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Table 6. Simulated Mean Daily Discharges at the Discharge Stations for the Current Climate and A2 and B2 Scenarios for the

Simulations Not Including and Including Abstractions and Irrigation®

Discharge Stations

25.11 31.13 35.03 25.14 25.37 25.08
Scenario n.a. ia. n.a. ia n.a ia. n.a. ia. n.a. i.a. n.a. i.a.
Current 9.1 8.6 13.7 13.0 3.5 33 24.1 23.1 0.9 0.8 1.5 1.3
A2 10.3 9.5 15.5 14.2 3.9 3.6 27.3 25.5 1.1 1.0 1.7 1.4
B2 11.0 10.4 16.6 15.5 4.1 3.9 29.0 27.5 1.2 1.1 1.8 1.6

Values are in m/s.

relative increases in irrigation. Table 3 (bottom) shows that
the abstractions for households, industry, and irrigation as a
whole, only constitute a small part of the annual mean water
balance. The absolute differences in mean groundwater
heads and discharges are therefore not very large when
comparing the simulations including and not including
abstractions and irrigation. However, since the irrigation
water is primarily abstracted in the period June to Septem-
ber, where the net recharge is low or even negative (Table 4),
it results in a pronounced impact on base flow to streams.
The mean monthly discharges during the summer months
are a few percent lower when abstractions and irrigation are
considered and the impact is further exacerbated in the
scenario runs.

4.3. Effects of Sea Level Rise

[s4] The effects of an increase in sea level of 0.5 m and 1
m are investigated. The areas flooded as a result of the sea
level rise are relatively small, but the rise in sea level is

Station 25.14

expected to not only affect these areas, but also to influence
groundwater levels further inland. Figure 10 shows the
change in mean groundwater head in layer 5, when com-
paring the simulation including 1 m sea level rise to the
simulation without sea level rise for the A2 scenario. The
sea level rise influences the groundwater heads up to 10 km
inland along the coast. The affected area is similar for the
0.5 m sea level rise simulation, but the increases are smaller.
The effect of sea level rise is significant for low-lying areas,
where the simulated increase in groundwater levels for the
A2 scenario is up to 0.5 m and 0.2 m for the | m and 0.5 m
sea level rise scenarios, respectively. The values presented
in Figure 10 only show the effect of the rise in sea level and
should thus be added to the increase in groundwater levels
(Figure 6) owing to the changes in meteorological input.

4.4. Effects of Land Use Changes

[s5s] Land use changes can affect the water balance in a
watershed owing to differences in the evaporative properties

Station 25.14
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Figure 7. Monthly mean discharge for the current climate (crosses), the A2 scenario (triangles), and the
B2 scenario (squares) for the simulations including abstractions and irrigation.

12 of 18



WO00A15 VAN ROOSMALEN ET AL.: CLIMATE AND LAND USE CHANGE WO00A15
500
450 Ccurrent
HA2
400
B2
__ 350
E
= 300
c
2
w 3
= 2 B
= 3 N
\ i
N )
R ¢ —
R ¢
R N
N N 3
N | N 3§ - N
N N 3 N
N | N Y : \»‘

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Year

Figure 8. Total mean annual irrigation for the current climate and the A2 and B2 scenarios.

of the vegetation. Potential evapotranspiration ET,, in the
model is described as ET,.; multiplied by a crop factor K.
Forests have the highest ET,, because the K. value is the
highest throughout the year, namely 1.2 (Table 2). It is
however less clear how large the differences are in actual
evapotranspiration ET,. because this is not only determined
by the crop factor, but also by the LAI, root depth, and
water availability. To quantify what the effects of land use
changes are, the different components of annual ET,. for
forest, grain, and grass are compared (Table 7). Total ET,
includes evaporation from canopy interception E,,, tran-
spiration from the unsaturated and saturated zone, evapora-
tion of ponded water, and snow ablation. The contributions
of the latter three are however small. For the current climate
simulated mean annual ET,, for forest is 8% higher than for
grain and 15% higher than for grass. The higher ET, for
forest is mainly due to the relatively high E.,, which is a
result of the large LAI used for forest. When comparing the
A2 scenario to current climate ET, increases by 10% for
grain and grass and by 9% for forest. The relative contri-
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Figure 9. Total mean monthly irrigation (mm) for the
current climate and the A2 and B2 scenarios.

bution of each evaporation component does not change
significantly for the A2 scenario.

[s6] To study the effects of land use changes, a subcatch-
ment is selected, encompassing the upstream part of the
Skjern River catchment (Figure 1). The size of the subcatch-
ment is 1038 km®. The land use distribution is 61% grain,
2% urban, 18% grass, 6% heather, and 13% forest. A policy

Change in mean groundwater head (m)

B o5-10[  |-01-0.1
|:| 0.1-05 |:| Extent 1m sea level rise

Figure 10. Change in mean groundwater head (m) for
layer 5 when comparing the simulation with 1 m sea level
rise to the simulation with current mean sea level for the A2
scenario.
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Table 7. Absolute and Relative Contribution to Annual Actual
Evapotranspiration for Land Use Types Grain, Grass, and Forest
for the Current Climate®

ECEH’\ Epon EU7 ES7 ES“OW TOtal
Grain 96 (19%) 5 (1%) 373 (74%) 23 (5%) 7(1%) 504
Grass 111 (23%) 4 (1%) 337 (71%) 15(3%) 7(02%) 474
Forest 162 (30%) 2 (0%) 360 (66%) 13 (2%) 8 (2%) 545

“Values are in millimeters. E,,, evaporation from canopy interception;
Epon, evaporation of ponded water transpiration; E,,, transpiration from
unsaturated zone; Eg,, transpiration from saturated zone; Egnow, SHOW
ablation.

of the Danish government is to double the forested area in
Denmark within the next 80 to 100 years. To quantify the
effects of such a land use change, all cells with land use
class grass in the subcatchment are changed to forest,
increasing the forested area to 230% of the original area.
As a comparison another simulation is carried out where an
area of equal size with grain is changed to forest and the
grass area remains at 18% of the subcatchment area.
Figure 11 shows the mean monthly ET, for the grass-to-
forest and no-land-use-change scenarios, for the current
climate and the A2 scenario. It can be seen that changing
the land use from grass to forest increases the ET,
considerably from May to July, though the increase due to
climate change (A2 scenario) is larger.

[s7] When grass is changed to forest, the average re-
charge in the current climate is reduced from 562 mm/a to
546 mm/a, corresponding to a relative decrease of 3%.
When grain is changed to forest, the recharge decreases with
2% to 551 mm/a. The relative change in recharge due to the
doubling of forest area remains the same for the climate
scenarios, reducing for example the recharge in the A2
scenario from 640 mm/a to 620 mm/a and 625 mm/a for the
grass-to-forest and grain-to-forest scenarios, respectively.
These simulation results suggest that changing the land
use to forest can only slightly counteraffect the increase in
recharge due to climate change.

4.5. Effects of Changes in Crop Growth Dates
and Evapotranspiration Response

[s8] In a changing climate it is very uncertain whether
and how the ET properties of the crops will change and also
how crop management practices are adapted. It is thought
that a warmer climate and changes in soil water content will
shift sowing and planting dates and change crop develop-
ment times, generally leading to faster development, includ-
ing earlier flowering [Chmielewski et al., 2004] and earlier
sowing of spring crops [Olesen, 2005]. Here the effect of
changes in the crop dates and development times on
the hydrology in the watershed is studied by shifting the
sowing date for grain from 1 April in the current climate to
15 March for the scenario climate. The crop development
time is shortened by 5 days, resulting in the maximum
values occurring from day 55 to day 130 and harvest on
24 July. For grass in the scenario climate the first cut occurs
5 days earlier than in the current climate and the last cut
occurs ten days later.

[59] The results for the A2 scenario with changed sowing
and crop development dates are compared to the A2
scenario simulation with the current dates. A change in
the cropping dates only has a slight effect on the mean
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annual recharge, namely an increase of 5 mm. The largest
decreases in mean monthly recharge are about 2 mm and
occur in March and April. September and October show
slight increases, 5 mm and 3 mm, respectively, which is a
result of the soil moisture content increasing sooner as a
result of the earlier harvesting of grain.

[60] Apart from a shift in crop development dates, a
plausible scenario is that the evaporative properties of plants
change because plant respiration becomes more water
efficient with increasing CO, concentrations [Kruijt et al.,
2008]. This scenario is investigated by assuming that ET ¢
for the A2 scenario can be approximated by the input for the
current climate (Figure 3). This results in a significant
increase in mean annual recharge of 47 mm, when com-
pared to the 67 mm increase for the original A2 scenario
(Table 3, top). This will result in even higher groundwater
levels and stream discharges, especially in summer. How-
ever, a more careful analysis of this problem is required to
produce reliable results, which is beyond the purpose of the
present study.

5. Discussion

[61] The results from the various scenario simulations in
this study can be used to quantitatively compare the effects
of climate and land use change in an agricultural watershed.
To facilitate the discussion of the results Table 8 includes
the absolute change in key hydrological variables for the
scenario simulations. The first row in Table 8 (run 1) shows
the baseline absolute values for the current climate simula-
tion not including abstractions for water supply and irriga-
tion (current-n.a.).

