et al., 2009) using
stream discharge data and stream isotope
data as well as groundwater isotope data
used for validation. DEM, Digital
Elevation Model; ET, evapotranspiration;
IsoGSM, isotope-enabled global spectral
model; IsoRSM, isotope-enabled regional
spectral model; KGE, Kling Gupta
efficiency; NSE, Nash Sutcliff Efficiency in
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Craig-Gordon model (1965) to account for the impact of evaporation
on isotope composition. Additionally, the isotope-enabled version
considers the mixing of isotopes within the components and storages
of the model, following the same defined topological routing scheme
developed in the HRU delineation. For further details on the isotope
enabled version of the model refer to Watson, Kralisch, et al. (2024)
as a brief overview is provided in Section 3.3. Details on the HRU
delineation and climate regionalization are available in Watson
et al. (2020).

3.1 | Model setup

3.1.1 | Climate

Mean daily temperature, relative humidity and windspeed, maximum
and minimum temperature as well as total solar radiation and precipi-
tation for the periods 01 January 2011 to 31 December 2023 were
collected from local weather bureaus, research institutes and private
companies operating weather stations in the catchment (Table 1). The
availability of data from the stations was not continuous and several
stations did not have records for the entire analysis period. Between
the period 1997 to 2011 records in the Jonkershoek, the headwaters
of the catchment, were not available and the nearest station to the
headwater sub-basin was in Stellenbosch. But on average the precipi-
tation station to HRU distance was 10-12.5 km, while the mean tem-
perature was 17 to 22 km across the catchment suggesting a good
station coverage based on HRU to station distance recommendations
from Watson et al (2020) for the Western Cape.

Input data/
measurements

Modelling

- External model
procedures component

3.1.2 | Streamflow

Streamflow data were available from six streamflow gauging stations
within the catchment (Figure 1c). Headwater stations include
G2H008 and G2H037 maintained by the South African DWS. Down-
stream stations include G2HO005, G2H020, G2H040 and G2HO015.
Records from Jonkershoek G2H037 and Kleinwelmoed G2H040 were
used for the calibration and validation (due to the availability of data
after 1997), whilst records from Kleinplaas G2HO05 were used to vali-
date the simulated reservoir outflow rate.

3.1.3 | Isotope data and sampling

Stable water isotope (6180 and §2H) samples were collected from five
sample campaigns during the dry and wet seasons of March, June,
September and November 2023. Overall, a total of 264 cumulative
daily rainfall (i.e., total rainfall over 24 h from 08:00 SAST), 57 surface
water, 52 deep groundwater and 5 shallow groundwater samples
were collected. These include spatial isotope monitoring with 17 pre-
cipitation, 29 surface water, 21 deep groundwater and three shallow
groundwater samples. Of these samples more than two were col-
lected at 20 surface water and 17 deep groundwater sites, with no
shallow groundwater site sampled more than twice during 2023.
Farmers and locals collected the rainwater samples from 19 January
2023 to 29 October 2023. Groundwater samples are assumed to rep-
resent a single aquifer unit as the screen depths were unknown
(Miller et al., 2022). A 50 mL clean syringe with a 0.45 um cellulose
acetate (CA\) filter was used to filter the water samples into a clean
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TABLE 1 Theinput data for the J2000-iso model including stationary and non-stationary data as well as a description of the data source and

reference.

Dataset Description

1 DEM-SRTM 90 m Digital Elevation Model

Land use

Geology/
Hydrogeology

Soil

Climate

Streamflow
Dam operations

Precipitation
isotopes

Isotope samples

South Africa National Land-Cover dataset 2013-2014

Council for Geosciences 1: 250 000 map

Harominized World Soil Database

South Africa Weather Services, National Oceanic Atmospheric
Adminstration, South African Environmental Observation Network,
Hortec

Department of Water Affairs and Sanitation (DWS)
Stellenbosch Municipality, DWS
IsoRSM/IsoGSM

Precipitation, Stream water, groundwater, reservoir water—

Stationary/non-

stationary Reference

Stationary N/A

Stationary GeoTerralmage, 2015
Stationary Theron, 1990
Stationary (Batjes et al., 2012)
Non-stationary N/A

Non-stationary N/A

Non-stationary N/A

Non-stationary

Non-stationary

(Yoshimura &
Kanamitsu, 2008)

N/A

Stellenbosch University

15 mL polypropylene (PP) falcon tube, followed by storage <4°C until
analysis. The Los Gatos Research Triple Liquid Water Isotope Analyser
(LGR T-LWIA-24D) and cavity ring-down spectroscopy (CRDS)
(at Biogeochemistry Research Infrastructure Platform [BIOGRIP] Soil
and Water Node at Stellenbosch University Central Analytical Facility)
were used to measure 6§80 and &2H in precipitation, groundwater

and stream water.

3.14 | Hydrogeology

The groundwater component of the J2K uses of two conceptual stor-
ages, where RG1 represents fast moving groundwater from the upper
primary aquifer and RG2 represents slow moving groundwater from a
lower basement aquifer. The input hydrogeological data for the model
included the maximum storage capacity of the upper and lower aqui-
fer (RG1max and RG2max), and the storage coefficients of RG1_k and
RG2_k, where spatial extents were determined using a locally
obtained geological map (Table 1). Regional literature and previous
J2000 models were used to determine RG1max, RG2max and initial
values of RG1_k and RG2_k (Conrad et al., 2004; SRK, 2009; Watson
et al., 2018, 2020). A scaling factor for each aquifer unit was intro-
duced to calibrate the storage coefficient of RG1 and RG2 (Table 2).
As an additional means to validate groundwater simulation we used
MTT indicator according to Herrmann and Stichler (1981).

