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FOREWORD

The increase in frequency and intensity of extreme climatic events around the world since the
early 2000s — such as droughts in California, United States of America (2011), Melbourne,
Australia (2015), and Cape Town, South Africa (2017), and floods in Haiti (2004), Patna,
India (2016), Cologne, Germany (2021), and Durban, South Africa (2022) — has highlighted
the importance of hydrological forecasting under increasing climate variability. Recognizing
the need for adaptive strategies used to ameliorate the effects of climate change on water
resources, the IAEA has developed guidelines on the use and application of isotope-enabled
hydrological models, which can enhance the predictive power of modelling catchment systems
for hydrological forecasting and support more realistic water flux and storage simulations of
the natural environment.

In recent years the advancement in hydrological modelling has allowed models to explore and
develop complex environmental linkages, driving the predictive capacity of data used for
forecasting extreme events. The use of isotopes in addition to volumetric water fluxes in
hydrological models offers an alternative methodology to reduce model uncertainty, facilitate
the selection of appropriate model structures and their parameters, and constrain dominant
hydrological processes that are under a state of change. The need to restrict the loss of crucial
ecologically sensitive systems, which are often highly complex, requires a multifaceted method
integrating isotopes and hydrological modelling tools. These developments form the basis to
explore a range of different nature based solutions and approaches to counteract the
environmental consequences of a globally warmer climate.

This publication was designed to support beginner modellers or water managers and more
advanced hydrologic modellers who may wish to learn about isotope-enabled modelling. Its
development was supported by isotope hydrologists, data network specialists and modelling
specialists from a range of different countries around the world. Examples of their isotope
modelling applications have been provided to give context to the guidelines in this publication,
where these examples highlight the versatility of isotopes across a range of different
environmental and climate settings. Lessons from the application of isotope-enabled modelling
techniques in each of the diverse climate and water settings are discussed.

This publication is an outcome of the coordinated research project, Isotope-enabled Models for
Improved Estimates of Water Balance in Catchments, which was carried out by the IAEA
between 2018 and 2023. Project participants from 13 countries used their unique modelling
objectives and approaches. They shared their experience to develop a guideline on the best
practice approach in isotope-enabled modelling. The IAEA officer responsible for this
publication was Y. Vystavna of the Division of Physical and Chemical Sciences.
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1. INTRODUCTION
1.1.BACKGROUND

Climate change impacts freshwater systems and their management as was observed by
projected temperature growth, sea level rise and precipitation variability [1]. Semi-arid and arid
areas in many parts of the world are believed to be more vulnerable to the impacts of climate
change on freshwater. Climate change affects both surface and groundwater resources and can
lead to increased intensity and level of flooding in many parts of the world while
simultaneously modifying drought patterns in other parts. These changes associated with
climate change have significant ramifications on freshwater availability, sustainability, cost,
and socio-economic aspects. Some areas are much more affected than others with one or more
of the above consequences [1]. Global, regional, and local climate and water balance models
are playing instrumental roles in understanding the extent and magnitude of these impacts on
society and ecosystems. These models are used to estimate hydrological components such as
evapotranspiration and streamflow and their variation in time and space. The stable isotopes in
water molecule (‘%0 and 2H) can be applied to identify the flow paths and residence times of
water in a catchment and constrain the simulated water balance components (baseflow, soil
water, groundwater and snowmelt contribution, etc). Global datasets of meteorological,
hydrological, and physical variables become increasingly available and can facilitate the use
of water balance models. Open datasets can improve an estimation of model parameter and fill
the gaps in data where local measurements are limited or unavailable.

Separate tracing of the stable isotopologues of water (i.e., 'H'H!°0,'H'H'®0O, 'H?H'®0) within
ocean, atmosphere, land surface and coupled hydrological models, was first accomplished in
the 1980s. Isotope-enabled models, which track the isotopic composition of water cycle
components and simulate fractionation processes, have included atmospheric General
Circulation Models (GCMs) [2-4], oceanic GCMs [5,6], regional climate models [7,8] and
mesoscale hydrological models [9]. Recent trends in model development include fully coupled
Climate System models [10,11] and Earth System Models (ESM) [12,13] as well as more
efficient computational versions [14]. Isotope-enabled models have demonstrated high
potential as validation tools, for sensitivity analysis, and inverse modelling of water cycling
processes, as they benefit from additional mass balance constraints imposed by the physical-
isotopic system. Applications have also included paleoclimate simulations to assist
interpretation of isotope archives [15], study of convective precipitation and other complex
climate processes [16,17], ecosystem water and carbon cycling [18], and hydrological
processes [4,19-24]. Current trends in hydrological research at the catchment scale is for wider
inclusion of isotopic tracers in an array of customized models of varying complexity at a range
of scales, either designed to answer specific hydrologic problems or for testing current
understanding of processes through calibration, validation, and model-data intercomparison.

Water balance modelling often involves the use of model parameters that are difficult to
measure or estimate. It is common practice to apply model calibration, that selects the best
combination of parameter values with the minimum difference between observed and
simulated events. During model calibration, we may get the “right” answer for the “wrong”
reason, whereby different combinations of parameter values may give the same “best” answer.
This problem, known as equifinality [25], can be partly minimized using conservative tracers
such as stable water isotopes that are used to evaluate different hydrological process
simulations. Furthermore, the use of isotopes offers means to restrict optimization and
parameters searching procedures to eliminate implausible model results and parameters
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combination. The IAEA has been exploring the practice of its Global Network of Isotopes in
Precipitation (GNIP) and Global Network of Isotopes in Rivers (GNIR) data in different
hydrological and climate models for application that can be used to support the water resources
management in basins around the globe.

1.2.0BJECTIVE

The guideline was developed based on the results of the Coordinated Research Project F31005
— “Isotope enabled models for improved estimates of water balance in catchments” that
gathered participants from 13 countries with different modelling objectives and approaches. In
this guideline, project participants shared their unique experience on model selection,
modelling objectives, data collection and modelling procedure. The IAEA, through the
development of the collaboration in water resource management and isotopic application is
advancing the best practice approach in isotope-enabled modelling to provide a consistent
process and improve interpretation and suitability of the isotope-enabled modelling results. The
purpose of the technical document is to provide a guidance on the best practice in isotope-
enabled modelling for water resource management that covers different steps of modelling such
as setting modelling objectives, identifying data sources and collecting data, provision of
quality assurance of the data and understanding its limitations, model selection, different
calibration approaches, and performance criteria.

1.3.SCOPE

The main scope of this technical document is to contribute to the improvement of hydrological
modelling by using stable isotopes in water that can provide an additional means of water
balance simulation, model calibration, and validation procedures. This in turn will improve
model capabilities to forecast impacts of climate and other changes on freshwater availability
and sustainability as well as isotope-based assessment and management of water resources in
Member States of the IAEA.

The purpose of most hydrology surface-groundwater interactions and hydrochemistry
modelling is related to providing information in support of decision making for some water
management policy. Isotope-enabled hydrological models can provide the following
information for decision makers in water resource management:

—Knowledge of the catchment runoff and water quality, and how these components vary in
time and space, particularly under changing climate: seasonal, inter-annual, and inter-
decadal.

— Estimation of the contributions of individual hydrological compartments in catchment
(groundwater, surface runoff, etc.) to water availability in the catchment or even a much
larger region, such as transboundary basins.

— Calculation of how hydrological components in the catchment and water availability altered
over time in response to changes in the catchment, such as streamflow damming land-use,
land management and climate changes.

In certain cases, with a high-quality and dense network of long-term flow gauges, hydrological
observations can be used to estimate water sources and flow paths through the streamflow
hydrograph separation. However, there are limitations to hydrometric process inferences in
term of sub-surface water flow paths and transit time, which can only be resolved with
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additional tracer information. The more common situation is where short-term gauging
stations, variable quality data, and gaps in spatial coverage take place. In this case, hydrological
information can be projected using isotope-enabled hydrological models to estimate:

—Hydrological flow components (surface runoff, interflow and baseflow) for ungauged
catchments.

— Water balance in ungauged catchments.

—Surface water — groundwater interaction, groundwater recharge, river baseflow and
evapotranspiration.

— Estimate transit and residence times of waters as a link to water quality and biogeochemical
catchment processes.

Isotope-enabled hydrological models can be used to forecast hydrological changes for some
immediate future period (typically for an annual and multi-annual periods), trained on existing
observations in the catchment. Isotope-enabled models can be used to assess land use or
vegetation cover change in the catchment and simulate the flows that could occur under a
variety of scenarios including past, present, and future modifications in the catchment. This
may comprise assessment of a catchment setting that may be non-stationary in the observed
records or simulated conditions. An additional advantage of isotope-enabled models is that they
can be used to assess the potential impact of climate change on flows from both gauged and
ungauged catchments. Although the estimation of magnitude of these impacts for ungauged
catchment will be uncertain, isotopes provide a relevant means to constrain the modelled
processes.

