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Abstract

Conceptual hydrological models are widely used for climate change impact assess-
ment. The implicit assumption in most such work is that the parameters estimated from
observations remain valid for future climatic conditions. This paper evaluates a simple
threshold based approach for testing this assumption, where a set of behavioural sim-5

ulators are identified for different climatic conditions for the future simulation i.e. wet,
average and dry conditions. These simulators were derived using three different data
sets that are generated by sampling a block of one year of data without replacement
from the observations such that they define the different climatic conditions. The simu-
lators estimated from the wet climatic data set showed the tendency to underestimate10

flow when applied to dry data set and vice versa. However, the performances of the
three sets of basin simulators on chronologically coherent data are identical to the sim-
ulators identified from a sufficiently long data series that contains both wet and dry
climatic conditions. The results presented suggest that the issue of time invariance in
the value of parameters has a minimal effect on the simulation if the change in precipi-15

tation is less than 10 % of the data used for calibration.

1 Introduction

Conceptual Rainfall Runoff models (CRR) forced with regional climate change scenar-
ios downscaled from Global Climate Models (GCMs) are widely employed to assess
the impacts of climate change at the catchment scale (e.g., Bastola et al., 2011). CRR20

models, used for the quantification of different components of the hydrological cycle
often require calibration against runoff obtained at the catchment outlet before they
can be used for the purpose of making predictions, or simulating beyond the conditions
of the calibration data. Calibrating parameters improves a model’s goodness-of-fit for
use, however, as the calibration exercise is set for a particular period with measured25

flow values, model parameters and performance are specific for that particular period.
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However, the same values are commonly used during subsequent periods for assess-
ing the impact of climate change. Decreases in model performance have commonly
been reported in the literature whenever calibrated parameters are used for periods
and places other than those used for calibration (e.g., Merz and Bloschl, 2004). This is
because the environmental conditions of the catchments to which the parameters are5

applied may fall outside the range for which the model is conditioned and for which the
parameters are valid.

In response to this problem the World Meteorological Organization (WMO) has
long emphasized the testing of hydrological models on independent data. Klemes
(1986) proposed a hierarchical scheme for the systematic testing of hydrological simu-10

lation models before they are used for operational purposes. Similarly, Refsgaard and
Knudssen (1996) proposed a theoretical framework for model validation, based on the
method originally proposed by Klemes (1986). According to the author, differential split
sample tests are required whenever such models are used to simulate flows in a given
gauged basin under conditions different from those corresponding to the available flow15

record. In this test, two periods with different values of the climate parameters of inter-
est should be identified in the historic record, e.g. one with high average precipitation,
the other with low. If the model is intended to simulate streamflow for a wet climate
scenario then it should be calibrated on a dry segment of the historic record and vali-
dated on a wet segment. If it is intended to simulate flows for a dry climate scenario,20

the opposite should be done. In general, the model should demonstrate its ability to
perform under the transition required: from drier to wetter conditions or the opposite.

However, historical data do not contain a long continuous period of different climatic
conditions making it difficult for double split sample tests to be strictly adhered to. For
such cases, Klemes (1986) suggested the need for tests in a substitute basin where25

data availability allows the differential split-sample test. However, it is widely acknowl-
edged in the literature that uncertainty in prediction arising from geographical trans-
ferability is always more severe than temporal transferability (Merz and Bloschl 2004).
Alternatively, the application of hydrological models for conditions not observed during
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calibration can be done by adapting the parameters by functionally relating them with
climatic parameters. However, such an approach is mainly hindered by the fact that
parameters are not unique: a diverse set of possible parameter values can lead to
similar model performances, a concept known as equifinality (Beven and Freer, 2001).

Much of the work on the application of hydrological models has previously focused5

on the prediction of un-gauged basin i.e., the spatial extrapolation of hydrological data
using hydrological parameter regionalization (e.g., Wagener et al., 2004). The assump-
tions implicit in such applications are that catchments with similar characteristics show
a similar hydrological behavior and thus can be modelled using similar model parame-
ters. However, only relatively few studies have looked into the temporal transferability of10

model parameters. Most of the applications of hydrological models to climate change
impact studies assume that the parameters of models are time invariant (e.g., Bastola
et al., 2011). Calibration of the model with a sufficiently long period of data that in-
cludes both dry and wet conditions has been long used as a strategy in studies. This
is based on the premises that if model parameters are calibrated against a long time15

series of historical data containing both wet and dry periods then these parameters
can be assumed to be valid under future climates, with a greater degree of confidence
(Arnell, 1993).