[62] Generally, the A2 and B2 simulations (runs 3 and 8)
show that recharge to groundwater increases considerably
owing to climate change even though actual evapotranspi-
ration also increases substantially. This is because most of
the precipitation increase occurs during the winter months,
when evaporative demand is low and the soils are saturated.
The increase in recharge results in increases in mean annual
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Figure 11. Mean monthly actual evapotranspiration for

the grass-to-forest and the no-land-use-change scenarios for
the current climate and the A2 scenario.
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Table 8. Absolute Changes in Key Hydrological Variables for the Various Climate and Land Use Change Simulations®

Run Description ET,ec (mm) Recharge (mm) Heads L1 (m) Heads L5 (m) Qrep (M*/5) Qsep (m*/s)

1 current n.a. 492 550 33.6 31.7 33.97 18.54
2 current i.a.® + 14 + 10 - 0.09 —0.25 - 1.12 - 1.16
3 A2 na’ +49 + 67 +0.19 +0.28 +12.83 — 1.55
4 A2ia’ +35 +17 —0.10 — 0.36 —222 —2.18
5 A2 shift dates® -5 +5 +0.01 +0.02 +0.31 +0.15
6 A2 no increase ET° — 48 + 47 +0.12 +0.16 +2.73 +0.95
7 A2 2x forest™! +19 - 20 na® na® na® na®

8 B2 n.a.l? + 45 + 113 +0.32 +0.45 +12.44 +0.29
9 B2ial +25 + 15 —0.11 —0.32 — 1.74 - 1.72

“The first row shows the baseline absolute values for the current climate simulation not including abstractions for water supply and irrigation (current
n.a.). A2 and B2 indicate the two climate scenarios, and i.a. means including abstractions.

"Compared to current climate simulation without abstractions.
“Compared to A2 scenario simulation without abstractions.

dSpatially averaged for the subcatchment where land use was changed from grass to forest.

°Not available for whole catchment.
{Compared to B2 scenario simulation without abstractions.

groundwater levels up to 0.45 m (B2 scenario). Addition-
ally, seasonal fluctuations will be larger with higher ground-
water levels in winter and spring especially. Observed
groundwater heads for the period 1970—-2004 at four wells
in the upper, unconfined aquifer of the catchment showed
standard deviations of the order of 0.5—1 m. The simulated
effect of climate change up to 0.45 m is smaller than the
historic, natural variability at these wells but can be con-
sidered significant because 0.45 is a spatially averaged
value for the whole catchment. Most areas in the catchment
would not be affected by such increases because the present
groundwater levels are at least a few meters below the
ground surface. However, a larger part of the low-lying
areas will be affected by groundwater flooding [Finch et al.,
2004] and generally for a longer period of time in winter
and early spring. This may impact agricultural practice since
it will be difficult to cultivate the soils using heavy
machinery in the wet periods.

[63] The increase in seasonal dynamics in streamflow will
have an impact on the low flow period in smaller streams,
where the flow can drop below the minimum ecological
flow, as defined in the water framework directive, during
extremely dry years. However, a limitation of this study on
the effects of climate change on extreme flows is the use of
the delta change method because this method does not
include changes in the variability of precipitation. The large
increase in stream discharge during winter time is expected
to have several implications. Thodsen et al. [2008] showed
that sediment transport in a tributary to Varde Stream may
increase by up to 17% for the A2 scenario as a result of
increasing winter discharge. In a study by Mikkelsen [2008]
the flooding risk in the Storaa River, located just north of
the Skjern River catchment, increased significantly for the
A2 scenario. In the catchment considered in this study no
larger cities are located in the larger stream valleys and the
socioeconomic impacts may therefore not be significant.
However, the changes may have severe agricultural and
recreational implications.

[64] The results of the land use change scenarios (Table 8§,
runs 5 and 7) show that the simulated land use changes and
shift in cropping dates only affect the hydrology of the
watershed marginally compared to climate change. For
example, the increase in groundwater recharge due to
climate change equals 67 mm and 113 mm for the A2

and B2 scenario, respectively. When doubling the area with
forest by changing grass to forest for the A2 scenario, the
increase in recharge is 20 mm less than for the A2 scenario
with current land use. The sensitivity of the hydrological
system to changes in land use, for example afforestation, is
closely related to the parameters assigned to the vegetation.
The values for LAI root depth and crop factor found in the
literature vary considerably, which makes the simulation of
land use change subjective to the choice of parameters
included in the model. A best estimate was included for
the vegetation properties in this study, but the uncertainty of
these parameters increases the uncertainty in the simulated
changes in evapotranspiration.

[65] The simulation used to study the CO, effect on
transpiration (Table 8, run 6), shows that recharge increases
considerably, namely 47 mm, compared to the 67 mm
increase for the baseline A2 scenario, resulting in a total
increase of 114 mm. Groundwater levels also increase, but
stream discharges do not increase as much. This shows that
the increase in stream discharge due to climate change for a
large part is a result of the increase in winter precipitation
yielding higher drain flow and to a lesser extent due to an
increase in base flow. Drain flow represents flow through
drain pipes and ditches and in smaller streams, which
cannot be represented in the model because of the large
grid size.

[66] The stomatal “antitranspirant™ response of plants to
rising atmospheric CO, is included in a simplified manner
here, but CO, is also a plant fertilizer, which could result in
an increase in foliage area. A limitation of this study is
therefore that vegetation is not simulated dynamically,
hereby excluding the feedback of vegetation structure on
the water balance of the land surface. By using empirical
crop factors, changes in vegetation properties are not
included and the applicability of these factors for calculating
ET in a changing climate is therefore questionable. Another
complicating factor is that the baseline ET data for the
current climate are calculated using the empirical Makkink
formula [Makkink, 1957], whereas the delta change values
(relative change in ET for future climate scenarios) are calcu-
lated from ET values estimated using the FAO Penman-
Monteith equation [Allen et al., 1998]. All in all, potential
evapotranspiration estimates are very uncertain in future climate
change simulations.
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[67] Irrigation constitutes a relatively small part of the
total water balance in the catchment, but increases substan-
tially from 99 Mm?® for the current climate to 187 Mm’
(89%) for the A2 scenario. As a result, the mean annual
groundwater level in layer 5 for the A2 scenario (Table 8,
run 4) decreases more, due to the abstractions for irrigation
(—0.36 m), than it increases as a result of climate change
(+0.28 m). Locally, this can have an effect on groundwater
levels and thus on wetlands and stream discharges because
the abstractions are concentrated in a short period of the
year and are largest during July and August (Figure 9),
which are expected to be drier and warmer under future
climate conditions (Figure 3). However, on the basis of the
results of this study no clear conclusions can be drawn with
respect to the sustainability of increasing groundwater
abstraction for irrigation in a future climate because it
depends on other factors like land use and the impact of
increasing CO, concentrations on transpiration.

[68] This study focuses on the change in simulated results
because the uncertainty of the changes is much smaller than
the uncertainty of the absolute values because the models
are highly correlated. Nevertheless, the results are subject to
large uncertainties related to the model formulation of the
climate models, the transfer method, and the hydrological
model structure and these uncertainties are very difficult to
quantify. First of all, the forcing GCM has a considerable
effect on the RCM simulation, for example on the simulated
precipitation in the RCM through the large-scale circulation
forced by the GCM. Graham et al. [2007b] found that the
choice of GCM (HadAM3H or ECHAM4/OPYC3) had a
larger impact on changes in river discharges in northern
Europe than the selection of either the SRES A2 or B2
scenario or the choice of RCM. In this study the RCM is
forced by only one GCM, limiting the possibility to deter-
mine the effect of the choice of GCM on the simulated
meteorological variables. Christensen and Christensen
[2007] mention natural climate variability as another source
of uncertainty, resulting in the necessity of using GCM
experiments involving ensemble integrations to provide a
more exhaustive sample of possible future climates.

[69] The future GHG concentrations form a large uncer-
tainty, which is only partly approached in this study by
comparing two scenarios in the medium category of cumu-
lative emissions, as defined by the /PCC [2000], with the
B2 scenario in the lower end and the A2 scenario in the
higher end of this category. It is not the purpose of
the present paper to cover the full range of plausible future
climates, but to study the sensitivity of the groundwater
system to different climate change scenarios. For Denmark
the scenarios result in a 2.2° and 3.1° increase in temper-
ature for the B2 and A2 scenario, respectively, when
comparing the period 2071-2100 to 1961—-1990. Currently,
no RCM results are available for Denmark for the most
extreme SRES marker scenarios, but at a global scale the B1
scenario shows the smallest global surface warming of these
scenarios and the temperature increase is 0.6° lower than
that for the B2 scenario toward 2100 [/PCC, 2007]. The
AT1FI shows the largest increase in temperature and is 0.6°
higher than for the A2 scenario. The full range of increase in
temperature for Denmark can then be estimated to be
between 1.6 and 3.7°, though this estimation is based on
the assumption that the differences between the SRES
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scenarios at the global scale are equal to the differences at
the regional scale for Denmark.