3.1.5 | Soails

The harmonized world soil database (HSWD: Batjes et al., 2012) was
used as the input soil dataset. Soil depth, texture (sand%, silt% and
clay%) were used to determine the water holding capacity and air

capacity as middle pore storage (MPS) and large pore storage (LPS) for

an A and B horizon. The Rosetta lite pedotransfer function (Schaap
et al., 2001) within Hydrus-1D (Simunek et al., 2011) was used to esti-
mate these storages using a soil-water retention curve (theta
vs. depth) and emptied via a constant upper and lower head boundary
condition for each soil type. MPS was determined by subtracting the
water holding capacity at 15 000 and 60 mbar from the soil-water
retention curve. LPS was determined by subtracting water holding
capacity at O and 60 mbar from the same soil water retention curve.
These capacities were then multiplied by the effective soil depth
reported in the HSWD. A calibration factor (AC_Adapation and FC_A-
dapation) was used to scale the effective water holding capacity of
the soil storages (collectively) in the absence of detailed soil physical
data (Table 2).

3.1.6 | Landuse

The different land use classes within the catchment were attained
from the South African National Land-Cover dataset for 2013 to
2014 (GeoTerralmage, 2015). The model requires land use parameters
to determine interception and calculate potential evapotranspiration
(ET). The interception module uses leaf area index (LAIl) for different
vegetational growing periods (1-4; Julian days 110, 150, 250 and
280 for regions <400 m.a.s.l). The calculation of potential ET requires
land use: (1) albedo (%), (2) monthly surface resistances assuming suf-
ficient water supply, (3) effective height for growth periods, (4) root
depth and (5) sealed grade value (% impervious areas). These different
parameters per land use class were estimated using local and global
literature (Amer & Hatfield, 2004; Johnson, 1983; Munitz et al., 2017;
Van Zyl, 1984). To account for the vegetation's ability to reduce tran-
spiration during soil-water stress, a calibration factor (soilLinRed) was
used to linearly reduce potential ET based on the relative soil moisture
of MPS (Table 2).
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3.1.7 | Reanalysis nudging simulation for
precipitation isotope data
data from IsoGSM spectrally nudged
(Yoshimura &  Kanamitsu, 2008) by ERA5 (Hersbach
et al., 2020: 31 km resolution) and IsoRSM (10 km resolution) for the

study catchment were provided by the University of Tokyo, high-

Precipitation isotope

resolution version of IsoGSM (Bong et al., 2024, horizontal spectral
triangular truncation T248 equating to 0.47°, approximately 52.5 km
at the Equator). IsoGSM data was clipped from an existing global
library containing records from 01 January 1970 to 31 December
2023. Using 1soGSM output as a boundary condition, IsoRSM simu-
lated an additional two model months prior to 2022 for spin-up,
ensuring that by 01 January 2022, the model provided accurate and
continuous results. This process completed a 2-year reconstruction
from 01 January 2022 to 31 December 2023 for the catchment. The
data from IsoGSM and IsoRSM were generated as separate NetCDF
files, where the centroids of the pixels were extracted for input into
J2000-iso. Two pixels from IsoGSM covered the entire study catch-
ment, while the IsoRSM data included 16 pixels for the catchment.
Whilst a range of different post-processing bias correction approaches
were available (Gudmundsson et al., 2012) to correct both the isotope
precipitation data as well as the amount of precipitation, quantile
mapping was not used due to the temporal bias. Only the precipita-
tion isotope data was sourced from IsoGSM and IsoRSM and not the
precipitation amount due to the hit bias in low rainfall days and the
potential issues in simulating streamflow (Figure 4a). To evaluate the
benefits of providing external bias correction to the isotope data from
IsoRSM, a linear correction of IsoRSM was applied and used in the
J2000-isoRSM BiasC model (Figure 4b).

3.2 | Reservoir simulation
To consider the impact of the Kleinplaas Dam (Figure 1) on down-
stream flows and isotope compositions, a new reservoir component

was developed. The reservoir component expands on the farm dam

component developed in Watson, Kiinne, et al. (2024) to include res-
ervoir release, inter-basin transfer, domestic abstraction, mixing of iso-
topes and isotope fractionation while excluding abstractions for
irrigation. The similarities between the farm dam and reservoir com-
ponent includes the interpolation of surface area based on storage
condition and the use of Penman (1948) for estimating surface water
evaporation loss. The reservoir was simulated as a specific type of
reach segment with additional properties, initial conditions and calcu-
lations. Within the reservoir reach the following data were added to
the reach containing the Kleinplaas reservoir: (1) the capacity of the
reservoir at full supply (Rrs), (2) the maximum surface area of the res-
ervoir (Rsmax), (3) the minimum surface area of the reservoir at 10%
capacity (Rsmin), (4) the maximum release (Raxout) from the reservoir
taken from the DWS gauging records (G2H005), (5) the minimum
release from the reservoir (R out), (6) a monthly (12 values) average
daily inter-basin transfer into the reservoir (data from DWS: G2H033)
(RapsIn) and (7) a monthly (12 values) average daily abstraction as
municipal use (Rapsout). The outflow from the dam (Ro.t) was deter-
mined by interpolating across (Rmaxout), (Rminout), Res and actual

storage condition (Rs) as:

R
Rout = (Rmax0ut — Rpinout) x < S > .

R (1.1)

The reservoir was filled with water from the upstream reach,
which was a calibrated reach, as well as inter-basin transfers. A vari-
able, damTransferAdapt, limits inter-basin transfers to a fraction of
the full capacity (0.85 used as a default). Additionally, damReleaseA-
dapt was used to stop dam releases during low storage conditions (0.1

used as a default).