While evaluating the temporal transferability of parameters, Van der Linden and Woo
(2003) concluded that the use of non-updated parameters, divergent physical char-20

acteristics, or changed climatic conditions in a catchment model may yield unreliable
results. Similarly, Halit et al. (2005) from their test on the temporal transferability of
the parameters of the SLURP model recommend that the updated parameters should
be used whenever a marked change occurs within the watershed. Hartmann and
Bárdossy (2005) have suggested a model parameterization scheme, where they used25

different climatic periods and timescale for calibration, to investigate the temporal trans-
ferability of hydrological models. Vaze et al. (2010) investigated whether or not the cal-
ibrated parameter values for rainfall-runoff models based on historical observed data
can be used to reliably predict runoff responses to changes in future climate inputs.
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Their results, which involved four conceptual rainfall runoff models and 61 catchments
located within Australia, indicate that the models, when calibrated using more than 20
yr of data, can generally be used for climate impact studies where the future mean
annual rainfall is not more than 15 percent drier or 20 percent wetter than the mean
annual rainfall in the model calibration period. Furthermore, their insightful study also5

observed that it is generally more difficult for a model calibrated over a wet period to
predict runoff over a dry period compared to a model calibrated over a dry period to
predict runoff over a wet period.

In adding to this important and growing literature, this paper addresses the issue of
climatic transferability using a simple threshold based approach that relates behavioral10

sets of parameters to climatic conditions and subsequently uses these sets to adapt
the parameters of hydrological models according to the climatic condition. Sets of
behavioral simulators are identified for different climatic conditions using the GLUE
methodology.

2 Study region, data and models15

The method is demonstrated using two case study catchments in Ireland; the river
Moy at Rahans (1803 km2), located on the western coast of Ireland and the Boyne
at Slane (2452 km2) located on the east coast. Concerning the response and climate
characteristics, the Moy basin is wetter and has a higher runoff coefficient than the
Boyne. Therefore, the Boyne basin can be considered to represent a dry basin whereas20

the Moy can be considered to represent a wet basin. Observed stream flow data
was obtained from the Office of Public Works (available at http://www.opw.ie/hydro/),
and observed precipitation and temperature data were obtained from Met Éireann,
the Irish National Meteorological Service for the period from 1971–2000. In order to
represent a future climate evolution a statistically downscaled climate scenario derived25

from HADCM3 for A2 emission scenario, downscaled by Fealy and Sweeney (2008)
was used.
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From among the large number of models that can be used for the purpose of mod-
elling flow in catchments, we selected four conceptual rainfall runoff models; HYMOD
(see Wagener et al., 2001), NAM (see Madsen 2000), TANK (Sugawara et al., 1995)
and TOPMODEL (Beven et al., 1995). Each of these models vary in the way they con-
ceptualize the key hydrological processes and in complexity, primarily related to the5

number of parameters requiring calibration. Among the four selected models, NAM
and TANK describe the behavior of each component of the hydrological cycle at the
catchments level by using a group of conceptual elements. Conversely, TOPMODEL
and HYMOD are both variable contributing area models. In TOPMODEL the spatial
variability is taken into account through indices derived from topography whereas in10

HYMOD, the spatial variability of hydrological response is modeled using a probability
distribution function. All four models employ a single linear reservoir to model ground-
water. The conceptual basis of these models enables the hydrological processes to
realistically respond to changes in climatic input. The selected models have been ap-
plied in numerous applications and their potential for application to simulate flow under15

changed climate has been discussed previously. The models employed are indepen-
dently developed by different researchers and organizations.

3 Methodology

The method for adapting the parameters of the hydrological models for future climate
change impact studies (see Fig. 1) is as follows:20

1. Select a number of structurally and/or parametrically different models.

2. Select three sets of calibration data representing periods where each data set
define different climatic period’s namely dry, average, and wet. These can be
constructed by sampling the data in a block of one year from the observed time
series, such that each set defines a different climatic condition based upon a25
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selected threshold. The three climatic periods used in the present application are
as follows:

a. wet period: constitutes all years that have annual average rainfall greater than the
threshold for a wet period (THw)

b. average period: constitutes all years that have annual average rainfall in between5

the threshold for a wet and a dry period

c. dry period: constitutes all years that have annual average rainfall less than the
threshold for a dry period (THd).