[70] The sources of uncertainty related to the hydrological
model include input data, model parameter values, and
model structure. Here the sensitivity of parameter uncer-
tainty on the impact of climate changes was assessed. The
investigated parameters were shown to have a significant
effect on the groundwater head predictions, but little change
in stream discharges was found. However, when changes
between model results using different climate scenarios
were analyzed, the parameter uncertainty only showed a
minor effect on the relative impact. Hence this indicates that
the results are robust to the parameter uncertainty. Model
structure uncertainty may yield a more pronounced effect on
the predictions but was beyond the scope of the present
study to quantify. However, when comparing to results from
other types of hydrological impact models (e.g., Andersen et
al. [2006] and Thodsen [2007] using lumped rainfall-runoff
models) the results for the changes in stream discharge seem
relatively robust toward the type of model being applied.

[71] As a result of all these uncertainties, climate change
impact studies should be seen as a tool to study processes in
the catchment and to determine the sensitivity of the
hydrological system to changes in climate and other char-
acteristics, such as land use. In this catchment the most
significant changes are due to the increases in precipitation
during the winter months, though the increase in actual
evapotranspiration is significant as well. A large-scale study
including a more advanced vegetation module would be of
great added value to the process understanding of the effects
of climate change. This would also make it possible to
represent land use changes in more detail.

6. Conclusions

[72] This paper presents a quantitative comparison of
possible climate and land use change impacts on the
hydrology of a large-scale agricultural catchment in Den-
mark. The climate change impacts were simulated by using
climate-forcing data for the SRES A2 and B2 scenarios for
the period 2071-2100 and by raising the sea level to +0.5
and +1 masl. The land use change effects included the
doubling of the area with forest at the expense of grain and
grass, changes in crop development dates, and a limited
increase in potential evapotranspiration for crops in the
scenario climate simulations. Hydrological model output,
such as the water balance, groundwater heads, stream
discharges, irrigation volumes, and actual evapotranspira-
tion, was compared for a 15-year period.

[73] This study has shown that climate change has the
most substantial effect on the hydrology in this catchment.
Both the A2 and the B2 climate scenarios showed signif-
icant impacts on the hydrological system with large
increases in winter precipitation resulting in higher recharge
and groundwater levels. However, the A2 scenario with
higher evapotranspiration and lower precipitation during
summer than the B2 scenario resulted in depletion of
summer stream discharges. This illustrates that the uncer-
tainty in GHG emissions scenarios translates into a
corresponding uncertainty for the hydrological system.
Other factors such as irrigation and CO, effects on transpi-
ration had a smaller, but significant impact on the hydro-
logical system as well. Increasing irrigation demands
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resulted in reductions in groundwater levels and stream
discharges whereas the “antitranspirant”” CO, effect showed
increases in groundwater recharge and stream discharges.
Also, sea level rise was shown to have a significant effect
on groundwater levels, however only in coastal areas. The
shift in growing season and the land use changes included
here affected the water balance to a lesser extent.

[74] The simulated hydrological effects of climate and
land use change are subject to large uncertainties related to
the climate change scenarios and corresponding output from
climate models, but also the land use scenarios and the
changes in vegetation properties. A more advanced repre-
sentation of the vegetation’s adaptation to changing CO,
concentrations and changes in cropping pattern and crop
development stages would greatly improve future work.
Moreover, to accurately simulate the combined effects of
climate change and land use change a direct coupling
between the hydrological model and the climate model is
necessary. In this way feedback processes such as latent heat
flux from soil moisture and vegetation to the atmosphere are
included. A direct coupling would also make it possible to
carry out a more comprehensive study on the impact of
changes in hydrological extremes, which is not included in
this study because the transfer method for the climate data
sets is based on the variability of the current climate. Last
but not least, this would also facilitate the use of multiple
GCMs and climate scenarios, which is necessary to cover
the scope of uncertainties related to climate model output.
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Abstract

Projected changes in groundwater and stream discharges were investigated through
simulations with a distributed, physically-based, surface water-groundwater model. The
hydrological model was driven by precipitation, reference evapotranspiration, and
temperature data of the HIRHAM4 regional climate model (RCM) using the delta change
and direct methods. The aim of this study was to determine whether the choice of bias-
correction or transfer method affected the projected hydrological changes. Bias-
correction resulted in RCM control period data closely approaching the observed climate
data and thereby considerably improved the simulation of recharge and stream
discharges. When comparing the projected changes in hydrological variables for the
scenario period simulations using the delta change and direct methods only small
differences between the two methods were found. Mean annual recharge increased by
15% for the direct method and 12% for the delta change method, drain flow increased by
24% and 19%, respectively, while the increases in base flow were similar (7%). For both
methods, daily stream discharges up to and including the median showed little change,
while increases occurred for the higher quantile values. This study showed that the choice
of bias-correction method did not have a significant influence on the projected changes of
mean hydrological responses in the catchment, though further analysis is necessary to
determine whether extremes are affected. Furthermore, the characteristics of the
hydrological system likely reduced the sensitivity of the projected changes to the choice
of method.

Keywords: Climate change; Regional climate model; Hydrology; Groundwater



1. Introduction

Regional climate models (RCMs) downscale climate scenario experiments generated by
global climate models (GCMs) through an improved representation of sub-grid scale
characteristics such as land-sea contrast, land cover, and topography and the simulation
of local-scale atmospheric processes. RCMs have shown to significantly improve the
simulation of the local climate, but are unfortunately still subject to considerable biases
when comparing the simulated control climate to observations. A commonly applied
method to cope with these biases is the delta change method (Hay et al., 2000), which in
short consists of perturbing an observed data set with absolute or relative change factors
derived from the comparison of RCM data for the current climate and a projected
scenario climate. Only simple changes in the probability density function (PDF) are taken
into account, while changes in the number of days of precipitation and potential changes
in the correlation between the different variables are not considered (Lenderink et al.,
2007). To date, the delta change method has been the most commonly applied method in
studies focusing on the hydrological impacts of climate change (Graham et al., 2007).

Currently most RCMs have a horizontal resolution of 50 km, but some experiments at 25
km and 12 km are also available (Christensen and Christensen, 2007). Due to increasing
computer power it can be expected that more RCM experiments at high resolution will
become available, making it attractive to use RCM data “directly” in hydrological impact
studies. When using RCM data, down-scaling is taken care of to some extent, but the
method does not imply an absolutely direct use of RCM data in hydrological models. It is
still necessary to bias-correct RCM data before use in hydrological models. The bias
correction value is based on statistical relationships between observations and control
period RCM data at the grid cell scale and the same relationships are used to correct
RCM scenario data. In the standard method for application of the direct method, bias
correction values are calculated using the absolute or relative difference between the
mean value of the meteorological variable for observations and the RCM control period
data (e.g., Ekstrom et al., 2007; Fowler and Kilsby, 2007; Graham et al., 2007; Lenderink
et al., 2007; Thodsen, 2007). The bias correction values are often calculated on a monthly
scale, but also annual and 10-day corrections have been used.

In this study a refined bias correction method proposed by Yang et al. (2008) is applied
for precipitation and ET,r, where the bias correction values depend on the intensity of
daily precipitation or evapotranspiration, respectively. Consequentially, this application
of the direct method creates the possibility to bias-correct extreme values differently from
the mean. Some differences occur between the way the bias-correction method is
executed in this study compared to Yang et al. (2008). First of all, Yang et al. (2008)
apply different scaling curves for low and high intensity precipitation, while here the
same scaling curve is applied to the whole data set. Secondly, Yang et al. (2008) use a
more advanced bias-correction method for temperature because this is important for the
determination of snow melt and the peak discharge in the catchment. In this study
catchment, the contribution of snow is of less importance and therefore the standard bias-
correction method using the monthly bias is used. On the other hand, the scaling method
proposed by Yang et al. (2008) for precipitation is also applied to ET,.s here, while the
correction of ET,.¢ is not studied in Yang et al. (2008).



The aim of this study is to compare the application of the delta change and direct methods
to RCM data at 12 km resolution to determine whether and to what extent the choice of
method affects the simulated changes in recharge, groundwater levels, and stream
discharge. As a first analysis, this paper focuses on changes in mean values and not on
changes in extremes. First, the biases for uncorrected RCM precipitation, temperature,
and reference evapotranspiration (ET.f) for the control period are determined by
comparison to observations and then the performance of the direct method is evaluated
by comparing the bias-corrected meteorological variables to observations. Second, the
projected changes in precipitation, temperature, and ET,s are presented for the scenario
period using both bias-correction methods. Following the analysis of the meteorological
input, the hydrological simulations for the control period using observations and
uncorrected and bias-corrected RCM data are presented and the projected changes in the
scenario simulations using both methods are compared.
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Figure 1 Map of the study area. Cell numbers of the 40 x 40 km observational grid are
shown in green.