Among several challenges of implementing isotope enabled hydrological models is a lack of a
well-designed guideline. This is particularly important considering the limited number of
experts who are engaged in embedding isotope capability in water balance simulation. This
guideline will be instrumental in describing basic approaches to be followed in efforts to model
isotope enabled water balance models. Best practice isotope-enabled hydrological modelling
can be described as a workflow of steps and actions taken to ensure that development,
implementation, and application of isotope-enabled hydrological modelling corresponds to the
planned purpose and achieves the optimal outcome. We consider that the recommended best
practice can be highly dependent on data availability, time, budget, plus human and other
resources. Hence, we developed a guideline in a generic way with the focus on the minimum
standard isotope-enabled hydrological modelling workflow, available models, and case studies
derived from the IAEA CRP, which included global catchments and a wide range of data
availability. The modelling results are also subject to interpretation, which can be influenced
by the overall state of knowledge and available technology. However, the knowledge and
technology in modelling is progressively advancing over time with growing availability of
machine learning tools, new remote sensing data sources coming online, and new computing
hardware and software.

It is our belief that isotope-enabled hydrological models can offer more information than
traditional hydrologic models alone, in that they provide critical information on flow paths,
residence times, surface water-groundwater interactions, and water storage within catchments.
This guideline is intended to support isotope-enabled hydrological model application with the
objective of providing water managers, consultants, and research scientists with information
on the use of isotope-enabled hydrological models, including model selection (fit for purpose),
requirements, and guidelines for adequate calibration and validation of the model. The CRP
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focus was on regional or global water balance estimation, which guided the selection and
availability of potential models and model inputs discussed here within. The practices proposed
in this technical document are flexible enough and can accommodate variations that allow for
continuous advancement the state of knowledge and technology in the hydrological modelling.

1.4.STRUCTURE

This publication discusses the different steps of the hydrological modelling that uses
environmental isotopes, comparing advantages and disadvantages of isotope-enabled
modelling. It also shows real examples of isotope-enabled model applications in different
countries. The publication includes a general overview of procedures related to isotope-enabled
hydrological modelling (Chapter 2) in terms of i) setting modelling objectives, ii) data
collection, iii) selecting and setting-up of models, iv) calibration and validation, v) sensitivity
analysis, vi) data management and accessibility. Additionally, the results of the diverse isotope-
enabled model applications in 10 countries located in different geographic areas and climate
zones are presented (Chapter 3). Discussions and future directions are presented in Chapter 4.
The overall aim is to enable the reader to investigate hydrological modelling options using
environmental isotopes and select the best approach towards isotope-enabled hydrological
modelling for the purpose at hand.

2. OVERVIEW OF PROCEDURES FOR ISOTOPE-ENABLED HYDROLOGICAL
MODELLING

2.1.PROBLEM STATEMENT AND SETTING MODELLING OBJECTIVES

The aim of the hydrological model is to resolve a specific task, which may include predictions
into the future or for sites with no or limited data as well as improving understanding of the
system being modelled [26,27]. This task then is the primary factor in deciding the appropriate
model simplifications and assumptions and determining the characteristics of the mathematical
model and associated code [28]. In this respect, the development of isotope-enabled hydrologic
models has to be generic enough to address a wide range of applications and be transferable to
different conditions where the model may be applied.

The modelling task (or problem statement) to be addressed has to be clearly articulated at the
start of the project to guide the selection of the model and subsequent interpretation of
modelling results. If a suitable model is not available, then consideration has to be given to
invest in the modification of existing models or to develop new models to suit the task at hand.
As water management decisions often involve more than one goal, it is important to identify
all goals or objectives of the model at the start of the project and to list the objectives into
different categories, according to their priority: primary, secondary objectives and so on. It is
also worthwhile to reflect additional objectives and goals that can be raised in future. Guidance
on model selection criteria is provided in Section 2.6.

2.2.BUILDING A MODEL

The choice of the isotope-enabled hydrological model will vary based on the purpose of the
modelling, e.g., to understand the water balance of a catchment, seasonal low flow
characteristics for an in-stream environmental need, to assess surface water-groundwater
interaction, or to estimate overall catchment water yield on an average annual basis. When
selecting a model, its predictive capacity and ability to fit the typical catchment response time
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are important. However, it is also important to consider the modelling time step and spatial
discretization at which the intended hydrological processes are to be simulated. Moreover,
certain processes, such as e.g., runoff generation, cannot be simulated at a coarse spatial
resolution. Additional factors that should be considered are the modeler’s preference and
knowledge in using certain models, the aim of the modelling task, the time that is necessary to
develop and apply a model, and the required level of accuracy. An issue in hydrological studies
is determining which model is best applied to a specific catchment with certain hydrological
conditions[26]. Section 2.6 provides further considerations for model selection.

Modelling steps usually follow the scientific method, where a question is asked, a hypothesis
is constructed and tested, and then accepted or rejected. If rejected, the testing process is
repeated with a revised hypothesis [28]. In general, the hydrologic models follow the same
main steps (Fig. 1). When the purpose is clear, then the conceptual model can be built to
describe the hydrological settings in the system and the components that should be simulated.
Then various mathematical models can be applied to define individual hydrological processes
in the catchment and the computer codes that exist in various computer languages selected
(e.g., Fortran, C, Java, Python). These models should be calibrated/validated against available
field-observed data; only once this is successfully complete, then they can be used to predict
the hydrologic response to various external forces [29].

Model Selection

What? Model constraints
How? Input/Output
Why?
STEP Problem Model Prer:::::lar\r Model
definition delineation development
1 design
Model ted Yoy
STEP alliretions Sensitivity Resource/data Integration in
2 validotion analysis limitation larger models
Compare with NO ‘
measured data Change sensitive

Evaluate error parameters

FIG. 1. Workflow of model selection and application. Refinements would be considered
adding additional data (extending validation timeseries), whereas any change to parameters
or structure would require recalibration.

Detail on the models available that are fit for purpose is provided in the Section 2.4.
2.3.DATA COLLECTION

Data collection is fundamental to drive and evaluate hydrological models. To describe the
processes of streamflow formation [30,31], the precipitation amount (rainfall and snow) and
other meteorological variables (e.g., air temperature, relative humidity, wind speed, radiation)
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are required as input to the model. The discharge data are generally used for model calibration
and validation [30]. Spatially distributed models further require data on catchment properties
such as land cover, soils and hydrogeology. More recently additional data on e.g., soil moisture
and groundwater levels provide further insight into catchment behaviour and can help with
model evaluation [32].

The data frequency depends on the model time step and purpose of the model application. Most
hydrometric data is measured automatically (e.g., automatic weather stations, data loggers and
sensors) at a sub-hourly scale satisfying rainfall-runoff modelling purposes. The data quality
in form of gaps, outliers, errors, and non-stationarity is of crucial importance and should be
carefully evaluated at the onset of a model application. Data gaps need to be filled and different
methods exist to interpolate and extrapolate data time series even over longer time periods.
Most recently, machine learning methods were used to fill data gaps, as were remotely sensed
and global data sets [33,34].

Table 1 summarizes the minimum input data requirements for isotope-enabled modelling (in
addition to the hydrologic and climatic data).

Often, isotope-enabled rainfall-runoff models use stable isotopes to evaluate these models, in
addition to hydrometeorological data [35]. The data requirement includes stable isotopes
(deuterium and/or oxygen-18) in precipitation and discharge, and may also use additional data
on, e.g., soil water or groundwater isotope composition. Isotope data should be associated to
the corresponding flux/volume data, but isotope tracers are commonly measured at a much
lower frequency (daily to monthly) compared to the sub-hourly measured hydrometeorological
data. Regarding precipitation isotope data, which is used as model inputs, the mismatch in data
frequency requires adjusting data to precipitation measurements and model time step,
particularly when using integrated models [36]. High frequency data can be obtained using
automatic water samplers. The combination with isotope-enabled climate models [37] can also
help to increase the precipitation input frequency [38].

Regarding streamflow isotopes data, which are used to evaluate the model, data frequency
should ideally fit the characteristic response time of the catchment. River samples are usually
collected manually on the back of routine water monitoring programs but can also be automated
using water samplers. In-situ stable isotope measurements at sub-hourly frequency progressed
over the last decade [39] but remain expensive and not feasible to operate at remote sites.