3.3 | J2000-iso developments and components

The isotope components of the J2000-iso include: (1) a mixing com-
ponent and (2) an isotope fractionation component. The isotope mixer
integrates the isotope composition of water from various sources and
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FIGURE 4 (a) The number of days with zero rainfall, rainfall between 0 and 2, 2 and 5, 5 and 15, 15 and 25 and >25 mm for the measured

precipitation, precipitation from IsoRSM and precipitation from IsoGSM for 2023 and (b) the monthly average measured precipitation isotope
composition compared with compositions from IsoGSM and IsoRSM with the applied monthly correction factor. IsoGSM, isotope-enabled global

spectral model; IsoRSM, isotope-enabled regional spectral model.
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partitions within the model. The isotope mixer ensures that the iso-
tope composition and water volume transport are maintained by
water movement within a single HRU, between HRUs, from HRUs to
reaches and within the model reaches themselves. The isotope mixer
operates in one-direction for all components except soil water storage
(MPS and LPS) as:

e ConA; x VolA; + ConB; x VolB;

VolA; 1+ VolB; : (12)

where ConA, is the isotope composition of component A, VolA, is the
volume of component A, ConB; is the isotope composition of
component B, VolB; is the volume of component B. A mixing propor-
tion, isoMixProp, calibrates the total water mixed affecting the trans-
lation of precipitation isotopes to depression storage (DPS), MPS,
LPS and percolation. Additionally, an HRU to reach mixing propor-
tion, isoMixHruReach, calibrates the total amount of water mixed by
the HRUs with their corresponding reaches. Isotope fractionation
was simulated from MPS storage using the liquid-vapour equilibrium
isotopic equation  (Horita &
Wesolowski, 1994) and after the Craig and Gordon (1965) model.

For simulating isotope fractionation within the soil, the starting soil-

and  kinetic separation

water composition was derived from net rain and MPS, with an
exchange factor (default 0.1). Fractionation from the reservoir con-
siders an initial dam storage composition as the starting point with
the initial value being defined as the overall simulated streamflow
isotope composition at the first timestep. An initialisation (lead time)
allows for the isotope compositions to stabilize before calibration

with stream isotopes.

3.4 | Model calibration and validation

The model calibration utilized two gauging stations, where the
upstream (Jonkershoek) and downstream (Kleinwelmoed) gauges were
used for calibration. Additionally, 57 stream isotopes were included in
the calibration. To compare the difference in the hydrological process
simulation using different input data, five different calibrations were

used in addition to a null case:

i. J2000-isoCal with both streamflow and isotope calibration using
measured precipitation isotopes,

ii. J2000-isoVal with only streamflow calibration,

iii. J2000-isoRSM with streamflow and isotope calibration using
IsoRSM as precipitation isotope inputs,

iv. J2000-isoGSM with both streamflow and isotope calibration
using IsoGSM as precipitation isotope inputs,

v. J2000-isoRSM biasC with both streamflow and isotope calibra-
tion using a linear bias corrected IsoRSM as well as calibration
with only sensitive parameters (Table 2) and
a. A null case where the average yearly precipitation isotope

composition from IsoRSM was used as the input into
J2000-iso for calibration with only sensitive parameters.

The calibration made use of 10 000 model runs, utilizing the non-
dominated sorting genetic algorithm Il (NSGA-II: Deb et al., 2002) to
collect Pareto-optimal solutions with the Nash Sutcliffe efficiency
(NSE: Nash, 1970) and Log Nash Sutcliffe efficiency (LogNSE) used as
model efficiency criteria to capture the peak and low flows of the
measured streamflow. The Kling Gupta efficiency (KGE: Gupta et al.,
2009) was used as model efficiency criteria to capture the general
trends and variability between measured and simulated stream iso-
topes according to efficiency criteria from (IAEA, 2022). The model
calibration was performed for 2023 utilizing the collected stable iso-
topes where 2022 was used as initialisation and warm-up using a
duplication of the 2023 records. The gauging station records below
the reservoir (outflow Kleinplaas) during 2023, as well as the 52 col-
lected groundwater isotopes were used for validation. The selection
of posterior samples from the pareto front included combining the
average NSE, logNSE for each gauge and KGE from the stream iso-
topes and picking an optimal model run from the top 10 solutions
including a validation from the reservoir outflow. Furthermore, a vali-
dation was performed from 2011 to 2021 using only the streamflow
data. The calibration made use of a standard list of J2K parameters
and literature parameter ranges (Table 2) (Watson et al., 2021), but
included the tuning of the upper and lower groundwater outflow rate
(RG1K and RG2K), as well as the maximum storage of the upper and
lower groundwater store (RG1RG2_max). Additionally, the isotope
version of the model includes a parameter to mix a proportion of
water from the HRUs to the reaches (isoMixHruReach) and a propor-
tion factor used in mixing of isotopes between components and stor-
ages (isoMixProp) (Watson et al., 2024).

3.5 | Sensitivity analysis

A Monte Carlo analysis (MCA: Hornberger & Spear, 1981) was applied
to the J2000-iso model to identify the sensitivity of each model
parameter and variation in simulated stream isotopes for the best
100 MCA runs for a selected reach segment of importance. The opti-
mal parameters from J2000-isoCal were used as the midpoint, where
parameters were scaled randomly between the intervals [0.9, 1.1],
with a maximum 10% increase or decrease in the selected optimal
parameter sets. Like the calibration procedure, the sensitivity analysis
used of NSE, LogNSE for the streamflow data and KGE for the stream
isotopes as model efficiency criteria.