2. Methods

2.1 Study area

The study area is a catchment located on the west coast of Jutland, Denmark (see Fig. 1)
with an area of 5459 km®. This area is selected because the results of this study can then
be compared to previous studies (van Roosmalen et al., 2007, 2009), which focused on
the effects of climate change on hydrology in the same catchment, but only used the delta
change method to transfer the regional climate model data to the hydrological model.
Western Jutland has a maritime climate, dominated by westerly winds and frequent
passages of extratropical cyclones. The dominant westerly wind results in mild winters
and relatively cold summers with highly variable weather conditions characterized by



frequent rain and showers. Autumn is the wettest and spring is the driest season. The area
is relatively flat, with maximum elevations around 125 masl. The eastern boundary of the
study area is formed by the Jutland Ridge and the western boundary by the North Sea,
which results in the topography sloping gently from east to west. The northern and
southern boundaries are delineated on the basis of local water divides.

Due to the highly permeable soils, all precipitation outside the wetlands infiltrates and the
discharge to streams is dominated by groundwater flow. The central and northern part of
the catchment is drained by the Skjern River system, while the southern part is drained by
two smaller stream systems, Varde Stream and Sneum Stream. The subsurface of the area
is dominated by glacial outwash sand and gravel of Quaternary age with isolated islands
of Saalian sandy till. Alternating layers of mica clay, silt, and sand, together with quartz
sand and silt of Miocene Age underlie the Quaternary deposits. The Quaternary and
Miocene sand formations often form large interconnected aquifers. A more elaborate
description of the geology and hydrogeology of the area can be found in van Roosmalen
et al. (2007, 2009).

2.2 Meteorological data

2.2.1 Regional climate model data

Meteorological data generated by the regional climate model HIRHAM4 (Christensen et
al., 1996) is used in this study. In this experiment HIRHAM4 is nested in the GCM
HadAM3H (developed by the Hadley Centre). One HIRHAM4 simulation year consists
of 360 days, which is dictated by the HadAM3H global model. Two 30-year periods of
daily values are available, of which one represents the current (control) climate for the
period 1961-1990 and the other represents the projected (scenario) climate for the period
2071-2100. The radiative forcing in the scenario period is based on the IPCC’s SRES A2
scenario (IPCC, 2000). The computational grid is a rotated regular 0.125° (~ 12 km)
latitude/longitude grid enclosing Europe and part of the North Atlantic. Precipitation and
temperature at 2 m above the ground surface are direct outputs from HIRHAM4, whereas
reference evapotranspiration is calculated using the Penman-Monteith formula described
by Allen et al. (1998) and output from the HIRHAM4 model.

2.2.2 Observed data

Observed daily precipitation and reference evapotranspiration are available for a 40 x 40
km grid (Fig. 1) for the period 1971-1990 (Henriksen et al.,1998; Plauborg and Olesen,
1991). Reference evapotranspiration was estimated using the empirical Makkink equation
(Makkink, 1957). Precipitation is corrected for wetting and aerodynamic effects using the
standard correction methods of Allerup et al. (1998). Daily temperature data observed at
two stations in the catchment are used in the hydrological simulations because grid values
of temperature are only available on a monthly and annual basis. Temperature is used in
the hydrological model to determine whether precipitation is liquid or solid and how fast
the solid precipitation melts. Hence, temperature mainly influences the timing of the
infiltration to the unsaturated zone and not the infiltration volume. The locations of the
two temperature stations are shown in Figure 1.



Table 1 shows observed annual normals for temperature, corrected precipitation, and
ET.er for the period 1961-1990 for the observational grid cells covering the model area
(values are extracted from Scharling, 2000). Table 2 shows the corresponding observed
annual normals for precipitation and ET,r for the period 1971-1990 based on the daily
values used in the hydrological simulations. Only small differences between the annual
values in Scharling (2000) for 1961-1990 and the data set for 1971-1990 occur (see
Tables 1 and 2), namely up to 3% for precipitation and up to 1% for ET. These
differences are partly caused by the different observation periods and by the different
spatial interpolation methods used for the two data sets. In any case, the absolute
differences in mean annual values between the two data sets are much smaller than the
inter-annual standard deviation of the data set with daily values (Table 2). Mean annual
temperature for the period 1971-1990 is 8.1 °C and 7.4 °C at station 6080 and 6104,
respectively.

Table 1 Mean annual observed precipitation, reference evapotranspiration, and
temperature (1961-1990) for the eight grid cells in the model area (based on values from
Scharling, 2000).

Cell number
3 4 5 9 10 11 17 18
P 1010 999 966 1025 1077 1044 905 911
ET et 543 540 544 535 541 544 546 554
T 7.7 7.9 8.2 7.3 7.3 7.6 7.4 7.6

Table 2 Mean annual observed temperature, precipitation and reference
evapotranspiration (1971-1990) for the six grid cells covering the model area (based on
data set with daily values used in the hydrological simulation). The interannual standard
deviation is shown in parentheses.

Cell number
3 4 5 9 10 11 17 18
P 1002 972 950 1021 1041 1008 901 890
(£ 128) (£ 153) (x171) (£ 143) (x 158) (£177) (x133) (z134)
ET .t 542 537 540 540 538 540 546 546

(£ 40) (£ 43) (£ 40) (£ 37) (£ 39) (£40)  (£40) (¢ 40)

Figure 2 shows mean monthly precipitation and ET,.y, calculated using the daily data set
for 1971-1990 and averaged for all observational grid cells in the catchment, while for
temperature data from stations 6080 and 6104 are shown. The mean monthly temperature
values at the stations are also shown in Table 3, where they are listed together with the
temperature normals (1961-1990) for the observational grid cells in the study area. For
grid cells 3, 4, and 5 daily temperature values from station 6080 are used, while for the
cells further inland, data from station 6104 are used in the hydrological simulations of the
observed climate.
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Figure 2 Mean monthly temperature (°C), precipitation (mm), and ET,.f (mm) for the
period 1971-1990. For precipitation and ET,s the values are averaged for all grid cells,
while for temperature data from stations 6080 and 6104 are shown.

Table 3 Observed mean monthly temperature (°C) at stations 6080 and 6104 calculated

using daily values for the period 1961-1990 and observed monthly temperature normals
(1961-1990) for the grid cells in the study area.

J F M A M J J A S @) N D

Station

6080 0.3 0.4 2.6 6.0 11.1 144 156 16.0 131 94 55 23
Grid 3 0.3 0.2 2.3 58 106 140 153 154 1238 9.3 50 21
Grid 4 04 0.3 2.4 59 10.8 14.1 154 155 129 9.3 51 22
Grid 5 0.6 0.6 2.6 6.1 11.1 144 157 159 133 9.8 55 25
Station

6104 -0.3 -03 2.0 5.4 10.7 139 152 152 119 8.6 4.4

Grid 9 -0.2 -0.2 2.0 57 10.7 139 151 149 12.0 8.6 4.3

Grid 10 -0.2 -0.2 2.0 5.7 107 139 15,0 1560 120 8.6 4.2
Grid 11 0.1 0.0 2.3 5.9 109 140 1563 153 124 9.0 4.6
Grid 17 -0.3 -0.3 1.9 5.7 108 140 1561 1562 119 8.4 4.2
Grid 18 -01 -0.1 2.0 5.8 108 142 1563 1563 124 9.0 4.5

2.3 Bias correction methods

The meteorological data from RCMs are subject to biases, when comparing the output for
the control simulation to observations. It is therefore necessary to apply a bias correction
method when using RCM data in hydrological impact studies. Here, two methods are
compared, namely the delta change method (Hay et al., 2000) and the direct method
(Yang et al., 2008). The main difference between these methods is that for the delta
change method the observed data set is used as the baseline, which is then perturbed by



changes in meteorological variables as simulated by the climate model, while for the
direct method the RCM data is used as the baseline, which is then corrected for biases.

One of the advantages of the delta change method is that a bias correction of the RCM
data is not necessary because the change in variables between the scenario and the control
period is used and the bias is assumed equal for both the control and scenario simulations.
Another advantage of the delta change method is that an observed database is used as the
baseline resulting in a consistent set of scenario data, whereas the use of climate model
output directly could result in unrealistic dynamics in input variables due to climate
model inaccuracies. On the other hand, the use of an observed database is also a
drawback of this method because information on the changes in variability and extremes
in the future climate, as simulated by the climate model is lost. It is therefore of interest
to compare the results for the hydrological simulations, when using the different methods.
The two bias-correction methods are explained in detail below.

2.3.1 Delta change method

The delta change method is a commonly applied method to cope with biases when using
climate model output in hydrological impact studies (Xu et al., 2005). The delta change
method consists of altering an observed database of meteorological variables with delta
change factors to obtain a database for the future (scenario). Here, monthly delta change
values for precipitation, temperature and ET,.r are determined from the HIRHAM4 model
simulation output. For temperature the procedure is as follows:

Tpoa (05 ) = T (0, ) + A7 () (1)
where Ty, 1s temperature input for the hydrological scenario simulation, 7, is observed
temperature in the historical period, (i, j) stand for day and month, and Ay is the change in
temperature as simulated by the climate model. This value is calculated as:

AT(])=Tscen(])_fctr/(_]) 5 ]:1,2,,12 (2)

where 7 (j) is the mean daily temperature for month j, which is calculated as the mean of
all days in month j for all 30 years of the reference period. The indices scen and ctrl stand
for the scenario period (2071-2100) and control period (1961-1990), respectively. The
delta change values are averaged over the 47 grid cells covering land surface in the
hydrological model area to generate one set of delta change values for the entire
catchment. This results in 12 monthly delta change values, which are used to adjust the
observed daily temperature of the individual months to future temperature input.