TABLE 1. MINIMUM RECOMMENDED DATA REQUIREMENTS FOR ISOTOPE-

ENABLED MODELLING.
What to sample 8o op Scw
(minimum) >
Streamflow Precipitation Groundwater
Open Source(s) GNIR GNIP Upon request to the
Agency
Where to Outlet, major tributaries, Match model input of Locate borehole/wells
Sample subbasin (confluences) precipitation time- and collect screen depth,
Co-located with gauging series, co-located with  stratigraphy. Sample at
station to have meteostations. Depends  different screen/well
corresponding on spatial discretization depths.
hydrometric records of model (lumped =1,
discretized >1)
When/ Minimum requirement to Monthly or less (event). Yearly or less if seasonal
How often capture rising limb, Need continuous variation.
falling limb and timeseries to drive the
baseflow. Hydrograph model (At dependent)
analysis. Sampling
frequency should be
based on transit time in
basin.
Purpose of data  Calibration/validation Input data to drive the Calibration/Validation

model

(groundwater);
Verification (surface
water)

Additional data such as groundwater isotope composition, which can help with model
evaluation, can be collected at a yearly/seasonal frequency. Main stem rivers should be sampled
at the outlet, co-located with flow gauging station(s). Strategic sampling of basin tributaries
that significantly impact the hydrograph shape or timing should occur above river confluences,
to capture the unique signature of tributary inflows (Fig. 2).
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FIG. 2. Isotope in streamflow sampling program designed to support minimum modelling
efforts (1° sampling) to more detailed mixing model analyses (2°) and headwater basin

analyses (3°).

The number of sites sampled across the basin will likely depend on cost (availability of
funding) and purpose of sampling. A tiered approach to sampling could be envisioned in Fig.
2, where primary (1°, yellow stars) samples are the most important (co-located with
hydrometric gauging sites), secondary (2°, grey stars) samples emphasize tributary inflows for
mixing model separations, and tertiary (3°, purple stars) sites afford more detailed headwater
to downstream longitudinal profiling. Users should be cautious about relying on data from
laboratories that have not participated in IAEA laboratory intercomparisons, as isotope data
could be subject to errors if not properly compared to a standard.

2.4.CALIBRATION AND VALIDATION

Calibration is maybe the most important step in the modelling process, because it helps
establish the legitimacy of numerical models and potential fitness for forecasting or long-term
project simulations. Calibration can be described as a process of systematic adjustment of
model parameter’s values and selection of a parameters set which provides the ‘best estimate’
of the water balance in a catchment, relative to observed data. As applied to hydrological
models, validation means confirmation that results of the model calibration are robust, or
acceptable for the planned purpose outside of the calibration period or conditions [40,41].

Model fit with isotope-enabled hydrological models is evaluated with the same performance
statistics available to any hydrological model, such as the Kling-Gupta efficiency (KGE), the
Nash-Sutcliffe efficiency (NSE and its logarithmic version InNSE), the Root Mean Squared
Error (RMSE), etc. More detailed information on performance metric selection in sections
243 and 2.4.4.

2.4.1. Calibration and Validation Approach

In catchments where there may not be sufficient data available (common for isotope-enabled
applications), it is common to conduct calibration and validation over shorter periods within
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the full record. What is crucial is to ensure a range of wet and dry conditions are represented
within each dataset for robust model calibration and validation. It is common in research studies
to split the observed data sets into sequential calibration (two-thirds or one-half of the data)
and validation (one-third or one-half of the data) preceding the study, to establish the model
performance under these sets of conditions. This may be problematic in catchments with
shorter records and decadal wet and dry cycles and may result in satisfactory performance for
the calibration/validation data set but unsatisfactory results for the validation/calibration data
set. Alternative approaches are to calibrate the water balance or runoff model to all available
data (for catchments with very short records) and to show that the performance of the model is
satisfactory over different data sets at the period when observed data is available. Alternatively,
non-sequential calibration and validation years can be selected, should there be sufficient
periods of record, ensuring both wet and dry periods are captured within both the calibration
and validation data sets. Commonly, a flow time series is required from several catchments or
sub-catchments within the model domain to conduct a spatial (versus temporal) calibration and
validation from two or more stream flow gauges. While not all models are able to do this, an
optimization procedure is able to disaggregate the missing data.

2.4.2. Calibration Best Practice

The efficiency of the calibration process can be maximized through defining and documenting
the calibration and validation approach before beginning a modelling project. At the same time,
it helps to avoid the temptation to “overfit” the model to noise in the observational data. We
advocate a FAIR Principles (Findable, Accessible, Interoperable, Reusable) based approach to
model development, that includes documenting and ensuring reproducibility of any calibration
strategy [42]. A calibration strategy should therefore a priori outline and document in an
accessible manner: (i) places where model calibration and validation will be done; (ii)
acceptable and viable ranges for each model parameter value; (iii) identified constraints,
dependencies, or relations among parameter values; (iv) calibration and validation periods at
each place and (v) expected or calculated uncertainty in observations introduced by
measurement uncertainty.

Additionally, a metric selection rational and application for calibration and validation
performance should be documented. It may be beneficial also to select and justify a manual or
an automated calibration strategy and document how a hybrid strategy of progressive manual
and automated calibration was implemented. In case an automated or hybrid optimization
strategy is used, the following additional details should be defined to ensure the transparency
of the used methodology:

— Algorithms to be used for optimization of parameter values.

—Rationale for metric selection.

—Objective function(s) that will be applied to test the calibration procedure.

—To encourage fitting to different parts of the flow regime, weightings that may be applied in
computation of objective functions.

—The set of model parameters that will be optimised through calibration procedure.

— Constraints on the allowable range of values for each parameter in the set used in modelling.

—Variables included in the multi-objective calibration (i.e., using two isotopes and/or
additional tracers).



Ideally, the calibration approach should be known preceding the start of the calibration process.
It is also appropriate for the calibration strategy to be reviewed and revised during the
calibration. Guidance on isotope-enabled model calibration decisions, processes, and
approaches across a variety of catchment sizes, geographic domains and data requirements can
be found in the literature [43-45].

2.4.3. Calibration and Validation Efficiency Criteria

To evaluate model performance for different aspects of the simulated hydrograph and compare
the results to previously reported values, goodness-of-fit or efficiency criteria are applied [46-
48]. Frequently used efficiency criteria include: NSE in standard squared form, the relative
volume error (PBIAS), KGE and RMSE. While the NSE has been widely applied in
hydrological modelling, applications that assess overall model performance may be mis-
represented as the NSE tends to over-emphasize peak flows due to the calculation of the mean
square differences between simulated and observed streamflow [49,50]. As a result, other more
balanced criteria such as the KGE [51] or a combination of criteria, such as INNSE (commonly
used to evaluate model performance at low flows) together with PBIAS and RMSE, can be
used to evaluate model performance for high, median, and low values of the calibration target.
While the above-mentioned efficiency criteria are commonly applied to an objective function
evaluating the overall agreement between observed and simulated streamflow, we recommend
the use of KGE or RMSE when fitting/evaluating objective functions using isotope data [45].
See Section 2.4.5 on performance metric selection. Isotope-enabled model evaluation can also
be related to isotope mixing for flow component proportioning, reach mixing to quantify
different sub-basin contributions, evaluation of simulated evapotranspiration using isotope
fractionation, timing of flow and residence time, amongst other applications. Application
examples are shown in the Chapter 3. As a result, it is important to ensure that the general
trends within these applications are assessed while minimizing the effects of measurement
errors within the isotope data.

The efficiency criteria for evaluating models can be performance ratings based on monthly
time steps [48] (Table 2). The isotope data is often negative values, meaning that InNSE or
logarithmic form of KGE cannot be used.

TABLE 2. EFFICIENCY CRITERIA TO EVALUATE THE AGREEMENT BETWEEN
MONTHLY OBSERVED AND SIMULATED STREAMFLOW

Performance Rating NSE PBIAS KGE*
Very good 0.75<NSE<1.00 PBIAS <+10 0.60 <KGE <1.00
Good 0.65<NSE<0.75 £10<PBIAS<#15 0.50 <KGE <0.60
Satisfactory 0.50<NSE<0.65 +15<PBIAS<+25 0.30<KGE<0.50
Unsatisfactory NSE <0.50 PBIAS > +55 KGE <£0.30
Evaluation threshold® NSE =0 n/a KGE =-0.41

*Based on [51], non-modified KGE formulation as outlined by [50].
AMinimum value of evaluation criteria that represents an improvement above the long-term
mean.
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When rating performance and evaluating objective functions for daily time steps, the efficiency
criteria class usually shifts to one below (i.e., 0.65<NSE<0.75, ‘Good’). Note that basin scale,
region of application (data availability) and model type will impact benchmark efficiency
criteria, meaning the larger the basin the more likely it is to have lower model performance.