4 | RESULTS

4.1 | Stable water isotope characteristics of the
Eerste catchment

In summer (March), surface waters in the study area exhibited 50
ratios ranging from —5.24 to —2.17%o and &2H ratios from —20.93 to
—1.18%o, with an average d-excess of 17.11%., (Figure 5). Notably,
the Plankenbrug and Krom Rivers, along with the downstream

85U8017 SUOWILLIOD BAITE.D) 8|qel (dde 8y} Ag peusenob aJe So[ile O ‘8sn J0 Se|ni o} Akeid8uljuO /8|1 UO (SUONIPUD-PUE-SWLBI W00 A8 |1 Ale.d1puluoy/:SAny) SUORIPUOD pue swie | 8y} 88 *[yZ0z/0T/T0] uo Ariqiauliuo A8|im 4 Imnsu| Jeynss|ey Aq 9.25T dAU/Z00T 0T/I0p/w0d A8 1w Ake.d 1 pul|uoy/:sdny woiy pepeojumod ‘6 ‘vZ0Z ‘S80T660T



10 of 21 Wl LEY

WATSON ET AL

10

(@) LMWL: 6°H=5.73 x 620 + 6.90 Y ’
.l GMWL: °H=8 x 80 + 10 (Craig, 1961) ’ KR >t ©
4 A o
-4 (b) s a °
17 \\/_Q o i
3: —12
o GW
’g\ 5] —16
= 7 Jan
T A Rainwater
WO —10-
O Surface water (Sw)
s O Tributary
@ Main stem (Eerste)
-20 [] Groundwater (Gw)
[] Shallow (alluvial)
25 [l Deep (TMG)
A [l Deep (Malmesbury)
=30 T T f T T T T T T
-8 -7 -6 -5 -4 -3 =2 -1 0 1 2
680 (%.o)
FIGURE 5 (a) The collected stable isotopes of rainwater, surface water and groundwater split by samples collected along the main stem of

the Eerste, samples collected on the Eerste's tributaries, groundwater samples collected from the shallow alluvial aquifer and deep samples for the
Table Mountain Group and Malmesburg Group. (b) Box and whisker show the distribution of the sample isotope data for groundwater (GW) and
surface water (SW) and (c) the temporal variability in the average surface water and groundwater samples. TMG, Table Mountain Group.

reaches, showed more enriched heavy isotope values (6180 = —-2.88
to —2.23%0 and 8%H = —8.27 to —1.18%o) in 2023, suggesting sur-
face water evaporation with an average d-excess of 10.22%o.. The
upper Eerste River, influenced by the Jonkershoek Valley, supports
the lower Eerste River, while Klienplaas Dam, with slightly different
isotope values (6180 = —217%0; &°H = —4.59%0), mixes waters
through the inter-basin transfers from Theewaterskloof (unknown iso-
tope composition) with inflows from the catchment headwater
(6%80 = —3.8%0; 6%H = —14.8%0). Groundwater 520 values ranged
from —4.98 to 1.49%. and 8%H values from —22.36 to 11.38%o, with
the most (depleted) lowest heavy isotope values found in the upper
and lower Eerste, Blaauwklippen and Veldwagters regions, indicating
recharge from higher altitudes with a mean transit time of around
8 months.

4.2 | Simulated streamflow, stream and
groundwater isotopes with different input sources

The five different models (J2000-isoCal, J2000-isoVal, J2000-isoRSM,
J2000-isoGSM and J2000-isoRSM biasC) had good overall model
stream NSEs for the upstream and downstream gauges (0.58-0.85)
and moderate NSEs (0.4-0.45) at simulating reservoir outflows during
calibration (Figure 6 and Table 3). Likewise, the different models had
good LogNSE values (0.66-0.93) for the upstream and downstream

gauges but performed poorly at simulating reservoir outflows (—1.44
to —0.6) during calibration. Overall, streamflow KGE's were good
across all gauges and models for the calibration period (0.23 to 0.88).
Slight model performance reductions were evident across the valida-
tion for the five models, but overall NSE values were still good for the
upstream and downstream gauges (0.57 to 0.75) with moderate NSE
values (0.21 to 0.38) for the simulation of reservoir outflows (Figure 6
and Table 3). The LogNSE values for the first four models were like-
wise lower during the validation but were still good for the upstream
and downstream gauges (0.47 to 0.77) but the models were still poor
at simulating reservoir outflows (-1.81 to —1.48). J2000-isoRSM
biasC performed the worst in terms of LogNSE with —0.23 and 0.16
for the upstream and downstream gauges. Overall, the KGE values
across all models and gauges were better during the validation as
opposed to the calibration (0.41 to 0.86).

For J2000isoCal, simulated stream isotopes were, on average,
between —8 to —10%. for §2H compared with —3.9 to —2%. for §2H
in the headwaters (Figure 7a-e). The J2000-isoCal and J2000-isoRSM
biasC models had the best isotope stream simulations with four to six
points in the main channel having a good KGE (0.4-0.9), five to nine
points with a moderate KGE (0.1 to 0.4) and seven to nine points
along the tributaries with a poor KGE (<0.1). While J2000-isoVal had
a similar simulated stream isotope average to J2000-isoCal, it
had one more point with a good KGE (six points), two points with a
moderate KGE and 12 points with a poor KGE. J2000-isoRSM
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FIGURE 6 The simulated daily and monthly streamflow using the J2000-isoCal (streamflow and isotope calibration), J2000-isoVal
(streamflow calibration only), J2000-isoRSM (streamflow and isotope calibration using isotope data from IsoRSM), J2000-isoGSM (streamflow
and isotope calibration using isotope data from IsoGSM), J2000-isoRSM biasC with both streamflow and isotope calibration using a linear bias
corrected IsoRSM as well as calibration with only sensitive parameters, observed streamflow and measured precipitation for (a) upstream gauging
station Jonkershoek (calibration point), (b) outflow from the Kleinplaas reservoir (validation only) and (c) the downstream gauging station Klein
Welmoed for the year 2023 (initialisation 2022). IsoGSM, isotope-enabled global spectral model; IsoRSM, isotope-enabled regional spectral

model.