The delta change method for precipitation can be described by the following equations:
Po.@.))=A,()*P, (G,j) ; i=12,.31;7=12,..12 3)
where P, 1s precipitation input for the hydrological scenario simulation, P, is
observed precipitation in the historical period, (i, j) stand for day and month, and Ap is
the change in precipitation calculated as:

AP(j)i““”(’.) s j=1,2,.,12
Pctrl(_]) (4)




where P (/) 1s the mean daily precipitation for month j and scen and ctrl stand for the
scenario and control period, respectively. ET.s for the future scenario is calculated
similarly as for precipitation.

2.3.2 Direct method

Temperature

For temperature the direct method consists of correcting the RCM simulated daily values
with a bias correction value, which differs for each month:

Tdirect (l’]) :TRCM (lﬂj)_gT(]) (5)
where Ty 1 temperature input for the hydrological simulation, Tzc), is RCM simulated

temperature, (i,j) stand for day and month, and &7 is the monthly bias, when comparing
RCM simulated temperature to observations. This value is calculated as:

er(N=Tean(j)=Toss(j) ; j=12,....,12 (6)

where T o (/) 1s the mean daily observed temperature for month j calculated as the mean
of all days in month j for all 30 years of the reference period (1961-1990). fobs( j) is
shown in Table 3 for each grid in the study area. T e ( j) is the mean daily RCM

simulated temperature for month j in the control period (1961-1990). &7 (j) is calculated
for each RCM cell individually by comparison to the observational grid cell, within
which it is situated. RCM temperature values for both the control and scenario period are
corrected using the same monthly bias correction values.

Precipitation

Most RCMs are subject to a systematic error in precipitation. The result is that too many
days with very low precipitation intensity and too few dry days are generated. To correct
for the superfluous drizzle, a threshold is determined below which all precipitation is set
to zero. This threshold is determined by calculating the percentage of dry days in the
observational data set, which is defined as days with precipitation less than 0.1 mm. The
control period RCM data values are then ranked and the precipitation value
corresponding to the percentage of dry days in the observational data set is selected as the
threshold value. For both the control and scenario data set, all RCM simulated
precipitation values below this threshold are set to zero. The threshold values and the
total amount of precipitation that is removed using this procedure are presented in the
results section.

Precipitation intensity determines the fractions that are subject to surface runoff and
infiltration, respectively, and in consequence the intensity distribution significantly
influences the water balance of the catchment. The bias correction approach for
precipitation should therefore not only correct for mean precipitation amount but also
scale precipitation values depending on its intensity. The second step of the adopted
approach, after threshold correction of the RCM data set, is to fit statistical distributions
to the probability density function (PDF) of daily values of the observed data set and the
threshold corrected RCM control period data set. Here, the gamma distribution is used
because it provides a good approximation to the asymmetrical and positively skewed
properties of the precipitation data set (Wilks, 2006). The fit is only performed for wet



days, because the bias correction is not applied to dry days. The PDF of the gamma
distribution is defined as follows:

x/ B)* " exp(—x/
oy LD exp(ox/ )
Ar(a)
where x is precipitation (mm/day), a and f are shape and scale parameters of the gamma
distribution, and I'(a) is the gamma function:

X, 0, >0 (7)

[(a) = Tt“-le-fdt (8)

which in general must be evaluated numerically (Wilks, 2006). Two sets of parameters
are determined using the maximum likelihood method: one set for the observations (olps
and Bops) and another set for the RCM control simulation (01 and Peyr). Through an
iterative procedure the parameter set that maximizes the log-likelihood function is found
using the multidimensional generalization of the Newton-Raphson method (e.g., Press et
al., 1986).

The estimated PDF for the RCM control period precipitation is subsequently used to find
the probability of a certain precipitation value. Feeding this probability into the PDF for
the observations yields the corresponding precipitation value. This can be described by
the following equation:

-1
xcorr = f (aobs ’ ﬂobs 2 f(actr/ H ﬂctr[ s xRCM ) (9)

where x. i1s the bias corrected RCM daily precipitation value to be used in the
hydrological simulation, f represents the PDF of the gamma distribution and f{ocu1, Petl,
XxreMm) 18 the probability of the precipitation value xzcas using the PDF fitted to the gamma
distribution of the control period RCM values. The xzcys value can either be RCM
precipitation for the control or scenario period implying that the same bias correction is
applied to both the control and scenario values. This is a valid approach if it is assumed
that the model biases are the same for the control and scenario period (as for the delta
change method). Thus, the RCM control and scenario precipitation values are corrected
similarly, but because of the changes in the precipitation distribution as simulated by the
RCM the resulting PDFs of the corrected values are expected to differ for the two
periods. The described two step correction method is applied to all simulated
precipitation values of both the control and the scenario periods. The determination of the
threshold value and the fitting of the PDFs are performed for each RCM cell and
observational cell separately and for each of the four seasons.

Reference evapotranspiration

For ET, the same correction method is applied as for precipitation, namely fitting the
gamma distribution to the observations and the RCM control period values (Eq. 7, 8, and
9) to values greater than 0.0 mm. However, one difference compared to precipitation is
that no threshold correction is applied to the RCM ET,.¢ data before fitting the PDF.

Inclusion of extra days

The annual cycle of the HIRHAM model consists of 360 days, as dictated by the forcing
HadAMB3H model. It is therefore necessary to include extra days in the RCM output file
because the hydrological model is programmed to use calendar dates. For all



meteorological data this is done after bias correction by including an extra day in the
middle of the month for months with 31 days. In February the first 28 or 29 RCM output
values are used, depending on whether it is a leap year or not. The temperature and ET ¢
on the extra day is equal to the mean of the values on the foregoing and following day.
The precipitation on the extra day equals the mean daily precipitation averaged for each
month over all 30 years. The reason for using a different method for the inclusion of an
extra day for precipitation is that there is less correlation between the precipitation
amount on a certain day and the foregoing and following days compared to temperature
and ET.r. By including the 7 extra days per year, which are not simulated by the RCM an
uncertainty in the water balance is introduced. If it were assumed that all of the extra days
“in reality” were dry days, then this method of assuming all extra days are wet days
results in about 2% (7/365) too high annual precipitation. However, the error is likely to
be smaller because about 60% of the days in the observed precipitation data set are wet
days.

2.4 Hydrological model

The hydrological model used in this study is part of the National Water Resource Model
for Denmark, which is described in Henriksen et al. (2003) and Sonnenborg et al. (2003).
The particular sub-model used in this study is also described in van Roosmalen et al.
(2007, 2009). It is a transient, spatially distributed groundwater-surface water model
based on the MIKE SHE code (Abbott et al., 1986; Refsgaard and Storm, 1995). Three-
dimensional groundwater flow is solved based on Darcy’s law using detailed input on the
distribution of the geology and associated hydraulic properties. Much attention has been
paid to the description of the geological settings in the model, such that groundwater flow
can be described at high spatial resolution.

Interaction between groundwater and rivers is described as either base flow or drain flow.
Base flow is modeled using a Darcy type relationship between flux and head difference,
where a base flow leakage coefficient, that depends on the river bottom permeability, acts
as the controlling parameter. Drain flow is modeled as a linear reservoir where drain flow
is generated if the groundwater table is located above the specified drainage level. The
drain system captures flow through small streams, ditches and drain pipes that cannot
explicitly be described in a large scale model. The drain flow is calculated on the basis of
distributed information on drain levels and drainage coefficients, and is routed to the
nearest river or the sea. River flow is simulated based on river geometry, slope and the
Manning roughness factor using the Muskingum-Cunge routing method (Chow et al.,
1988) as implemented in the MIKE 11 model (Havne et al., 1995). Unsaturated zone
processes are computed by a two-layer water balance method (Yan and Smith, 1994)
available in the MIKE SHE system (DHI, 2007). The land use classification is based on a
satellite image for 9 May 2001 and consists of grain and corn (56%), grass (29%), forest
(7%), heather (5%), and urban (2%).
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3. Meteorological data results

3.1 Limitations due to observed data set

The available observed data set is not optimal for the application of the direct method.
First, there is a difference in the spatial resolution between the observational grid of 40
km and the RCM grid of 12 km. This affects the direct method because it is assumed that
the difference between the PDFs is mainly due to errors in the model simulation, but in
this case the deviating spatial resolution of the observational and simulated data may also
contribute to the difference. To investigate the effect of grid resolution, daily
precipitation data for the period 1990-2004 for the 40 km grid cells in the catchment and
10 km gridded precipitation using the same station data and interpolation method are
compared. Precipitation is chosen because it is expected to be most affected by grid
resolution because of higher spatial variability than temperature and ETr.