2.4.4. Calibration Methodologies

At locations where hydrologic and isotopic data are available and streamflow or runoff
estimates are required, several options for model calibration strategies are available to the
modeller:

(a) Single objective calibration.
The calibration of a single model performance metric to derive the optimal solution (parameter)
set for a single model variable (e.g., streamflow) over the calibration period.

(b) Multi-criteria calibration.

Involves the calibration of one or more model variables, which means the user has to first
decide what is to be calibrated (e.g., streamflow and one or more tracers). This involves
calibration of different model variables either separately or combined using a hybrid
performance metric (combination of a series of model evaluation metrics). The methodology
of calibration, however, does not significantly differ from that of single objective calibration,
other than perhaps the selection of model performance metrics or derivation of a hybrid metric
for minimization/maximization.

(c) Multi-objective calibration.

Like multi-criteria calibration, this involves the calibration of one or more model variables,
which means the user has to first decide what is to be calibrated (e.g., streamflow and one or
more tracers). Unlike multi-criteria calibration, however, multi-objective optimization
considers the entire solution space for all variables in tandem and selects a set of “optimal”
solutions (i.e., non-dominated) that represent equally satisfactory outcomes for the models’
performance. No one optimal solution is defined using this method, but instead the modeler
has control over the optimal solution they select, which represents a trade-off among the
variables being optimized. For example, the best streamflow simulation in a hydrologic model
likely does not correspond to the same parameter set used to derive the ‘best’ isotope (5'*0 or
5°H) simulation. In this case, the optimal model performance resides in strong outcomes for
both variables — selected by the user and guided by the model application or intended use.

Similar to the hydrological models, the models used with application of isotopes may be
calibrated independently for each catchment. Here, independent parameter sets will be obtained
for each catchment, or a joint calibration may be applied. During the joint calibration, all
models are calibrated with regional parameters to fit to the gauge records from two or more
gauges. A single set of model parameters will be produced for all modelled catchments used to
fit the flows at all the gauges within that group. It is the most common procedure for regional
or global water balance modelling due to the computational demands and memory required for
input (including parameters) datasets.

Calibration of the model normally involves running the model may (thousand) times or trials,
testing different values of parameter within the parameter space (defined by upper and lower
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parameters boundaries), with the aim of improving the fit of the model to the calibration data
and to reduce the generation of implausible parameter values. This is best done through
automated methods and scripting using calibration algorithms such as Ostrich and the Non-
dominated Sorting Genetic Algorithm (NSGA-II). Automated calibration can be facilitated by
user input, however, in a variety of ways:

—Manual definition of starting values and ranges of parameters, requiring distinct knowledge
of the model and catchment.

— Definition of optimization seed values or starting points and number of trials required to
reach an optimal (set of) outcome(s).

—Using a hybrid approach of semi- automated optimisation phases, combined with manually
implemented or defined trials of parameter sets.

2.4.5. On performance metric selection

Model evaluation during calibration and validation is only as good as the metrics selected to
evaluate the model by. Meaning, if a single performance metric is used, the model outcome
will likely be insufficient or non-robust across a variety of catchment responses and climatic
conditions. If metric selection includes a variety of summative (streamflow performance), and
formative (i.e., flow path and storage or tracer-based variables), then the model is likely to be
more robust. It is noted that robustness is not always the desired fitness for purpose; in flood
forecasting applications, it is likely that only peak flow generation is important, in which case
it is likely that a single performance metric measuring only the models’ ability to simulate peak
flow or peak flow efficiency is needed.

The literature includes much guidance on performance metric selection and outcomes for
model calibration [52,53]. Metric selection should be based on the (1) intended application of
the model outcome, (2) non-stationarity or seasonality of the model output, (3) type of model
output being calibrated, and (4) data availability and comprehensiveness of the data record,
both regionally and temporally.

2.4.6. Determining Fitness for Purpose

It may never be obvious when a model is “fully or adequately calibrated”, however there are
several guidance documents in existence that suggest normal ranges of acceptable calibration
based on performance metric choice [54], including on the use or inclusion of soft data in model
calibration [55]. Generally, it is important to approach calibration with rigour and to establish
a satisfactory level of confidence in the model’s performance for the task at hand — what we
call its “fitness for purpose”. This does not mean the model has perform adequately across all
possible performance measures. For example, if you are applying the model for long term
average streamflow simulation, it is not necessarily a requirement that the model accurately
reproduce the annual peak flow magnitude (though timing may be more important). Consider
both the intended application and performance metrics selected for model evaluation.

When a model is deemed calibrated, it can be used to conduct predictive simulations. For
example, these simulations can be used to derive the system response to future events in
different climate change scenarios, or also for the risk assessment of contaminant transport
(nuclear wastes, pesticides, etc). The predictions’ quality will depend on how well the model
is calibrated and on proper establishment of mathematical and numerical models applied. It
should be considered that because of the nonlinearity of natural hydrologic systems and
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simplifications in the models, the predictions could produce unrealistic results. The calibrated
model should not be used to forecast the system where the available field-observed data
frequency is two-times shorter than the period of model calibration [28].

2.5.SENSITIVITY AND UNCERTAINTY ANALYSIS

There are various earth science models that incorporate the behaviour of water isotopes, such
as global atmospheric general circulation models, regional climate models, cloud-resolving
models, land surface models, river models, horizontal two-dimensional models, and
Lagrangian models [56]. In all of them, the contribution of the water isotope ratio to the model
is affected by both the behaviour of the water cycle and the behaviour of the water isotope
itself. Although water isotopes are passive tracers and their abundance does not change the
water cycle, water isotope ratios can change when the water cycle changes, especially when
water phase changes are involved. For example, the sensitivity of water vapor isotope ratios to
changes in evaporation efficiency, a parameter of atmospheric convective precipitation
processes, is particularly pronounced in the tropics, especially in the mid-troposphere over
oceanic continents [57]. There are an infinite number of such parameters influencing both the
water cycle and water isotope ratio, and it is common practice to constrain such parameters that
are sensitive to both the water cycle and water isotope behaviour with observed water isotope
ratios [58]. On the other hand, there are several parameters in models that incorporate water
isotopes that are only sensitive to water isotope ratios. For example, the equilibrium
fractionation factor, which is the basis of the physical properties of water isotopes, is not always
known with certainty, and its sensitivity on the isotopic results is sometimes variable. As for
the parameters related to kinetic fractionation, the kinetic fractionation parameters depending
on the intensity of evaporation and affect the water isotope ratios of water vapor and
precipitation, and the sensitivity due to the way they are handled is often a major issue. When
studying the water cycle and transport using water isotope models, it is important to use
parameters that are well understood in the laboratory, i.e., the sensitivity to the water isotopes
themselves can be assumed as small as possible.

In general, the sensitivities of numerical earth science models can be divided into two
categories: sensitivities due to differences in initial conditions and sensitivities due to
differences in boundary conditions; the same is true for all water isotope models. In this case,
there are sensitivities due to initial and boundary conditions of water isotope ratios themselves,
such as water vapor isotope ratios and precipitation isotope ratios, and sensitivities due to initial
and boundary conditions of other physical quantities, such as temperature and water vapor
content. It is important and useful to analyse each of these sensitivity factors when interpreting
water isotope model results.

Uncertainty in groundwater models stems from several factors related to simplification of
hydrological processes in the model. Thus, when the modeler selects a particular code, he/she
indirectly makes assumptions about the set of hydrologic processes important to the modelling
objective. This is because the selection of a code in effect reduces all processes to only those
included in the code. Uncertainty can only be reduced, never eliminated, and the modelers have
to consider the uncertainties that influence modelling results and a healthy scepticism of
modelling output [28].

A typical order of importance of uncertainty sources includes: (i) input data in the model,
including parameters, constants, and used data sets; (ii) assumptions and simplifications used
in the modelling; (iii) the scientific evidence that is underlying the model; (iv) stochastic
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uncertainty (this is addressed under “variability” below) and (v) uncertainty sources such as
numerical approximations and undetected software bugs. It should be noted that uncertainty
sources should be considered early in the modelling process and then re-examined once the
model has been calibrated, validated and applied for scenario runs.

Equifinality and the existence of different model parameter sets that result in equal model
performance in environmental modelling is now widely accepted [59]. Therefore, optimization
with the goal of finding a single optimal solution can only be justified in exceptional cases.
Once equifinality is accepted, two main methods have been pursued to explicitly estimate
parametric model uncertainty (following [60] and subsequent discussions): Generalized
Likelihood Uncertainty Estimation (GLUE) and variants [59,61], and Bayesian statistics [62].