performed like J2000-isoCal but with slightly more enriched light (*H)
isotopes but fewer good KGE points. J2000-isoGSM was the worst at
simulating stream isotopes with more depleted light (*H) isotopes,
zero points with a good KGE and 19 with a poor KGE. The simulated
stream isotope dynamics using J2000-isoCal show good agreement
with measured isotopes during winter (01 June 2023) and less agree-
ment during summer (01 March 2023) for reaches 744 and
876 (Figure 7ai-ei). J2000isoVal stream isotope dynamics show more
enrichment of light (*H) but less seasonality than J2000-isoCal. Like
J2000-isoVal, J2000-isoRSM shows more stream isotope variability
and less seasonality. J2000-isoGCM stream isotopes dynamics had
the highest variability for reach 876 (upstream) compared with
744 (downstream) and the worst agreement to stream isotope com-
positions. For the null case (average yearly precipitation isotope
input), the J2000-iso model parameters influenced the simulated
stream isotope composition as shown at reach 744 and
876 (Figure 7ei). But the overall performance driving J2000-iso with
an average yearly precipitation input was poor across all the stream
isotope collection points, with an average KGE of —0.07.

The deep groundwater isotopes were less well simulated by all
the models with, on average, more depletion of light isotopes
(Figure 8a-e). J2000-isoRSM, which had an average deep groundwa-
ter isotope value of —8.1%o for &2H, had the best groundwater iso-
tope simulation with six sites with above 0 KGE. J2000-isoRSM and
J2000-isoRSM biasC performed like J2000-isoCal, which had an aver-
age deep groundwater isotope value of —6.2%o for §?H. J2000-iso
had an average deep groundwater isotope composition of —8.1%. for
82H but performed worse than J2000-isoRSM in simulating ground-
water isotope KGE. J2000-isoGSM showed the most depleted light
isotopes and the worst temporal dynamics (Figure 8ai-ei).

4.3 | Benchmarking simulated hydrological
processes, percolation and parameter sensitivity using
J2000-iso

The simulated ETET across the five models was, on average, between
622 and 674 mm/year, with the J2000-isoGSM and J2000-isoCal
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FIGURE 7 The average simulated stream &2H for the sub-basins in the Eerste River using the (a) J2000-isoCal (streamflow and isotope
calibration), (b) J2000-isoVal (streamflow calibration only), (c) J2000-isoRSM (streamflow and isotope calibration using isotope data from IsoRSM),
(d) J2000-isoGSM (streamflow and isotope calibration using isotope data from IsoGSM) and (e) J2000-isoRSM biasC with both streamflow and
isotope calibration using a linear bias corrected IsoRSM as well as calibration with only sensitive parameters, with the stream Kling Gupta
efficiency (KGE: Gupta et al., 2009) obtained for each of the measured surface water isotopes. (ai-ei) shows a timeseries plot of simulated stream
and precipitation 6°H compared with measured surface water isotopes for the reach segments 744 and 876 across the different model
calibrations. (ai) includes the top 100 Monte Carlo runs from the sensitivity analysis and (ei) includes a null case where the average yearly
precipitation isotope composition from IsoRSM was used as the input into J2000-iso for calibration with only sensitive parameters. IsoGSM,
isotope-enabled global spectral model; IsoRSM, isotope-enabled regional spectral model.

J2000-isoCal J2000-isoVal

J2000-isoRSM

J2000-is0GCM J2000-isoRSM BiasC
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FIGURE 8 The average simulated groundwater 8°H (deep groundwater store) for the sub-basins in the Eerste River using the

(a) J2000-isoCal (streamflow and isotope calibration) (b) J2000-isoVal (streamflow calibration only), (c) J2000-isoRSM (streamflow and isotope
calibration using isotope data from IsoRSM) and (d) J2000-isoGSM (streamflow and isotope calibration using isotope data from IsoGSM) and

(e) J2000-isoRSM biasC with both streamflow and isotope calibration using a linear bias corrected IsoRSM as well as calibration with only
sensitive parameters, with the groundwater Kling Gupta efficiency (KGE: Gupta et al., 2009) obtained for each of the measured deep
groundwater isotopes. (ai-di) shows a timeseries plot of simulated groundwater §2H compared with measured groundwater isotopes for the sub-
basins 824 and 936 across the different model calibrations. IsoGSM, isotope-enabled global spectral model; IsoRSM, isotope-enabled regional

spectral model.

having the minimum and maximum values respectively (Figure 9a-e).
Spatially, the simulated ET was similar for J2000-isoCal, J2000-isoVal,
J2000-isoRSM, J2000-isoRSM biasC, but J2000-isoGSM had lower
simulated ET in the catchment interior. The relative simulated soil sat-
uration across the four models was similar with values between 53%-
61%. All the models had a relatively low simulated soil-water satura-
tion (0.1-0.3) in the catchment interior, while the headwaters and
western portion of the catchment had higher simulated soil-water

saturation (0.7-0.9). HRUs with complete simulated soil-water satura-
tion were evident in the western portion and center of the catchment;
likely a function of slope but also the climate conditions for 2023. The
simulated total percolation across each model was different with
ranging from 336 to 627 mm/year (Figure ai-ei).
J2000-isoCal, J2000-isoRSM and J2000-isoRSM biasC had the most
realistic simulated percolation with 32%-39% of precipitation.
J2000-isoVal and J2000-GSM had the most simulated percolation

values
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FIGURE 9

(a-d) The simulated evapotranspiration (mm/year), (e-h) relative soil saturation (average daily %) and (i-l) percolation (mm/year)
p p Y B g Yy p !

using the J2000-isoCal (streamflow and isotope calibration), J2000-isoVal (streamflow calibration only), J2000-isoRSM (streamflow and isotope
calibration using isotope data from IsoRSM), J2000-isoGSM (streamflow and isotope calibration using isotope data from IsoGSM) and
J2000-isoRSM biasC with both streamflow and isotope calibration using a linear bias corrected IsoRSM as well as calibration with only sensitive

parameters.