A comparison of mean annual precipitation for the 40 km and 10 km grids shows no
significant differences (around 0.4% for most cells) and the mean annual water balance is
therefore not likely to be affected by the difference in resolution. However, the scale
discrepancy is likely to have a greater effect on the threshold correction of precipitation
because of a difference in the number of wet days. A comparison of the number of wet
days shows that for the 40 km grid cells 62% of the days are wet days, whereas for the 10
km grid cells the number of wet days constitutes 58% of the total. Based on these values
it can be concluded that the bias-corrected RCM data set in this study probably has
around 4% too many wet days (in the control period). Also, too little superfluous drizzle
is removed because the threshold values, below which all precipitation is set to zero, are
lower for the 40 km grid than for the 10 km grid, in correlation with the higher number of
wet days in the 40 km grid compared to 10 km.

Figure 3 shows a histogram of observed daily precipitation in a 40 km grid cell (number
10) and the mean of all 10 km grid cells within the same 40 km grid cell for the period
1990-2004. Only wet days are included in the histograms, so the lowest bin (0.0-1.0
mm/day) does not include any values below 0.1 mm/day. Little difference can be seen
between the histograms except for the lowest bin (0.0-1.0 mm/day), where the 40 km
data shows slightly higher values. For most cells there is less than 1 mm difference
between the 5% exceedence value for precipitation in the 10 km grid and 40 km grid. In
the 40 km grid set around 3.1% of the daily precipitation events is > 20 mm/day, while in
the 10 km grid set this is 3.7%. The scale difference is therefore not expected to influence
the simulation of extreme discharges significantly. However, the scale discrepancy also
affects the hydrological simulations because the input for the hydrological simulations
using observed data and data perturbed by the delta change method is based on the 40 km
observational grid, while the simulations using RCM data are based on the 12 km RCM
grid. The higher spatial variability of the simulations using RCMs compared to those
using observations may potentially affect simulated recharge and stream discharge results
and hence complicate the analysis of whether the choice of bias correction method affects
the simulated changes in hydrological variables.
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Figure 3 Histogram for observed precipitation in observational grid cell 10 at 40 km
resolution and the mean of all 10 km grid cells within the same 40 km grid cell for the
period 1990-2004. Only wet days are included. A: bins up to 20 mm/day. B: bins from
20 mm/day.

A second limitation of the observed data is that the daily precipitation and ET,.s data sets
only cover the period 1971-1990 and not the entire period (1961-1990), as simulated by
the RCM. It is therefore necessary to assume that the PDF estimated from this 20-year
period is representative for the entire 30-year period. This assumption is supported by the
small differences between the mean annual values of both data sets (up to 3% for
precipitation and up to 1% for ET,.s) as shown in Table 1 and 2. Furthermore, Table 4
shows that no systematic differences occur between mean monthly precipitation and ET,.f
for the period 1971-1990 compared to monthly normals for the period 1961-1990. A
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third limitation is that daily grid values of temperature are not available for this period. It
is therefore not possible to correct temperature using PDFs, making it necessary to apply
a standard monthly correction value to all daily values. Also, the hydrological simulations
using observed data and data perturbed by the delta change method are affected because
observed temperature at two stations in the catchment are used instead of a gridded data
set.

Table 4 Difference in mean monthly precipitation (mm) and ET,.f (mm) when comparing
data for the period 1971-1990 to climate normals for the period 1961-1990 (mean;97;-1990
minus normaljos;_1990). In parentheses the relative differences are shown.

J F M A M J J A S 0 N D
Precipitation
6 -2 5 -5 -5 1 -7 -9 1 -6 -5 2
(6%) (-4%) (6%) (-10%) (-9%) (1%) (-10%) (-12%) (1%) (-5%) (-4%) (2%)
ETref
0.1 -0.5 -1.9 -0.4 5.2 -2.4 -1.8 4.1 -2.0 -2.1 -0.8 0.2

(1%) (-4%) (7%) (1%) (6%) (3%) (2%)  (5%) (-4%) (-9%) (-10%) (6%)

3.2 Comparison of uncorrected and bias-corrected RCM control period data to
observations

It is important to analyze how well the climate model simulates the key meteorological
variables in the present climate because this makes it possible to evaluate the
performance of the bias correction methods. Also, more confidence is given to the
simulated output of the RCM if the climate change signal is more significant than the
model biases. For the bias correction only six of the eight observational grid cells
covering the catchment are used because it was decided to include the two RCM cells
located in the southwestern corner of observational grid cell 17 (see Fig. 1) in grid cell 9
and the three RCM cells in the northwestern corner of observational grid cell 18 in grid
cell 10. The reason for this is that these RCM cells represent the higher precipitation and
lower evapotranspiration, which occurs to the west of the Mid-Jutland Ridge. These
conditions are better represented by observational grid 9 and 10 than by grid 17 and 18
(see Table 2), of which most of the area is located to the east of the Mid-Jutland Ridge
and closer to the coast.

Annual values

Table 5 shows the bias in mean annual values when comparing RCM control period
precipitation, temperature, and ET. to observations (simulated minus observed). For
precipitation and ET,r the observational values used here are the daily values for 1971—
1990 (Table 2) because this shows the exact bias that must be corrected when applying
the direct method. For temperature climate normals for 1961-1990 (Scharling, 2000) are
used to calculate the biases in Table 5 because a data set with daily values for 1971-1990
is not available. RCM mean annual precipitation and ET,r values have been multiplied
by 1.015 (365.25/360) to correct for the annual RCM data consisting of only 360 days.

When averaged for all RCM cells in the hydrological model area, the RCM mean annual

uncorrected control precipitation is 160 mm (16%) lower than observations. The mean
annual precipitation bias is even more negative if the RCM values are compared to the
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climate normals for the period 1961-1990 (Table 1), especially for grid 10 and 11 where
the mean annual bias increases with 36 mm if the climate normals are used. Mean annual
uncorrected RCM control ETris 15 mm (3%) higher than observations and mean annual
RCM control temperature is 0.7 °C too high. ET,.s biases are smaller when the mean
RCM values are compared to the climate normals (Table 1) instead of the data for 1971—
1990 (Table 2). After bias-correction, mean annual RCM control precipitation averaged
for all cells is equal to mean annual observed precipitation, but this is partly due to the
negative bias for observational grid 4. Mean annual bias-corrected ETer is 4 mm (1%)
lower than observed mean annual ET.r.

Table 5 Bias in mean annual values when comparing uncorrected and bias-corrected
RCM control period precipitation (mm), temperature (°C), and reference
evapotranspiration (mm) to observations (simulated minus observed). In parentheses the
standard deviation of the RCM values within each observational grid cell is shown.

Observational grid cell numbers

3 4 5 9 10 11
UNCOIT COIT UNCOIT COIT UNCOIT COIT UNCOIT COIT UNCOIT COIT UNcCOIT COIT
T 0.7 0.1 0.6 0.0 0.5 0.0 0.9 0.0 1.0 0.0 0.8 0.0
(0.2) (0.1) (0.0) (0.2) (0.1) (0.1)
P -148 3 -106 -9 -62 7 -222 1 -248 0 -173 1
(45) (23) (43) (26) (44) (54)
ETer 22 4 10 4 17 2 19 -6 18 -6 4 5
(13) (9) (14) (14) (10) (4)
Monthly values

Table 6 shows the mean monthly and annual biases for uncorrected RCM control
precipitation, temperature, and ET,r averaged for all RCM cells in the catchment. To
calculate the biases, RCM monthly precipitation and ET,r are multiplied by 1.03 (31/30)
for months with 31 days and 0.94 (28.25/30) for February. The annual values show small
differences to the values presented above because the values above were calculated per
observational grid cell and then averaged, while in Table 6 the values are based on the
monthly values for all grid RCM grid cells. RCM simulated temperature is too high for
all months except October and November with the bias being especially large for the
winter months. Table 6 shows that monthly and not seasonal temperature bias corrections
are necessary because the difference between the model biases in December (0.9 °C) and
February (2.1 °C) is relatively large, which can influence the occurrence of snow in the
hydrological model considerably. The large negative annual precipitation bias is mainly a
result of the RCM simulating too little precipitation in the months September—December.
Large positive biases in ET.r occur in September and October, while too low ETr is
simulated in May and June.

The RCM daily temperature values are corrected using the bias correction values
corresponding to the particular RCM cell (Eq. 6). Hence, the mean monthly bias
correction values averaged for all RCM cells in the model area (equal to the mean
monthly bias) are in principle found in Table 6. The calculation of the bias correction
value (Eq. 6) is however performed for each RCM cell separately by comparison to the
40 km observational grid cell in which it is situated. The result is that the mean monthly
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control period temperature for each RCM cell is equal to that of the observational grid
cell, but the distribution of daily temperature values may differ. Table 7 shows the mean
monthly biases for bias-corrected RCM control precipitation and ET,.s averaged for all
RCM cells in the catchment. For precipitation, the bias-correction mainly reduces the
magnitude of the negative bias during autumn and winter, while bias-correction does not
reduce the biases in spring precipitation. For ET,y, the too high evapotranspiration
amounts in autumn and winter are reduced, whereas in other seasons both increases and
decreases in the biases occur.