3. Use each of the three calibration sets independently to estimate behavioral basin
simulators for selected models. Consequently, three calibration sets will result10

in three different sets of behavioural simulators namely, wet simulators, average
simulators and dry simulators.

4. Adapt the behavioural simulators for simulation based on the value of annual av-
erage rainfall e.g., use wet behavioural simulators if annual average rainfall (AR)
is greater than THw ,dry if AR is smaller than THd and average if AR is in between15

THw and THd.

In order to evaluate the transferability of the hydrological model parameters using
the above method, the simulations where parameters are adapted based on a selected
threshold is compared with simulations from dry, average, wet and conventional simu-
lators. The basin simulators identified from a sufficiently long period of data to cover20

both wet and dry periods are referred to as conventional simulators. The simulators
identified from the wet, average and dry climatic conditions is referred as wet, average
and dry basin simulators. Performance of each of these parameters, i.e., wet, average
and dry were assessed against the sub periods other than those used during calibra-
tion. Furthermore, these parameters also need to be assessed for the chronological25

data as they were estimated from the resampled data.
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The GLUE method is used to identify the behavioural set of parameters or basin
simulators and the quantity of uncertainty in the hydrological modelling. A major output
of the GLUE method for assessing modelling uncertainty is the prediction interval at
each time step, bounded by the lower prediction limit and the upper prediction limit,
and the median prediction. In order to assess the modelling result four objective criteria5

were employed, namely; the performance of the median prediction measured using of
the Nash Sutcliffe efficiency criteria and overall volume error, an index that reflects the
capability of the prediction intervals to capture the observed values (count efficiency),
and the average width delete of the prediction interval.

4 Results10

Four hydrological models namely, HYMOD, NAM, TOPMODEL and TANK were cali-
brated and validated based on the observed data set that extends from 1971 to 2000.
The behavioural sets of parameters calibrated from this period were taken from Bastola
et al. (2011). The period used by the authors for calibration is sufficiently long to cover
both wet and dry periods, i.e. the 1970s is a relatively dry decade whereas the 1980s is15

relatively wet. For the identification of the basin simulators, the GLUE methodology is
used where the Nash Sutcliffe Efficiency Criteria (NSE) is used for the evaluation of pa-
rameters, and the parameter domain is defined using minimum and maximum values
through a uniform distribution.

Furthermore, three different sets of behavioral basin simulators were derived for each20

of the three calibration data sets (see Methodology). The three different data sets
that define dry, average and wet climatic conditions, constructed from the observations
which extends from 1971–2000, were used for the identification of dry, average and wet
basin simulators. For this, the GLUE methodology was again used. The characteristics
of the rainfall data set i.e., probability that a wet day follows a wet day (Pww), the25

probability that a dry day follows a dry day (Pdd), and the average rainfall intensity
(Pav), used for calibration and evaluation of climatic transferability is summarized in
Table 1. The percentage change in annual average precipitation for intermittent dry and
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wet data sets is nearly 20 % (17 %) when moving from the dry calibration to wet period
for the Boyne (Moy) basins. The percentage change in annual average precipitation is
nearly 12 % (7 %) when moving from 1970s (dry decade) to 1980s (wet decade) for
the Boyne (Moy) basin.

Figure 2 shows the performance of the selected models in two dimension objective5

spaces (NSE and volume error) when parameters calibrated from dry (wet) period (dry
and wet basin simulators) are evaluated on both wet and dry periods. Though the loss
in NSE is small, it varied when moving from one climatic period to the other. Moreover,
the change in volume error in stream flow, when moving from one period to the other,
is markedly higher than NSE. The wet (dry) basin simulators show the tendency to10

produce less (more) runoff in dry (wet) periods. In addition, the volume error in the
streamflow is lower for the wet period than for the dry period for all models and both
basins.

Among the models used, TANK and TOPMODEL showed the tendency to overesti-
mate flow, in the two basin considered in this study, whereas opposite is observed for15

HYMOD and NAM model. The HYMOD uses linear stores to route the flow, whereas
NAM uses a linear store for soil moisture storage that controls the different components
of runoff. However, TANK uses nonlinear stores and TOPMODEL uses an exponential
store.