49%-60% and were unlikely to be realistic for the region. Across the
models, the most simulated percolation was in the headwaters of
the catchment with values more than 1000 mm/year, while the inte-
rior and centre of the catchment had percolation values of less than
250 mm/year (Figure 9aii-eii). J2000-isoVal had the least standard
deviation in the simulated percolation between different HRUs, which
likely accounted for the higher overall simulated percolation.

For the J2000-isoCal, the scaling parameters for groundwater
outflow (RG1_k and RG2_k) were the most sensitive across the
gauges and for the stream isotopes (Table 4). Parameters regarded as
not sensitive and moderately sensitive varied across the different
objective functions, but the remaining sensitivity was evenly distrib-
uted. The top 100 MCA runs show that during the dry season there
was as much as a 5% difference in simulated stream &2H for reach
744. During the wet season there was a larger difference between the
top 100 MCA's with as much as an 8%o difference in simulated stream
82H (Figure 7ai).

5 | DISCUSSION

5.1 | Evaluating isotope-enabled climate models as
inputs for J2000-iso

The Eerste River is a small catchment in size (620 km?), with a high

evaporation demand (1900 mm/year: Schulze, 2008) and spatially

diverse in terms of high and low altitude precipitation (Figure 2b). We
used measured precipitation isotopes as a benchmark, two different
isotope-enabled climate models, the global IsoGSM (Yoshimura &
Kanamitsu, 2008) and the regional IsoRSM (Yoshimura et al., 2010), a
bias-corrected IsoRSM to drive the J2000-iso hydrological model. The
J2000-iso model driven by IsoRSM and the measured data were simi-
lar in terms of streamflow, ET, percolation and stream isotope fit. The
stream isotope composition however was impacted by the choice of
precipitation isotope data products for J2000-iso. Bias correction
of the isotope enabled climate model IsoRSM vyielded the best stream-
flow isotope simulation for J2000-iso (KGE: 0.23 averaged). For the
null case, the J2000-iso model parameters dampened the simulated
stream isotope composition, but on average were more enriched in
heavy isotopes (5'80) compared to the bias corrected IsoRSM and
had a poor spatial average efficiency across all the sampling points
(Table 3). For J2000-iso to achieve good streamflow metrics for the
upstream and downstream gauges, the measured climate data were
used as a benchmark opposed to the climate data from IsoRSM and
IsoGSM. Comparing measured with climate model data, ISoORSM simu-
lated 232 days of no precipitation as opposed to the observed data of
95. The measured precipitation exhibited 180 days with small events
(0-2 mm), compared with only 60 and 10 days for IsoRSM and
IsoGSM, respectively.

We tested several simulations using the precipitation amounts of
IsoRSM and IsoGSM applying 3.5 times and 2.5 times linear yearly
bias correction, respectively. But the downstream dynamics in the
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TABLE 4

Results of the Monte Carlo analysis (MCA) used to understand the relative sensitivity of the different model parameters using the

Nash-Sutcliffe efficiency NSE (Nash, 1970), LogNSE and Kling Gupta efficiency KGE (Gupta et al., 2009) as objective function for the upstream
gauging station Jonkershoek (calibration point), outflow from the Kleinplaas reservoir (validation only), the downstream gauging station Klein

Welmoed and spatial efficiency attained for the stream isotopes.

J2000-isoCal

Upstream Reservoir Downstream Stream-iso RG1-iso RG2-iso
Number Name of parameter NSE LogNSE KGE NSE LogNSE KGE KGE KGE
1 AC_Adaptation 0.03 0.03 0.04 0.05 0.03 0.02 0.1 0.04
2 FC_Adaptation 0.03 0.03 0.02 0.03 0.04 0.05 0.09 0.03
3 soilConcRD1 0.04 0.05 0.02 0.02 0.08 0.04 0.08 0.02
4 soilConcRD2 0.03 0.03 0.03 0.02 0.04 0.03 0.03 0.02
5 SoilLatVertDist 0.03 0.03 0.05 0.03 0.02 0.05 0.06 0.03
6 soilLinRed 0.03 0.05 0.02 0.02 0.04 0.02 0.03 0.03
7 soilMaxPerc 0.04 0.03 0.05 0.02 0.02 0.04 0.04 0.02
8 s0ilOutLPS 0.04 0.07 0.05 0.02 0.02 0.05 0.02 0.04
9 flowrouteTA 0.03 0.05 0.03 0.05 0.03 0.02 0.03 0.02
10 RG1RG2max 0.03 0.03 0.03 0.06 0.04 0.03 0.07 0.02
11 RG1_k 0.05 0.33 0.03 0.03 0.05 0.07 0.32 0.05
12 RG2_k 0.53 0.18 0.58 0.61 0.53 0.53 0.04 0.6
14 IsoMixHruReach 0.04 0.04 0.02 0.02 0.02 0.03 0.03 0.03
15 IsoMixProp 0.04 0.03 0.03 0.03 0.03 0.03 0.05 0.03

Note: Sensitivity: - high; I:l moderate; - Low.