The GLUE method could be considered a particular case of the formal Bayesian approach;
however, the difference lies in the statistical error model and that the sometimes “subjective”
expert criterion of acceptability can be used as prior information [2]. Nonetheless, specifying
a statistical error model is not always possible if data errors are present [63]. Furthermore, data
and model structural uncertainty, in additional to parameter uncertainty, play an important role
on the credibility of model simulation results [64,65]. Therefore, the modeler is left with the
choice of two approaches that most importantly warrant a quantitative estimate of model
parameter uncertainty, which is a cornerstone of good modelling practice [66].

2.6.MODEL SELECTION

The World Meteorological Organization (WMO) published several reports [67,68] where the
following factors and relevant criteria should be considered when selecting a model:

— Objectives of the modelling that can include hydrological forecasting, assessing
anthropogenic impact on the natural hydrological regime, or assessment of the climate
change impact.

— The type of system that will be modelled, such as small catchment, river reach, reservoir,
or large river basin.

— The hydrological element(s) that plan to be modelled, for example runoff, daily average
discharges, monthly average discharges, water quality, and floods.

— The climatic and physiographic setting of the modelled system.

— Data that are available for modelling including the information on its origin, type and
quality.

— Hydrological complexity should be considered.

Generally, the ability of the model to be updated conveniently, based on current
hydrometeorological conditions, should be considered together with other issues such as: (i) a
level of expertise in modelling; (ii) whether the model is going to be used on its own, or if it is
going to be used in combination with other models. The core governing principle in model
selection should be based on not having more parameters requiring calibration than the
available data can support. It can help to minimise problems of spurious results and false
calibrations.
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2.7.DATA MANAGEMENT AND ACCESSIBILITY

Researchers and funders are highlighting the importance of data, publications, and software
sharing for the public use [69]. To begin to achieve this accessibility to data and communication
between researchers, the enunciation of the FAIR principles was critical. FAIR is a set of
guiding principles to make data findable (F), accessible (A), interoperable (I), and reusable (R)
[42].

These principles provide guidance for management and stewardship of scientific data relevant
to all stakeholders. Also, these principles have been extended to software and other academic
output [70]. With a model that has been made based on the FAIR, it is possible to re-design the
experiments done by the authors of that model. An additional option can be to develop novel
research by applying the model to different locations, with diverse input data and/or settings.
For the FAIR-based model, not only the software and required data need to be available, but
models should be also properly documented and have well-defined interfaces [70].

3. APPLICATIONS OF ISOTOPE-ENABLED HYDROLOGICAL MODELS

This section discusses the characteristics of different isotope-enabled model types, along with

a broad evaluation of the strengths and limitations of each approach used by the participants
(Table 3).

The CRP’s participants used both lumped models that considers individual catchments as a
single unit and distributed models that sub-divides each catchment in smaller cells. A lumped
hydrological model generally averages spatial settings related to rainfall-runoff response for
the whole area of the analysed catchment. Distributed model subdivides a catchment area based
on a particular grid size to capture this spatial and temporal variability [71]. Another type, a
semi-distributed model that is a variation of the lumped method where catchment is divided
into smaller sub-catchment and for example, runoff amount is estimated based on streamflow
from each of these sub-catchments. Fig. 3 highlights the difference between these models.

Lumped Semi-distributed Distributed
a) b) c)

FIG 3. Comparison between the three examples of model spatial discretization. a) Lumped
Model, b) Semi-Distributed Model and c) Distributed Model (adapted from [71]).
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3.1.,ARGENTINE REPUBLIC

FIG 4. Los Padres Lake

Short statement: Application of stable isotopes to estimate water exchange processes in a
shallow lake.

Challenge. Pampean shallow lakes have an important role in the balancing of physical and
biological systems among several ecosystem services. However, key hydrological properties,
such as evaporation loss and water residence time estimations are remained unknown. For this
study [76], it was considered as a study area Los Padres Lake, which is a representative
freshwater ecosystem and despite being located within a natural reserve area, it is embedded in
a fruit-horticultural belt. The aim of this study was to calculate evaporation losses and the water
residence time in this temperate shallow lake using the water isotope mass balance approach.

Approach. Groundwater, lake and stream samples were collected for §*H and §'*0 analysis.
Water level fluctuations were recorded with data loggers and water samples were collected
monthly for one year. Groundwater discharge estimations were calculated based on an
automated digital filter technique. Isotopic rainwater composition was obtained from the GNIP
sample collector. Stable isotopes were analysed by at the Hydrogeochemical and Isotopic
Hydrology Laboratory (Universidad Nacional de Mar del Plata). Lake water balance was
characterized using an isotope mass balance model, that estimates E/I (fraction of inflow water
evaporated from a lake). The isotope-based lake water residence time (t) was estimated using
the Gibson et al [77] formula.

Lesson learned. The analysis of E/I ratios showed that water balance in the lake was mainly
regulated by changes in water flow rather than changes in evaporation. A mean residence time
was calculated. Long-term monitoring would enable the estimation of the changes in lake
hydrological properties over time and facilitate the evaluation of the lake water cycle. Data
resulting from this study have multiple impacts as the lake is within the area of agricultural
watershed but also used for recreational activities.
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3.2. AUSTRALIA

FIG 5. Tully River, Queensland, Australia

Short statement: Isotope-enabled hydrological modelling of the catchment water budget
improves our ability to manage the demands on water resources of seasonal catchments better.

Challenge. Catchments in Northern Australia experience seasonal changes in rainfall that result
in very distinct wet and dry season flow patterns, with implications for water resource
allocation. This project uses two contrasting catchments, one largely forested (Tully River
catchment) and another heavily impacted by agricultural activities (Barron River catchment),
to compare water budget modelling results and their implications on water resource
management.

Approach. Data collection for both catchments to represent physiographic variability and
upstream to downstream linkages was conducted for 12 or 13 sampling locations given their
size (1684 — 2188 km?). Streams and lakes were sampled for stable water isotopes water quality
parameters (e.g., pH, conductivity, turbidity, dissolved oxygen). Rainwater and groundwater
were also sampled for the 2 years from November 2018 to end-October 2020.

Lessons Learned. As both catchments are close to the sea and have an elevation range of
approximately 800-1000 m above sea level, this results in a clear elevation and distance effect
on the isotopic composition of rainfall. Rainfall over both catchments is more depleted at high
elevation locations and those further inland. There is a clear effect of rainfall seasonality on the
stable water isotope composition for the rainfall and streamflow samples, seen more clearly for
the Barron River catchment than the Tully River catchment. For rainfall, dry season rainfall
tends to have more enriched §'®0 composition as compared with wet season rainfall samples
which tend to be more depleted in both §'®0 and §°H. Our results show a distinguishable isotope
signature for different water budget components for both catchments with lake samples showing
a more evaporative signature than stream samples. Isotopic compositions also show a distinct
seasonal variability for the different source waters. Evaporation being an important process for
isotopic variability especially for lake samples which have lower d-excess values compared to
streamflow entering the sampled lakes. The future direction of this work is to invest in setting
up a physical isotope-hydrologic model (e.g., isSoOWATFLOOD).
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3.3.CANADA

FIG. 6. Odei River, tributary of the Nelson River and typical of northern Canadian Boreal
Rivers

Short statement. Coupled physical water-isotope modelling is applied within the Nelson River
basin (1.1M km?) and Mackenzie River basin (1.7M km?) of Canada. These basins collectively
represent about 1/3 of Canada’s landmass and both contribute to Arctic Ocean drainage. Both
basins are undergoing rapidly accelerated climate change which is affecting water supply.
Isotope-enabled modelling is being used to identify process representation and surface-
subsurface hydrologic partitioning to constrain future long-term water balance simulation.

Challenge. The main challenge within this region is a lack of data when reliant on hydrometric
or water balance methods alone. Isotopes offer a means to calibrate models in ungauged basins.
This region is also highly seasonal with many cold regions processes. The size of the region is
also a significant challenge here, with spatial scales and timesteps for modelling that are
meaningful hydrologically.

Approach. A combination of analytical water-isotope balance modelling and physical coupled
isotope-hydrologic modelling (isoWATFLOOD) was applied to identify significant water
balance components, regional controls on the water balance, and to improve hydrologic model
calibration [19,24, 45].