Table 6 Mean monthly and annual bias when comparing uncorrected RCM control
period temperature (°C), precipitation (mm) and reference evapotranspiration (mm) to
observations (simulated minus observed). In parentheses the standard deviation for all
RCM cells in the hydrological model area is shown.

J F M A M J J A S @) N D Ann
Temperature
1.5 2.1 0.8 0.7 0.3 0.8 1.3 0.8 0.7 -0.3 -0.2 0.9 0.78
(0.2) (0.2) (0.2) (0.1) (0.2) (0.3) (0.3) (0.3) (0.3) (0.2) (0.3) (0.3)
Precipitation
-19 6 -17 5 12 -3 -5 -8 -27 -31 -44 -28 -159
(13) (1) (6) 2) (2) (6) (3+) (3) 9) 9) " (12
ref
5 1 -2 -4 -14 -11 -2 1 16 14 7 7 18

2 @O M " ) @ @ @ N @ B @

Table 7 Mean monthly bias when comparing bias-corrected RCM control period
precipitation (mm) and reference evapotranspiration (mm) to observations (simulated
minus observed).

J F M A M J J A S O N D Ann
Precipitation
-4 17 -17 5 15 1 0 -3 6 2 -9 -12 1
ETref
1 -5 2 2 -5 -7 2 5 -5 2 2 2 -4

Daily temperature

To investigate the daily meteorological values the observations for observational grid 10
and the uncorrected RCM data for all 12 RCM cells within the observational grid cell are
compared. Figure 4 shows the histogram of temperature for observational grid cell 10
(station 6104) (1971-1990) and the mean of all histograms for uncorrected and bias-
corrected RCM control period temperature for the 12 RCM cells within observational
grid 10. Mean observed temperature for grid 10 is 7.4 °C, while for the uncorrected and
bias-corrected RCM data the mean temperature is 8.3 °C and 7.4 °C, respectively.
Maximum and minimum daily temperature equals -17.4 °C and 26.0 °C, -14.1 °C and
27.2 °C, and -15.6 °C and 25.5 °C for observed, uncorrected RCM, and bias-corrected
RCM temperature, respectively. These values are very general indicators of the
performance of the bias-correction method, but it is difficult to choose a specific value to
be assessed which can represent the overall improvement of the representation of daily
values in the bias-corrected data set. However, Figure 4 shows that the shape of the
histogram of bias-corrected RCM temperature is more similar to the histogram for
observations than the histogram for uncorrected RCM data is. Furthermore, the bias-
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correction method improves the relative frequency of near-zero temperatures. On the
other hand, the relative frequency of temperatures between -8 — -1 °C in the bias-
corrected data set is higher than for observations and the uncorrected data set, which can
affect near-zero temperatures in the scenario climate data set.
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Figure 4 Histogram of observed daily temperature in the period 1971-1990 for a 40 km
grid cell (number 10) and the mean of all histograms for the 12 RCM grid cells located
within the 40 km cell for uncorrected and bias-corrected RCM control period temperature
and scenario temperature using the delta change and direct method.

Daily precipitation

First step in the bias-correction method for precipitation applied in this study is the
correction of superfluous drizzle in the RCM data set. The threshold values averaged for
all RCM cells are 0.28 (0.17-0.40), 0.62 (0.55-0.67), 0.51 (0.47-0.56), and 0.16 (0.11—
0.21) mm/day for winter, spring, summer, and autumn, respectively. The removal of all
precipitation below the threshold results in a reduction in mean annual uncorrected RCM
control period precipitation of -1.8% (-1.61 — -1.98%). The second step is the correction
of daily precipitation depending on the intensity. Figure 5 shows the histogram of
precipitation for the observations (1971-1990) in grid cell 10 and the mean of all
histograms for uncorrected and bias-corrected RCM control period precipitation for the
12 RCM cells within observational grid 10. Only wet days (P > 0.1 mm/day) are included
in the analysis to reduce the effect of the superfluous drizzle simulated by the RCM on
the relative frequency in the 0.0-1.0 mm/day bin. When using only wet days, 32% of the
observations occur in the 0.0-1.0 mm/day bin, while for the uncorrected RCM data
around 38% of the precipitation events occur in this bin.
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Figure 5 Histogram of observed precipitation in observational grid cell 10 for the period
1971-1990 and the mean of all histograms of uncorrected and bias-corrected RCM
control period precipitation for the 12 RCM grid cells located within the 40 km cell. Only
wet days are included. A: bins up to 20 mm/day. B: bins from 20 mm/day.

The RCM simulates too much lower intensity precipitation and too little higher intensity
precipitation. The bias correction of precipitation does not significantly improve the
frequency distribution of precipitation events in the range 2—8 mm/day, but does improve
the representation of higher intensity precipitation events. Mean daily precipitation (only
wet days included) in observational grid 10 for corrected RCM data (4.5 mm/day) is
much closer to observations (4.6 mm/day) than the uncorrected RCM data (2.9 mm/day).
Maximum daily precipitation of corrected RCM data (63 mm/day) is higher than the
observed maximum (54 mm/day), while the uncorrected value is too low (47 mm/day).
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The 5% exceedence value for the corrected RCM data occurs in bin 17-18 mm/day,
which is the same intensity as for observations, while for the uncorrected RCM data this
value occurs in bin 11-12 mm/day.

Daily ET,r

The mean daily ET,.s in the bias-corrected RCM data set is 1.46 mm/day, which is very
close to the observed mean of 1.47 mm/day, but the mean of the uncorrected RCM
dataset (1.52 mm/day) is also relatively close to the mean for observations (3% higher).
Figure 6 shows the histogram for observed ET,.s in observational grid cell 10 for the
period 1971-1990 and the mean of all histograms of uncorrected and bias-corrected RCM
control period ET,s for the 12 RCM grid cells located within the 40 km cell (only bins up
to maximum observed ET,s are shown). It can be seen that the frequency of lower
intensity evapotranspiration events is improved, while for a few bins (1.75-2.75 mm/day)
the bias-corrected ET,.r 1s worse than for the uncorrected data set. Both maximum
uncorrected (11.4 mm/day) and corrected (11.2 mm/day) RCM ET,s values are much
higher than observed ETs (5.6 mm/day) (not shown in Fig. 6). This is in agreement with
findings by Ekstrom et al. (2007), where values up to 25 mm/day were found for NW
England. However, it is decided not to replace the FAO Penman-Monteith with a
different approach in this study because the number of days with ET,.r higher than 5.75
mm/day in the bias-corrected RCM data set is only 0.8%. The 5% exceedence value
occurs in bin 4.25-4.5 mm/day for observations and the corrected data set, while it occurs
in bin 4.00—4.25 mm/day in the uncorrected RCM data set.
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Figure 6 Histogram of observed ET,s in observational grid cell 10 for the period 1971—
1990 and the mean of all histograms of uncorrected and bias-corrected RCM control
period ET,s for the 12 RCM grid cells located within the 40 km cell. Only bins up to
maximum observed ET s are shown.
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3.3 Scenario input

Delta change values

The delta change values are calculated using the average for all RCM cells in the
hydrological model area (Table 8). An alternative could have been to calculate the delta
change values for each observational grid cell separately, but it is more important to
detect a strong regional climate signal for the whole catchment, which is less affected by
noise than could be the case when using smaller samples of RCM cells. The spatial
distribution of the meteorological variables still prevails because the input to the
hydrological model is based on the meteorological data for each observational grid cell,
but then perturbed by the same delta change values. Comparison of the delta change
values in Table 8 to values calculated for the whole of Denmark (van Roosmalen et al.,
2007) shows only small differences, namely up to 0.1 °C for temperature, 0.07 for
precipitation, and 0.04 for ET,r.

Table 8 Monthly delta change values for temperature (°C), precipitation (-), and
reference evapotranspiration (-) averaged for all RCM cells in the catchment.

J F M A M J J A S O N

Temperature

344 263 252 288 279 235 252 349 408 3.45 3.81 2.90

Precipitation

1.47 1.44 125 095 095 1.04 0.99 0.68 0.74 1.15 1.18 1.32

ETref

1.77 1.36 1.09 1.14 1.09 1.1 1.11 1.29 1.35 1.22 1.66 1.60

Annual and monthly values

When using the delta change method, mean annual temperature, precipitation, and ET,.¢
increase with 3.1 °C, 115 mm (11.5%), and 100 mm (18.6%), respectively, while for the
direct method the increases are 3.1 °C, 134 mm (13.5%), and 96 mm (17.9 %). Figure 7
shows monthly changes for temperature, precipitation, and ET., when comparing the
scenario period to the control period after application of the delta change and the direct
method. For the delta change method the changes are determined by comparison with
observations, while for the direct method the changes are calculated by comparing the
RCM bias-corrected data for the scenario period to the control period. Comparison of the
bias-corrected RCM scenario period data to observations is more difficult to interpret
because the absolute change in the variable would include both the change as simulated
by the RCM, but also the monthly bias which still remains after bias correction (see Table
7).