simulated runoff became purely synthetic when using IsoRSM and
IsoGSM precipitation volumes, due to the larger noise-to-signal ratio
for these small (<2 mm) events. Such issues were also found in Wat-
son, Kralisch, et al. (2024) and Arciniega-esparza et al. (2023) but mea-
sured precipitation volumes were not available for further testing.
Climate Hazards Group InfraRed Precipitation (CHIRPS: Funk
et al., 2015) has also been used as input data for rainfall-runoff models
in catchments in South Africa (du Plessis & Kibii, 2021; Kibii & du
Plessis, 2024) and while bias has been noted, impacts to hydrological
process simulations have not been fully explored and could also be
associated with the sensitivity of certain parameters in J2000. In con-
trast to the precipitation volumes from IsoGSM and IsoRSM, the pre-
cipitation isotopes resulted in good stream isotope fits across several
sites within the basin. A monthly linear correction improved the
stream isotope fit considerably and this is recommended for future
applications of 1soGSM and IsoRSM (i.e.,, Arciniega-esparza
et al., 2023). To improve the application of isotope-enabled models it
would be beneficial to feed additional local meteorological records
and measured isotope precipitation compositions over and above the
existing reanalysis correction used by the climate models. Further-
more, an application of J2000-iso for a small 1-2km? catchment could
test the benefits of including isotopes in developing more robust
hydrological models. The streamflow isotopes for the Eerste were well
mixed and showed a variation of 4% for 82H, but were barely larger

than the analytical precision of around 0.5%. for &2H (Mattei

et al., 2021) and further testing of input data, isotope mixing and frac-
tionation components are still required.

A comparison of the impact of driving isotope-enabled hydrologi-
cal models with different precipitation isotope data on simulated
streamflow and stream isotopes, has previously been performed in
Canada and Tibetan Plateau (Delavau et al., 2017; Nan et al., 2021).
Similar to our application using J2000-iso, they compared an
isotope-enabled climate model (REMOQiso: Sturm et al., 2005) with dif-
ferent static and low temporal precipitation isotope inputs to drive
the isotope-enabled rainfall-runoff model IsoWATFLOOD (Stadnyk
et al., 2013). Like this Canadian application, which was applied for a
meso-scale catchment (1300 km?) and with snow as a significant
source of precipitation (35%-40%), the choice of isotope precipitation
data had more impact on the stream isotope fit than the overall simu-
lated water balance. The testing of different measured climate data
was not explored by Delavau et al. (2017) but is likely less of an issue
for the climate and overall catchment size that was used.

Given that many countries do not have enough precipitation iso-
tope data to build isotope-enabled models, global reanalysis products
such as IsoGSM, IsoRSM, REMOiso and machine learning approaches
such as PisoAl (available for Europe: Nelson et al., 2021) are essential
in building more robust models, capturing streamflows for ungauged
basins and simulating a wider range of hydrological processes. Addi-
tionally, the development of new global reanalysis precipitation iso-

tope products is an essential next step for improving the uptake of
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isotope-enabled modelling and the associated benefits from more

stringent model evaluation.

5.2 | Improving sample collection for evaluation of
isotope-enabled rainfall-runoff models

Isotope sample collection methods for rain, stream and groundwater
are still manual sampling, or (budget allowing) with automated samplers
(Ankor et al., 2019; Michelsen et al., 2019). While manual sampling and
recommended guidelines for sample collection are extensive for iso-
tope hydrological studies (International Atomic Energy Agency, 2005,
2008), recommendations of sample collection principles for isotope-
enabled models are limited. In this study we followed a manual collec-
tion regime where the target number of rainfall, groundwater and
stream water collection sites was dependent on access to local farms,
proximity of the river to access roads and the willingness of land-
owners to collect rainwater during precipitation events. Using this
approach there was an oversampling of stream and groundwater in
comparison to precipitation even though precipitation is the key input
(Birkel et al., 2020). In contrast to others studies, where precipitation
isotopes were spatially homogenous (Smith et al, 2021; Wu
et al,, 2022), our study showed high spatial and temporal variability.
This resulted in the model only capturing the stream isotope composi-
tions for the main channel of the Eerste (Figure 7). Likewise, all the
models showed enrichment of heavy isotopes after the inclusion of
outflow from the reservoir, as a result of fractionation from the surface
water. The precipitation collection did not capture the spatial variability
of precipitation isotopes, and hence, smaller tributaries could not be
well simulated. The model also presented a higher performance for
stream isotopes when the nearest neighbour interpolation method was
used, in contrast with the inverse distance weight method which has
shown good performance for measured precipitation amounts with
dense station networks (Dirks et al., 2002). The limited number of pre-
cipitation collection sites also meant that if a specific precipitation
event was not collected, then the nearest stream isotope composition
could not be simulated. The usability of data from manual collection of
precipitation is dependent on the date stamp matching the actual
events recorded by the local weather stations. The presupposition that
the last known daily cumulative precipitation isotope composition, is
still relevant for days with missed events is a method we used to
ensure that isotope transport was not halted by a date stamp mismatch
between collection and weather station records.

Like stream water collection, the groundwater collection sites
exceeded the rainfall collection sites. The isotope variability in the
deep groundwater was greater than that in the stream. Given that
the groundwater isotope variability is normally dampened due to flow
mixing, this represents a conceptually challenging situation to simu-
late. For this reason, careful selection of deep groundwater collection
sites should be done to use groundwater isotopes for validation or
calibration of the model. The inclusion of water level monitoring as
part of the application of isotope or tracer-aided model data collec-

tion, is necessary to ensure groundwater sampling points are only

influenced by vertically percolating rainwater, conform to methods of
recharge calculation such as the water level fluctuation method
(Crosbie et al., 2005), as other groundwater flow complexities are not
considered by J2000-iso and conventional rainfall-runoff models.
Complex groundwater flow and the flow of groundwater through fault
systems are common features of regions like the Eerste River and add
additional complexity in simulating the groundwater system and
regional groundwater recharge (Conrad et al., 2004; Watson
et al,, 2018; Watson et al., 2020). Prioritization of higher resolution
sampling is recommended in catchments with a high spatial precipita-
tion variability (Birkel et al., 2011). Given that the Eerste River and the
Jonkershoek have an existing network of reliable climate and stream-
flow gauging stations, the continuation of isotope monitoring in this
catchment is recommended to improve the development of compo-

nents needed in isotope-enabled modelling.