Lessons Learned. Modelling highlighted significant regional differences in water balance
controls and runoff generation mechanisms at a continental scale, and facilitate partitioning of
E/I, T/ET and water yield (runoff) for subbasins across Canada. Physical modelling
complimented the analytical modelling by providing more detailed timeseries records of flow
and isotopes. The isotope data were useful for improving and validating the model performance
and calibration. Isotopes were found to improve calibration in large regions with process-based
models over results calibrated to streamflow only [24,45].
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3.4.CHAD, REPUBLIC OF AND FRENCH REPUBLIC

FIG 7. Lake Chad

Short statement. In the Sahelian area, Lake Chad represents a permanent access to surface
water resource but undergoes significant seasonal and interannual surface changes (2500 —
25000 km?) in response to climatic variability [78]. As an example, the shrinkage of the lake
during the 1970-1990 period corresponded to the decrease in rainfall observed in the entire
Sahel region [79], but a detailed understanding of the variability of Lake Chad requires
knowledge of the response of flows to the respective roles of climate change and human
activities. In addition, the lake Chad catchment contains several smaller lakes, such as the Lake
Fitri, which has a behaviour very similar to Lake Chad at a smaller scale. The dramatic
fluctuations in the extension of Lake Chad over the past decades have demonstrated the very
high vulnerability of this crucial ecosystem for nearly 47 million people. High population
growth, combined with the uncertainties of climate change, makes water resources vulnerable.
In this context, the development of sustainable surface and groundwater management is crucial.

Challenge. Understanding the Lake Chad and Lake Fitri responses to climate variations
requires the combination of catchment and lake models. In the Lake Chad basin, the Chari-
Logone River basin (600000 km?) represents the main water inflow to the lake. Regarding the
Lake Fitri, the Batha River basin (90000 km?) in the main inflow. In both situations, the main
challenges are the lack of hydro-climatic data to characterize the water flows and their
variations in these huge catchments.

Approach. The calibration of a lake model combining water, isotope and chemical mass affords
more precise estimation of the water balance components of Lake Chad and their variability
[74]. This approach will be applied to Lake Fitri. Regarding the application of a catchment
model, previous studies on the Chari-Logone basin provided detail knowledge of the hydro-
climatic and geochemical flux variabilities [79,80]. Additionally, stable isotope data were
collected on a monthly basis between January 2013 and November 2016, with the objective of
applying an isotope-enabled rainfall-runoff model.

Lessons learned. The combination of water, isotope, and chemical mass balance in a lake
model was found to be the most effective way to evaluate the water balance components of
Lake Chad and their variability [74]. For this purpose, monthly sampling of the lake and its
tributary are sufficient and need to be combined with water level measurements and lake
bathymetry. Regarding the application of an isotope-enabled rainfall-runoff model on the lake
catchments, the main difficulty is to propose a quantitative interpretation of the isotopic
signature of evaporative fractionation in terms of the magnitude of large-scale evaporation
fluxes.
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3.5.CZECH REPUBLIC

FIG 8. Plesné Lake, Czech Republic

Short statement. Lake catchments in the boreal forest of the Sumava National Park
experienced a bark beetle (Ips typographus) infestation and strong deforestation

Challenge. Vegetation cover influences hydrological cycle through the interception of
precipitation, changes in evapotranspiration that affects water dynamics, storage, and mixing.
In deforested sites typically lack canopy interception and may subsequently have reduced
transpiration, resulting in an accelerated hydrological cycle. This study focused on assessment
of hydrological processes and their difference in forested and deforested catchments using
isotope water balance modelling.

Approach. Isotope-enabled hydrological modelling was done in mountain headwater
catchments (Czech Republic, Sumava National Park). The aim was to test the hypothesis that
stable isotopes of water can trace hydrological variations derived after the
deforestation. Sampling of precipitation, tributaries, lake profile and outflow were organized in
forested and deforested catchments with similar conditions in 3 weeks interval in 2016-2021.
Together with stable isotopes of water, basic hydrological and hydro chemical measurements
were done.

Lessons Learned. Results of stable isotopes in water analysis showed that run-off in forested
and deforested catchments has differences in hydrological processes. This is found to be
attributed to distinct vegetation characteristics in the catchment. In the forested catchment
isotopically enriched throughfall contributes to run-off in streams. This explains a higher
storage capacity of intercepted precipitation and the ability of the mature spruce forest to
intercept moisture. Higher throughfall amounts can lead to a larger evaporation signal as found
in the streams of forested catchment, particularly, during warm periods of the year with a larger
contribution of rainfall. In the deforested catchment, the larger contribution of isotopically
lighter water during the winter relates to changes in ground snow cover formation and snow
melt. Stable isotope data also indicated that evaporation, transpiration, and the mean transit time
of water did not differ significantly between forested and deforested catchments [81]. Stable
isotopes of water added interesting and hydrologically relevant information related to the effects
of forest disturbance on catchment water partitioning that would otherwise have been difficult
to obtain.
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3.6.COSTA RICA, REPUBLIC OF

FIG 9. Rainforest in the San Lorencito experimental catchment in the Republic of Costa Rica

Short statement. The complex, tropical San Carlos catchment (2560km?) in the Republic of
Costa Rica with limited data availability lacks basic information on water quantity and quality.
Tracer-aided hydrological modelling with STARRGuopics (Spatially-distributed Tracer-Aided
Rainfall Runoff) helped to better understand the spatial and temporal dynamics of flows and
tracer mixing, storage and transport to establish more robust water balances.

Challenge. Tracers can be used to bridge the gap from water quantity to quality using concepts
of water age distributions. However, the latter mostly requires modelling enabled to simulate
tracer transport additionally to flows and if models developed at smaller catchment scales can
perform in larger catchments where management decisions are most pressing. The class of
tracer-aided hydrological models can help to reduce uncertainties of water balances and water
and tracer flux estimates but comes at the expense of increased model parameters. Such a trade-
off should be carefully evaluated to determine if the model is useful under the current data
availability for the study site.

Approach. The modified spatially distributed and tracer aided STARRopics model by Dehaspe
et al. [66] and Correa et al. [73] was upscaled from previous applications at the 3.2 km? San
Lorencito headwater rainforest sub-catchment to the full 2560km? tropical San Carlos
catchment. The much more heterogeneous San Carlos catchment required modifications to the
model time step (from hourly to daily) and grid (from 10m to 1km), as well as to the input data
setup in form of 4 land cover classes represented by Leaf-Area-Index (LAI) for water
partitioning and flux simulations. The spatially variable meteorological input to drive
STARRopics used an observation-based bias-corrected output from the regional isotope-enabled
climate model IsoORSM by Yoshimura et al. [82]. Therefore, STARRropics Was run continuously
from 1981 to 2020 simulating flows, water balances and tracer transport evaluated against 4
streamflow gauges in a split sample mode and monthly isotope measurements at 46 streams
[83].

Lessons learned. The incorporation of isotopes into the hydrological model STARRopics
helped to constrain simulations for a more robust estimation of grid-based water balances that
can be communicated to local decision makers. Independent model evaluation in form of soil
and groundwater isotopes resulted crucial to constrain simulations. Model improvements can
be achieved through better spatially distributed model input data.
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3.7.ETHIOPIA, FEDERAL DEMOCRATIC REPUBLIC OF

FIG 10. a) Irrigated Area and b) Modjo River, Federal Democratic Republic of Ethiopia

Short statement: Application of stable isotopes to minimize the inherent uncertainties of
conventional groundwater recharge estimation.

Challenge. Proper estimation of groundwater recharge has a paramount importance to assess a
groundwater potential of an area. Unfortunately, there is no method which gives best estimation
in all climatic, topographic and geologic setting. It is commonly a trial-and-error approach to
find a more realistic way of estimating groundwater recharge particularly in a complex
environment. This research will try to evaluate existing methodologies for recharge estimation
from different sources including primary data in selected watershed in the upper Awash basin
including Addis Ababa and compare it with recharge estimation using the new technique,
“Isotope enabled water balance modelling” to come up with a more realistic recharge
estimation.

The main purpose of this research is to enhance the reliability of groundwater recharge
estimation using isotope enabled water balance modelling under a changing climate so it can
be used to design a proper and sound groundwater management plan.

Approach. Conventional groundwater recharge estimation using wets pass model and
hydrograph separation is conducted. To apply these method thematic maps of the upper Awash
basin has been prepared, processed and evaluated, river discharge data was processed and then
the recharge estimation has been validated by comparison with previous studies. Moreover, as
a parallel study the water quality change through time was evaluated using trend analysis by
comparing two periods sampling with previous analysis results. The first group of samples for
isotope analysis has been collected and analysed.