In order to improve the performance of hydrological models, a number of modifica-20

tions can be made to the model structures. As the most notable differences in models
used in this study are the use of linear and nonlinear storages for surface runoff gen-
eration, we revised the storage outflow relationship used in NAM and HYMOD if such
revision addresses the discrepancies observed among models.

In the HYMOD model, the routing component consists of a series of three linear25

reservoirs for quick flow and one linear reservoir for slow flow. In this study, two non-
linear coefficients i.e., one for quick flow and the other for slow flow, are introduced to
represent the relationship between storage and outflow using a nonlinear function (See
Eq. 1).
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Q=K.Sβ (1)

This modification adds two additional parameters to the original HYMOD (HYMOD 5)
and is referred to as HYMOD 7, where 7 represent the number of parameters. Sim-
ilarly, in the NAM model, the surface runoff and infiltration are controlled by a linear
store called lower soil moisture storage. A nonlinear coefficient is added so that both5

the surface runoff and infiltration are a nonlinear function of the storage in the lower
soil moisture storage tank. These modifications add one parameter to the original
NAM model (NAM 9) and is referred to as NAM 10. Figure 3 shows the performance
of original and modified model structure for NAM and HYMOD for the Moy river catch-
ment. It is apparent from the figure that the use of the nonlinear store in TOPMODEL10

and TANK is likely to be the reason for overestimation of flow compared to HYMOD
and NAM. As this study is a part of the work that focus on the simulation of a role of
hydrological model selection uncertainty in the future simulation of climate, the original
four version of the model were only investigated for the transferability of the parameter
of hydrological model for the simulation of flow for changed climate.15

As the periods used for the calibration of the model are not continuous in time, the es-
timated basin simulators were also used for simulation with the chronological data. For
this purpose, the 1970s decade and the 1980s decade, which represent dry and wet
decades respectively were used. The performances for two climatic periods, namely
dry (1970s) and wet (1980s) are summarized in Fig. 4. In general, the spread in points20

in objective space (i.e., NSE and Volume error) is smaller for the wet period than for
the dry period for all the selected models. Moreover, the seasonal flow for both the
dry and wet period is shown in Fig. 5 for the Boyne and Moy basins using dry and wet
behavioural simulators.

For the HYMOD model, some of the wet basin simulators resulted in flow that is25

markedly lower than the same produced with dry simulators. For NAM and TANK,
points in objective space for both wet and dry simulators are identical. However, for
TOPMODEL, the performances of wet simulators are marginally better than dry simu-
lators for both the dry and wet period.
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The transferability of parameters for the future climate is evaluated using a future
climate scenario as input to each model and comparing the simulation with and without
adapting the parameters. For the adaptation of parameters to climate, the basin sim-
ulators were selected from among wet, average and dry basin simulators depending
upon the average rainfall and the chosen threshold for wet and dry conditions. Fig-5

ure 6 shows the performance of conventional parameters, which are assumed to re-
main constant in time, and the adapted parameters. The performance with un-updated
parameters are scattered more than with the updated parameters. Figure 7 shows
the seasonal prediction interval with and without parameter adaptation. The prediction
interval and median prediction are significantly similar in both figures.10

Figure 8 shows the Euclidian norm, defined as the average distance from each point
in objective space (Figs. 4 and 6) to the point of ideal performance (NSE=1 and Vol-
ume error=0). The results show that different models respond differently to wet, dry,
adapted and un-adapted basin simulators. TOPMODEL showed the greatest sensitiv-
ity to different parameter set compared to the other models. Moreover, simulations from15

NAM and HYMOD were found to be more attractive for the dry period, whereas TANK
and TOPMODEL performances are more attractive for wet period. In most instances,
the differences among models are minimal for adapted and un-adapted parameter sets.
Moreover, the differences in the response of models to dry, average, wet, adapted and
un-adapted basin simulators are more visible for the wet period.20

Table 2 summaries the results from the simulations with conventional, dry, average,
wet and adapted parameters in terms of NSE, volume error, Count Efficiency, and the
average width of the prediction interval. The performance of each of these simulators
in terms of the selected objective criteria is identical and suggests that for the range of
climatic conditions (i.e. 12 % for Boyne and 7 % for Moy change in annual average rain-25

fall) used for model calibration, the issue of parameter invariance/variance has minimal
effect on the simulation for the four selected conceptual models.