5.3 | Simulating potential groundwater recharge
with isotope-enabled models

The simulation of percolation using rainfall-runoff models is the
potential amount of rain water that contributes to the groundwater
system but does not consider aquifer storage and other hydraulic
parameters (Scanlon et al., 2002; Watson et al., 2018). An overestima-
tion of percolation has implications for the potential to capture
groundwater isotope compositions and dynamics. A high percolation
would result in a higher simulated groundwater isotope dynamic, but
also enhance the overall heavy isotope enrichment. Of the five models
tested in this study, J2000 driven by a bias-corrected isoRSM per-
formed the best in terms of the deep and shallow groundwater iso-
tope compositions (Figure 10). While the limitations of groundwater
components in J2000 impact realistic simulations of percolation, the
calibration during the second wettest year in 29 years resulted in an
overestimation of long-term percolation. We found, however, that the
simulated percolation rate of 19% during the validation of a dry year
(2003) matched the midpoint between literature-based recharge esti-
mates of the TMG (13%-27% of MAP: Weaver & Talma, 2005; Wu &
Xu, 2005; Miller et al., 2017; Watson et al., 2019).

The dominance of large precipitation events in recharging aqui-
fers is well documented and supports a higher estimation of recharge
during wet years (Jasechko & Taylor, 2015; Taylor et al., 2013). Our
model estimates are, however, much larger than recharge estimates
for the local alluvial aquifer (2%-5.6% of MAP) (Conrad et al., 2004;
Watsone et al., 2020). Compared with the standard J2000 model, the
simulated percolation of J2000-iso is more realistic and recommended
when driving J2000 with any projections of the future climate. The
overestimation of percolation by many rainfall-runoff models for
catchments with a Mediterranean climate and a high proportion of
yearly precipitation during winter, such as the Eerste River, influences
the selection of viable climate change adaptation options. The need to
improve the simulation of groundwater recharge within rainfall-runoff
models is important given declining recharge amounts and aquifer

water levels globally (i.e., Jasechko et al., 2024).
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54 | Isotope-enabled rainfall-runoff modelling for
improved water management

Comparison of isotope-enabled models with non-isotope enabled
models for the Eerste River in this study but also the San Carlos
catchment in Costa Rica (Watson, Kralisch, et al., 2024) using
J2000-iso have demonstrated the added value of integrating iso-
tope tracers. In both studies non-isotope enabled models showed a
disparity between the amounts of simulated percolation. For
Costa Rica, a higher percolation was simulated by the isotope-
enabled model compared with a non-isotope enabled model. The
opposite occurred in the Eerste River, with the isotope-enabled
model reducing the overall simulated percolation compared with a
non-isotope enabled model. Since percolation represents the trans-
fer of surface water into long-term underground storage, its accu-
rate estimation is a critical piece of information needed by water
managers to adapt to climate change. Specifically, climate change
adaption strategies to improve the allocation of water used for irri-
gation, hydropower generation, flood protection as well as in the
development of drought relief options are impacted by realistic
guantification of percolation within these two applications of the
J2000-iso. For over six decades, the GNIP has been collecting
monthly data and this serves as an invaluable resource that allows
initial calibration and validation during the setup of isotope-enabled
hydrological models. However, to extract the full value of the infor-
mation generated by isotope-enabled models, catchment specific
sub-monthly and ideally daily monitoring of precipitation is required
to generate the necessary isotope datasets. In this study we have
shown that simulated data from isotope-enabled climate models can
provide the necessary input data to run isotope-enabled hydrologi-
cal models and this is not restricted to just the J2000-iso. Expanding
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the availability and access to simulated isotope data from climate
models is essential to broaden the use of isotope enabled hydrologi-
cal models. However, in times of declining monitoring networks
(Wohl et al., 2012, for an example from the tropics), the collection
of observed data is required so that these models can be evaluated.
A direct coupling of isotope-enabled climate models with isotope
enabled hydrological models is a valuable next step to integrate
feedback between atmospheric and hydrological conditions and

improve the simulation of vapour isotope fluxes.

6 | CONCLUSION

Isotope-enabled climate models offer the potential to increase the use
of their counterpart hydrological models in the generation of more
robust simulations of climate, hydrology and environmental condi-
tions. The generation of robust simulations is becoming increasingly
important considering climate change impacts such as increasing
water scarcity, melting glaciers and the re-occurrence of extreme
events. The regional version of the isotope-enabled climate model
considers more local conditions and is better suited for input into
rainfall-runoff modelling but requires long lead-times for data genera-
tion. In smaller catchments, which are spatially diverse in terms of high
and low altitude precipitation, using only the isotope precipitation
data from the regional climate model (IsoRSM) offers the potential to
capture both stream isotope variability but also streamflow amounts.
The continued collection of isotope data is still necessary to bias cor-
rect inputs as well as validate and calibrate hydrological models.
Whilst manual collection of isotope data is widely used in developing
countries as inputs into isotope-enabled models, the data often

require temporal alignment with the other locally collected climate
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data. The sampling and collection of precipitation isotope data should
have the highest priority when setting up a sample collection plan for
catchments with spatially diverse precipitation patterns. In situations
where the sampled groundwater exhibits a higher-than-expected spa-
tial isotope variability, compared with stream water, careful selection
of validation/calibration points is required. Even though scarce iso-
tope data limits long-term calibration and validations of rainfall-runoff
models, a single year's calibration with an isotope-enabled model can
still yield good model robustness and hydrological process simulation.
The development of more robust hydrological simulations is important
when identifying risks associated to extreme events as well as the
effectiveness of climate change adaption strategies. A first step in this
process would be coupling of the isotope-enabled climate and hydro-
logical models to better capture linkages between atmospheric and
hydrological conditions and how these links evolve in response to cli-

mate change.
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