Lessons Learned. Samples taken from ground water shows depletion while the lake water and
river water show slight evaporation. Groundwater recharge estimate using wets pass mode is
about 125 mm which accounts 12.5 percent of the basin rainfall. Groundwater recharge
estimated using hydrograph separation in one of the main tributaries was found to be 36 mm
indicating, baseflow separation a less viable option because of the deep groundwater resulting
and deep circulation. Groundwater recharge estimated using SWAT also 115 mm. Sulphate,
chloride and nitrate are observed increasing from time to time particularly in major urban centre
and rural area where intensive irrigation is practiced. IsoWATFLOOD will be used in the future.
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3.8.JAPAN

FIG 11. Kinu River in 2015, Joso City, Japan

Short statement. This study showed that isotopic information had the potential to improve
estimates of detailed global water balance by constraining isotope-enabled models with cutting-
edge satellite-based vapor isotopic measurements. Furthermore, such isotopic information may
help to improve the accuracy of weather prediction.

Challenge. The accuracy of weather prediction has been continuously improved, but there are
many disasters occurring all over the world. Japan is one of the flood-prone countries. Stable
water isotopes have been regarded as a good tool to help our understanding of various types of
hydrological processes, but how much the isotopes could contribute to disaster prevention was
rather unknown.

Approach. Isotope-enabled atmospheric general circulation model coupled with an isotope-
enabled land surface model (Iso-MATSIRO) and an isotope-enabled hydrological model (Iso-
TRIP) was used. Data assimilation method developed by Yoshimura et al (2014) was applied
to constrain hydrological processes of the model with the satellite-based vapor isotope
observation data.

Lessons Learned. Data assimilation of satellite-based mid-tropospheric vapor isotope
information was tested. In Toride et al. (2021), it was confirmed that the wind speed, specific
humidity, and temperature fields in the middle troposphere improved by more than 10% in ideal
experiments when additional water isotope ratios were assimilated. Following this idealized
work, Tada et al. (2021) conducted data assimilation experiments with the actual observed data
obtained from April 1 to April 30, 2013. The results confirmed that the isotopic information
has the potential of constraining the atmospheric hydrologic cycle, and it even contributed to
improving weather prediction accuracy. With expansion of this approach, it may help to
improve the prediction accuracy of heavy precipitation events, like the one occurred in 2015 in
Japan, a.k.a. Kinu River flood event (Fig. 11).
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3.9.SOUTH AFRICA, REPUBLIC OF

FIG 12. Berg River catchment in the Western Cape of the Republic of South Africa

Short statement. The Berg River catchment in the Western Cape of the Republic of South
Africa experienced a severe drought between 2015-2018

Challenge. Centralized water supply systems which rely mainly on surface water reservoirs are
vulnerable to climate variability. These issues are pronounced in semi-arid Mediterranean
South Africa here precipitation follows a winter distribution, but water demands are highest
during summer. Precipitation shortfalls therefore affect the ability of reservoirs to meet
domestic, industrial, and agricultural requirements, as well as environmental flows.

Approach. This study focused on validating the simulated hydrological processes and the flow
component separation ability of the distributed JAMS/J2000iso rainfall-runoff model of the
Berg River catchment, which forms the basis of a future climate vulnerability assessment.
While JAMS/J2000iso simulates small scale processes and flow dynamics at a hillslope scale,
its groundwater and aquifer properties are more conceptual which affects ‘plausible’ model
parameter combinations. Sampling of rain, stream, groundwater isotopes were taken between
the periods 2020 to 2021 on a weekly basis and aggregated. A binary mixing model was used
to determine the fractional water content of surface runoff and baseflow in the lower reaches
and used for comparison purposes with the simulated flow components. The choice of
‘plausible’ model parameters relied on selecting parameters which gave a similar flow
component breakdown using the fractional contribution of each of the water isotopes.

Lessons Learned. The isotope results illustrate a strong groundwater dominance in the
hydrological flows for the catchment, accounting for around 70 % of the daily flows. Likewise,
the most ‘optimal’ model solution favoured a strong groundwater dominance of around 50 %.
Developments are still ongoing which allow for linking the isotope fractional water content
with the simulated flow components within the model, to allow the automated calibration
procedure to narrow search into more ‘plausible’ model parameter combinations. As climate
change drives key stresses in the hydrological system, influencing conceptual rainfall-runoff
relationships, the use of isotopes provides a means to reduce the uncertainty of simulated
hydrological flows, especially in semi-arid/arid environments or small catchments where the
signal to noise ratio is much higher and solutions tend towards ‘implausible’ scenarios.
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3.10. VIET NAM, SOCIALIST REPUBLIC OF

FIG 13. Red River in Hanoi

Short statement. The Red River delta, especially Hanoi capital is already considered an area
‘at risk’ due to large scale infrastructure development and groundwater.

Challenge. The degree of interactions between the river and aquifers depends on many factors
including the spatial heterogeneity of clay distribution and the large temporal fluctuations in
the hydraulic heads of groundwater and river levels due to climate factors and pumping.
Therefore, previous work has shown mixed results in the degree of this interaction.

Moreover, sustainable use of water resources in Hanoi requires solutions to manage irrigation
and drinking water demands more effectively on surface water and groundwater resources. This
requires a comprehensive understanding of the connection between these water resources.

In this project, the connection between surface and groundwater resources will be explored
using isotopes to help resolve the challenge of spatio-temporal variability. These isotopic
observations will then be used to better quantify the water balance in the delta using the IAEA
Water Balance (IWBMIso).

Approach. The stable isotopes of water were used to identify the seasonal variations in
groundwater and surface water interactions. Hydraulic head data from monitoring system was
included to highlight hydraulic gradient directions and potential seasonal reversal. But it is only
through the coupled use with stable isotopes that we can then quantify these exchanges for the
catchment budget modelling. In this project we concentrate on the groundwater interactions
with the Red River [84,85]. The project objectives include: (a) Identify areas of high
connectivity with river water in temporal and spatial scale by using oxygen-18 and deuterium;
(b) quantify the contribution and mean traveling time of baseflow using the isotope model.

Lesson learned. In the dry season groundwater in both Holocene and Pleistocene aquifers and
water in the Red River has the same isotopic composition. It seems that Holocene and
Pleistocene aquifers in that region were interconnected in the dry season and discharge to the
Red River, and in the rainy season the river was recharged to groundwater. The results of this
study are useful for the local water resources managers in terms of better management for
groundwater abstraction to reduce potential contamination of groundwater from surface water
to supply Ha Noi.
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4. DISCUSSIONS AND FUTURE DIRECTIONS

The presented study showcases applications with improved water balance estimates, but also
enhanced hydrological process simulations through the combined use of stable water isotopes
and hydrological models. This information is relevant for water resource managers, decision
makers and for policy creation. These guidelines aim to provide model users with the
necessary information needed in the design of new isotope enabled hydrological models or
new modelling approaches, provide supporting information for the presented example model
applications, but are not restrictive in terms of how the field may progress. Additionally, we
recognize that as isotope hydrology and hydrological modelling fields are quite diverse, these
guidelines aim to bridge and provide information needed by both intended users.

Many of the previously described issues in relation to isotope-enabled hydrological modelling
can be summarized under the three categories of 1) model, (ii) data, and ii1) training issues.
The latter challenges also provide ample opportunity for future research directions and here
we only briefly highlight those where we see the most potential:

4.1. MODEL ISSUES

Arguably all models are uncertain, and we therefore highlight the five main types of
uncertainties, which are: 1) input data and 2) boundary conditions, 3) model structural, 4) model
parameter selection, 5) uncertainty of data used for calibration and numerical uncertainty. We
do not go as far as recommending a specific uncertainty quantification method, but we would
very much want to highlight that uncertainty needs to be considered and transparently reported
in any modelling study. Related to the uncertainty issue of hydrological modelling is the
opportunity to reduce uncertainties by incorporating isotopes into the model evaluation
procedure (Table 4).

TABLE 4. SIMPLE TESTS TO EVALUATE THE EFFECTIVENESS OF ISOTOPE DATA
IN AIDING HYDROLOGIC SIMULATION.

Simple What to look for Why Evaluate
test
MWL Compare data to local LMWL offset from Signature of local
precipitation to GMWL in §'%0- GMWL informs precipitation
5°H space humidity and air mass processes
circulation processes
d-excess Compare data to MWL in §'%0-  Is there an Offset (slope)
and LEL  §%H space evaporation signal or ~ Variability
Evaluate offset and data not?
scattering along an evaporation s it seasonally
line varying?
End Evaluate data scattering alonga Do they change Mixing in
member  mixing line in §'%0-5°H space.  through time and/or  catchment
analysis Identify endmembers and their ~ space?
variability. Is there the potential
to evaluate mixing?
dr>do Timeseries plot of both Is there damping Transfer function
(mixing)?
What is the offset?
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The latter additional information to streamflow for model evaluation can help increase the
robustness of model simulations in terms of both model accuracy and fidelity (or process
representation). However, there is a need to standardize such model tests through a formal
protocol that could involve a benchmark high-quality catchment data set, a model structure
benchmark, both approved and taken up at a community level. A community level effort could
even lead to developing open access modular code similar to the community climate and land
surface models.