From among regional climate scenarios available for Ireland (see Fealy and Sweeney
2008), the average annual rainfall for the driest regional scenario for the 2080s (i.e.,
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2071–2100) is 10 % less than that of the period 1971–1990 and for the wettest re-
gional scenarios are 6 % higher than the observed average for the Boyne and 4 % less
for the Moy basin. The annual average rainfall for the data used for dry calibration is
8 % and 10 % less than that of control period for the Boyne and Moy respectively. Sim-
ilarly, the average rainfall for the data used for wet calibration is 10 % and 6 % more5

than that of the control period. The differences in regional climatic conditions com-
pared to the observed data are well within the range of dry and wet climatic conditions
that were used for the calibration of model parameters. Using a regional climate sce-
nario generated using statistical downscaling from the HADCM3 global climate model
a future hydrological response is defined. Figure 9 shows the seasonal flow for both10

the Boyne and Moy with and without adaptation of the parameters. Results are iden-
tical thereby indicating that when the future rainfall does not change more than 10 %
from the present condition, the parameters calibrated from a long time period still hold
acceptable for the future simulation.

5 Conclusion15

If a model is to be used for developing decisions about management options under
future climatic conditions, its parameters and process descriptions should be trans-
ferable. However, the uncertainty in model parameters thwarts the successful con-
struction of relationships between model parameters and climatic attributes and con-
sequently hinders the transferability of parameters to future conditions. This study20

proposes a simple threshold based approach for assessing the climatic transferability
of parameters of hydrological models. The evaluation reveals that parameters trained
under dry conditions tend to underestimate flow when used to simulate wet conditions.
In this application the wet dataset had 20 % more rainfall than the dry period and vice
versa. However, the use of dry and wet simulators on chronologically consistent data,25

i.e., 1970s (dry) and 1980s (wet), shows that performance in objective space is identical
to the conventional simulators. For these two periods, the percentage change in annual
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average precipitation is nearly 12 % (7 %) for Boyne (Moy) basins. Furthermore, for
the period from 1970 to 1990 the implementation of a routine for the continuous adap-
tation of parameters based on annual average rainfall resulted in performances that
are almost identical to the conventional simulators. This simple example thus shows
that for the basins and the models used in this study, the assumption that parameters5

do not vary in time still holds true if the change in annual precipitation is less than 10 %.
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Table 1. Characteristics of rainfall used for calibration and validation of hydrological model
parameters. Pww is the probability of wet day following wet day, Pdd is the probability of dry
day following dry day, and Pav is the annual average rainfall intensity (mm day−1).

SN Boyne Moy Remarks

Period Rainfall (Cal) Rainfall (Cal)

Pww PDD Pav Pww PDD Pav

1 1971–1990 0.58 0.70 2.50 0.66 0.67 3.26 Chronological
2 Dry Period 0.57 0.72 2.30 0.67 0.65 2.94 Intermittent
3 Ave Period 0.58 0.70 2.53 0.68 0.65 3.39 Intermittent
4 Wet period 0.61 0.68 2.75 0.67 0.65 3.44 Intermittent
5 1970s 0.56 0.70 2.37 0.65 0.68 3.27 Chronological
6 1980s 0.60 0.69 2.66 0.66 0.67 3.16 Chronological
7 1990s 0.60 0.72 2.59 0.67 0.68 3.39 Chronological
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Table 2. Summary of model simulation for Boyne and Moy Basin using four hydrological models
and for six different schemes using generalized likelihood uncertainty estimation method.

SN Calibration Model Boyne basin Moy basin
data/Scheme 1970s 1980s 1970s 1980s

NSE VE CE ∆Q NSE VE CE ∆Q NSE VE CE ∆Q NSE VE CE ∆Q

1 1971–1990/ HYMOD 0.8 −0.1 0.8 25 0.8 −0.1 0.8 31 0.7 −0.2 0.6 30 0.8 −0.2 0.6 33
parameter NAM 0.7 −0.1 0.8 22 0.7 0.0 0.8 27 0.7 −0.2 0.5 25 0.7 −0.2 0.5 28
Invariant TANK 0.7 0.1 0.7 27 0.7 0.1 0.7 33 0.8 −0.1 0.8 38 0.8 −0.2 0.8 44