As a means of addressing modelling uncertainty, a series of simple tests can be run on
preliminary isotope data to assess the degree to which isotope data may assist, or complement,
the environmental modelling. These are outlined in Table 4.

4.2. DATA ISSUES

There is a clear need for more longer-term and higher frequency stable isotope data sets from
catchments with different climate and geomorphic properties for comparative studies that
enable to learn about catchment functioning and learn about catchment functions so that models
can be tailed to catchment behavior. However, model testing can go beyond the more common
rainfall-runoff data to include additional isotope data that characterize source waters such as
soil, plant and groundwaters. Such multi-component data sets will provide a much more
stringent model test in the future. Additionally, to the worth of data for model evaluation, we
need spatially distributed data for large-scale catchment applications, particularly where spatial
and topographical gradients exist. Likewise, the temporal resolution of the collected datasets
needs to be considered, given the desired research questions, but also which anticipated model
will be used. Ideally higher resolution datasets should be used for highly dynamic systems or
for detailed process understanding, while lower temporal resolution data can form the basis for
larger regional water management requirements. More detailed datasets are required for
catchments which are under a state of change, but also for pristine catchments to ensure baseline
comparisons are available. To fill such a gap, the use of isotope-enabled climate models could
be promoted as hydrological model input if uncertainties are manageable.

4.3. TRAINING ISSUES

Many isotope-enabled models (see case studies) already exist and could be taken up by users
for a more widespread application using the best-practice presented here. However, the isotope
components add an additional layer of complexity to hydrological modelling that often requires
expert programming knowledge in combination with a background in isotope hydrology. Even
if model codes that do not include a graphical user-interface are well documented (which they
are most often not), such research tools need training, which can be a time-consuming task. In
the example application studies the isotope enabling considers improving model robustness but
vary based on whether the isotope fluxes were simulated or whether the isotopes were solely
used for evaluation. Training on isotope enabled hydrological modelling therefore is dependent
on the end user (policy/water management/researchers) and their anticipated skills and
background. We recognize that these isotope enabling applications can vary widely for different
model codes (such as Fortran vs. Java), but the development of these approaches can be more
easily achieved with models which are modular and isotope components can be easily combined
with pre-existing model structure. Nonetheless, we recommend facilitating open access to codes
and tools to maintain different versions in platforms such as e.g., GitHub. Model documentation
and even training material in the form of e.g., video tutorials would be an asset for a more
transparent and user-friendly experience of isotope-enabled hydrological models. Additionally,
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training workshops which keep users up to date with the latest isotope-enabled model
developments are needed to expand the field and ensure the appropriate use of these tools.

While forecasting under enhanced global warming is a current priority within the field of
hydrological modelling, which has seen the increased use of data driven approaches and
machine learning, the progression of isotope-enabled models supports better process
representation of models with the intention that these models will then still provide relevant
predictions given the anticipated climate change. Additionally, the progression of different
isotope enabled modelling approaches provides a good methodology to support already existing
hydrological models with more physical constraints. While these guidelines have supported a
range of different applications, we are looking to test these approaches under climate extremes
and develop new tools focused at promoting enhanced performance for forecasting but also
testing these models in ungauged catchments, formulating the best means to collect isotope
support data and what the limitations of these approaches might be.
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GLOSSARY

Benchmarking — a quantitative indicator (or combination of indicators) that allows comparison
with models with a similar purpose to a standard set of data, observations or expected
results.

Calibration — the process of adjusting or tuning model parameters defined within physical (or
conceptual) equations in a water balance model such that the outcome of the model
provides the best match to the output, or calibration, data (e.g., streamflow, isotopes
timeseries).

d-excess — deuterium excess, or the offset between the 3*°H and 8'%0 values defined by the
equation §°H — 8 §'%0. The d-excess defines the relative influence of evaporation and
humidity on the isotopic composition of the region and surface or meteoric waters.

End-member mixing analysis (EMMA) — is a mathematical approach that decomposes mixed
constituent concentrations (or amounts) with respect to the flux contribution of by its
end-members’ isotopic ratio. It assumes that each discretised water body or “storage”
has a distinct isotopic composition, and their dynamical flow and mixing are explicitly
calculated in all times and space in the model domain.

FAIR - Findable, Accessible, Interoperable and Reusable, principles of conduct for code and
model application development requiring that code/models.

GNIP — Global Network for Isotopes in Precipitation, representing a collection of meteoric
waters analysed for 8'%0, 8°H (and other analytes) from around the world. These
samples from GMWL, which is the flux weighted average of all meteoric waters
around the world.

GNIR - Global Network for Isotopes in large Rivers, representing a collection of river samples
analysed for 6'%0, §°H (and other analytes of interest) from some of the world’s largest
rivers.

Isotope-enabled models — a classification of climate and hydrologic models that integrate
utilize stable isotopes of water (mass) and water flux calculations as a coupled
water/energy balance. Typically, this means specifically 6'*0 and §*H tracers, as a
means of tracking flow paths through the water (energy) cycle.

Model efficiency criteria — mathematical measures used to assess how well a model is able to
reproduce measured observation

Model robustness — a degree of how well a model reproduces reality. Robust model has two
meanings: goodness in model fidelity and model accuracy. A model’s fidelity indicates
how reasonable the model expresses the physical and biogeochemical processes. A
model’s accuracy indicates how well the model reproduces specific performance
metrics.
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Multi-criteria calibration — when calibration is conducted on two or more parameters within

a model domain

Multi-objective optimization — the process of calibrating a model by requiring it to satisfy two

or more numerical objectives relating to different model outcomes or variables. It is
considered an optimization (rather than calibration) as there is not typically one unique
solution, but rather a series of more (or less) desirable solutions representing a trade
off in the decision space of the different variables (i.e., pareto front).

LEL - local evaporation line, derived from the regression around evaporated surface waters.

In seasonal environments, it is advisable to flux-weight evaporation by the evaporative
loss or flux. The LEL defines the degree of evaporation relative to meteoric waters
using the difference in the slope between the GMWL and LEL.

Pareto front — a set of non-dominated solutions from a multi-objective optimization

representing different, equally as good, model outcomes.

Sensitivity — quantifying or exploring the impact of altering one variable or input of a model

on the model outcome, or output.

Uncertainty — refer to unknowns in a model and/or natural domain that result in errors, or
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deviations in predicting the actual behaviour and response of a system; they are largely
classified as either aleatory or epistemic. Aleatory uncertainties are those associated
with assuming constant statistical properties of a system (in a highly non-stationary
natural world), whereas epistemic uncertainties are those arising from a lack of
knowledge about a system or its behaviour. Sources of model’s uncertainty are often
classified into five types: input, structure, parameters, numerical, and output.

(1) Input uncertainty is one propagated from a model’s initial and boundary conditions,
and the model’s forcing data and spatial discretization, for example.

(11) Model structural uncertainty is often generated due to inappropriate
expression of the actual processes (e.g., over- simplification)., or lack of physical
representation of earth system processes.

(ii1) Parameter uncertainty arises due to defining parameters that have
unmeasurable properties or values (i.e., conceptual representations of processes). The
reasonable ranges of such parameters are often determined, and the model’s results
vary depending on the range of values chosen for these of the parameters.

(iv) Numeric uncertainty is generated because of numerical solver choice
(approximations of analytical solutions), and numerical approximation and the
computational algorithms.

(V) Output uncertainty arises from the variability inherent in observations (errors)
is generated because the model is calibrated with the observation data with inherent
error influencing the accuracy of the model calibration or performance evaluation.



Validation — the process of comparing summative model output (e.g., streamflow, isotopes) to
a distinct set of data not used in model calibration, which tests the robustness of the
model in simulating the natural environment.

Verification — the process of comparing formative model output (e.g., upstream flow paths and
storages) to a distinct set of data not used in model calibration, which tests the
robustness of the model in simulating the natural environmental processes.
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ABBREVIATIONS

GNIP

GNIR

GLUE

GUI

IAEA

FAIR

KGE

LEL

MWL

NSE

PBIAS

Global Network of Isotopes in Precipitation
Global Network of Isotopes in Rivers
Generalized Likelihood Uncertainty Estimation
Graphical User Interface

International Atomic Energy Agency

Findable, Accessible, Interoperable and Reusable
Kling- Gupta Efficiency

Local evaporation line

Meteoric water line

Nash-Sutcliffe Efficiency

Percentage bias
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