TOP 0.7 0.1 0.5 21 0.7 0.1 0.5 25 0.8 −0.1 0.7 31 0.8 −0.1 0.7 35

2 Dry/ HYMOD 0.8 −0.1 0.8 24 0.8 0.0 0.8 30 0.8 −0.2 0.5 27 0.8 −0.2 0.5 30
Parameter NAM 0.7 −0.1 0.8 22 0.8 0.0 0.8 26 0.8 −0.2 0.4 21 0.7 −0.2 0.4 23
invariant TANK 0.7 0.1 0.7 26 0.7 0.1 0.7 32 0.8 −0.1 0.8 36 0.8 −0.2 0.8 41

TOP 0.7 0.1 0.5 22 0.7 0.1 0.5 27 0.8 −0.1 0.7 33 0.8 −0.1 0.7 38

3 Ave/ HYMOD 0.8 −0.1 0.8 25 0.8 −0.1 0.8 30 0.7 −0.2 0.6 31 0.8 −0.2 0.6 34
Parameter NAM 0.7 −0.1 0.8 22 0.8 0.0 0.8 28 0.7 −0.2 0.5 26 0.7 −0.2 0.5 29
invariant TANK 0.7 0.1 0.7 26 0.7 0.1 0.7 32 0.8 −0.1 0.8 37 0.9 −0.2 0.8 42

TOP 0.7 0.1 0.5 21 0.7 0.1 0.5 25 0.8 −0.1 0.7 32 0.8 −0.1 0.7 36

4 Wet/ HYMOD 0.8 −0.1 0.8 26 0.8 −0.1 0.8 30 0.8 −0.2 0.6 30 0.8 −0.2 0.6 32
Parameter NAM 0.7 −0.1 0.8 22 0.7 0.0 0.8 27 0.7 −0.2 0.5 25 0.7 −0.2 0.5 28
invariant TANK 0.7 0.1 0.7 27 0.7 0.1 0.7 32 0.8 −0.1 0.8 36 0.8 −0.2 0.8 41

TOP 0.7 0.1 0.5 19 0.8 0.1 0.5 23 0.8 −0.1 0.7 28 0.8 −0.1 0.7 31

5 Parameter HYMOD 0.8 −0.1 0.8 25 0.8 −0.1 0.8 31 0.7 −0.2 0.6 29 0.7 −0.2 0.6 34
variant NAM 0.7 −0.1 0.8 23 0.8 0.0 0.8 28 0.7 −0.2 0.5 24 0.7 −0.2 0.5 29

TANK 0.7 0.1 0.7 26 0.7 0.1 0.7 31 0.8 −0.1 0.8 37 0.8 −0.2 0.8 42
TOP 0.7 0.1 0.5 22 0.7 0.1 0.5 25 0.8 −0.1 0.7 33 0.8 −0.2 0.7 37
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Fig. 1. Methodology for evaluating the climatic transferability of rainfall runoff model parame-
ters.
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Fig. 2. Model performance in two dimension objective space for parameter sets identified for
(a) dry period (b) wet period. The result includes simulation of the Boyne basin using HYMOD,
NAM, TANK and TOP model.
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Fig. 3. Comparison of the performance of revised and unrevised models (a) HYMOD (b) NAM
model.
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Fig. 4. Performance of dry and wet basin simulators for the Boyne basin (a) 1970s (Dry decade)
and (b) 1980s (Wet decade).
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Fig. 5. Model simulated seasonal prediction intervals for the period 1970s (Dry decade) and
1980s (wet decade) with and without adapting basin simulators (a and b) Boyne river basin, (c
and d) Moy river basin.
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Fig. 6. Performance of basin simulators for Boyne river catchment adapted based on annual
average rainfall, and the basin simulators obtained from long period of data containing wet and
dry period (No adapt) (a) 1970s (Dry decade) (b) 1980s (Wet decade).
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Fig. 7. Seasonal prediction intervals for the period from 1971–2099 with and without adapting
basin simulators (a and b) Boyne river basin, (c and d) Moy river basin.
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Fig. 8. The average Euclidian distance from each point in objective space to the ideal perfor-
mance point for 1970s (dry decade) and 1980s (wet decade). Lower value indicates that the
performances are near to the ideal performance point.
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Fig. 9. Seasonal prediction intervals for the period from (2080s) 1971–2200 with and without
adapting basin simulators (a and b) Boyne river basin, (c and d) Moy river basin.
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