The largest projected increases in temperature occur from August to November for both
methods. The high delta change factors for precipitation during the winter months
combined with the high precipitation amounts during these months in the observational
data set (see Fig. 2) results in high absolute increases in precipitation though the direct
method also shows large increases in winter (Fig. 7). Significant relative decreases in
precipitation occur in the months August and September, but the absolute decreases are
smaller than the absolute increases during winter. Generally, the direct method shows
larger increases in precipitation than the delta change method in the months when
precipitation is projected to increase and larger decreases in the months when
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precipitation is projected to decrease. The relative increases in ET,.s during winter are
much higher for the delta change method than for the direct method, but due to the very
low observed ET,r during these months (Fig. 2) this only has a small effect on the
absolute increase in ET.r. On the other hand, large absolute increases in ET,. are
projected for August and September by both methods.
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Figure 7 Changes in mean monthly temperature, precipitation, and ET,.sf when comparing
the A2 scenario to the current climate data, averaged for all cells in the catchment.

Daily temperature

Comparison of the daily temperature values for the scenario period using the two
methods shows that the distributions of the relative frequency of daily temperatures are
quite similar (see Fig. 4). Some differences occur in the bins with high relative frequency
and the delta change method shows higher frequencies for very high temperatures than
the direct method. Not surprisingly, the shape of the histogram of daily scenario
temperature values for the delta change method is very similar to that of observations.
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Daily ET,r

The relative frequency of evapotranspiration events between 0.0 mm/day and 0.25
mm/day decreases in the scenario period for both methods (Fig. 8). The direct method
shows the highest frequency in the bins 0.25-1.0 mm/day, but lower relative frequency
from 1.25-2.75 mm/day. As discussed above for the control period, the bias-corrected A2
scenario data shows evapotranspiration events in high-intensity bins, where the relative
frequency using the delta change method is zero.
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Figure 8 Histogram of observed daily ET.r (1971-1990) for a 40 km grid cell (number
10) and the mean of all histograms of RCM A2 scenario period ET,.s for the 12 RCM grid
cells located within the 40 km cell using the delta change and direct method.

Daily precipitation

Figure 9 shows the histogram of observed daily precipitation (1971-1990) for a 40 km
grid cell (number 10) and the A2 scenario daily precipitation using the delta change and
direct method. As for temperature, the relative frequency of precipitation using the delta
change method is very similar to that of observations, though increases in the higher bins
occur, due to multiplication of the highest daily precipitation events with a delta factor
generally higher than 1.0. A comparison of the absolute changes in relative frequency per
bin for the A2 scenario to bias-corrected control precipitation shows that the relative
frequency of precipitation events in the lower bins up to 4.0 mm/day decreases (range of
decreases is -0.5% — -1.6%), while increases occur in the bins with precipitation intensity
above 4.0 mm/day. When comparing the scenario precipitation for the delta change
method to the direct method, the relative frequency of precipitation in the lower bins is
quite similar for both methods, though the delta change method results in 3% more events
in the bin with 0.1 — 1.0 mm/day precipitation and generally more precipitation between
5.0-9.0 mm/day. The direct method results in slightly more precipitation in the bins 1.0—
5.0 mm/day and in the very high precipitation intensity bins (above 40 mm/day).
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Figure 9 Histogram of observed daily precipitation (1971-1990) for a 40 km grid cell
(number 10) and the mean of all histograms of RCM A2 scenario period precipitation for
the 12 RCM grid cells located within the 40 km cell using the delta change and direct
method. A: bins up to 20 mm/day. B: bins from 20 mm/day.

4. Hydrological results

The hydrological simulations using observations (1971-1990) and the delta change
method for the scenario period span a period of 20 years. The hydrological simulations
using the RCM data for the control (1961-1990) and scenario (2071-2100) period consist
of 30 years. The results presented in this section are based on the entire 20 or 30 year
period of the transient simulations. To establish appropriate initial conditions the model is
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run three times of which the second and third runs use the output of the previous run as
initial conditions. The results are extracted for the third run only. When comparing the
scenario period to the control period, the changes described for the direct method are
based on a comparison with the control period simulation using bias-corrected RCM data
while the delta change method results are based on a comparison with the simulation
using observations.

4.1 Total water balance

The most important components of the mean annual total water balance, spatially
averaged for the whole catchment, are presented in Table 9 for the simulations using
observations and the uncorrected and corrected RCM control data for the control and
scenario period. The net recharge is defined as the outflow from the root zone minus the
sum of evapotranspiration and net flow from the groundwater zone to the overland
compartment for the grids where the soil profile is completely saturated. The net
horizontal boundary outflow is the net outflow across the catchment boundary and
accounts primarily for groundwater flow to the sea. Drain flow includes drainage from
groundwater to rivers and drainage to the sea in coastal regions. Base flow is the net flow
of groundwater to rivers.

Table 9 Mean annual total water balance (mm) of the catchment for the control (CTRL)
and scenario (SCEN) period for the simulations using observations, uncorrected and
corrected RCM data and the delta change method.

Simulation Net Horizontal Boundary  Drain Flow Base Flow
recharge Outflow

Observations 517 22 254 245

Uncorr. RCM - CTRL 338 20 138 186

Corr. RCM - CTRL 525 22 261 248

Corr. RCM - SCEN 601 24 323 264

Delta change - SCEN 579 23 303 260

Control period

Bias correction of the RCM data improves the simulation of the main components of the
water balance considerably. After correction the mean annual recharge is 1.6% higher
than observations, whereas it is 35% too low before corrections. After correction drain
flow and base flow are 3% and 1% higher than observations, respectively, which is a
significant improvement compared to the 46% error in drain flow and 25% error in base
flow for the uncorrected RCM data. The higher recharge and discharge values for the
bias-corrected RCM control period compared to observations is most likely due to the
bias correction method resulting in too low ET,r values compared to observations (see
Table 5) because mean annual RCM precipitation shows little to no positive bias when
compared to observations. Also, the monthly distribution of the precipitation bias cannot
explain the positive bias in recharge because relatively large negative biases in RCM
corrected control period precipitation occur in the months November, December, and
March (Table 7), which are months when nearly all precipitation contributes directly to
groundwater recharge (Fig. 10), due to the saturated soil conditions during these months.
However, Figure 10 shows that for most months the temporal distribution of the recharge
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for the simulation with corrected RCM data is very similar to that of observations and is
greatly improved compared to the uncorrected RCM data.
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Figure 10 Mean monthly recharge (mm) for the simulation using observations,
uncorrected and corrected RCM control period data, and A2 scenario period data using
the delta change and direct method.

Scenario period

Mean annual recharge increases for both methods, but the direct method results in a
slightly higher increase than the delta change method, namely 76 mm (15%) and 62 mm
(12%), respectively. The direct method also results in greater increases in drain flow, 62
mm (24%), than the delta change method, 49 mm (19%). The increases in base flow are
very similar, with increases of 15 mm (6%) and 16 mm (7%) for the delta change and
direct method, respectively. Figure 10 shows that the mean monthly recharge in the
scenario period increases in winter and decreases in summer with very similar values for
both methods. The main difference between the monthly recharge for the two methods is
in which months the highest recharges occur.

4.2 Mean annual groundwater head

Two numerical layers in the model are analyzed here: layer 1 which is the upper,
unconfined aquifer and layer 5, the deeper, main aquifer in the area. For the simulations
using observations, uncorrected RCM data, and corrected RCM data, mean annual
groundwater head in layer 1 equals 33.44 m, 32.42 m, and 33.53 m, while for layer 5
values of 31.33 m, 29.94 m, and 31.45 m are found, respectively. In the scenario period,
groundwater heads show slightly higher increases for the delta change method than the
direct method. Layer 1 shows increases of 0.27 m and 0.20 m and layer 5 shows 0.38 m
and 0.30 m increases when using the delta change and direct method, respectively. This is
a surprising result because the changes in mean annual recharge were slightly higher for
the direct method compared to the delta change method. Figure 11 shows the absolute
changes in mean annual groundwater head for the delta change and direct method.
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Figure 11 Absolute change in mean annual groundwater head (m) for the A2 scenario
simulations using the delta change and direct methods.

Table 10 Mean annual discharge (m’/s) at six discharge stations for the simulations using
observations, uncorrected and bias-corrected RCM control period data, and A2 scenario
delta change and direct method data. For the scenario simulations (SCEN) the relative
increase is indicated in parentheses.

Discharge station number

Simulation 25.11 31.13 35.03 25.14 25.37 25.08
Observations 8.6 13.4 33 23.0 0.9 1.2
Uncorr. RCM - CTRL 5.1 8.5 2.3 14.4 0.3 0.7
Corr. RCM - CTRL 9.0 13.3 33 23.5 0.9 1.4
Direct - SCEN 10.1 15.0 3.8 26.2 1.0 1.6
(12%)  (13%) (15%) (12%) (11%) (14%)
Delta change - SCEN 10.0 15.0 3.6 26.1 1.0 1.6

(16%)  (12%)  (9%)  (14%)  (11%)  (33%)

25



4.3 Stream discharge

Table 10 shows mean annual discharge at six discharge stations (see Fig. 1) for the
simulations using observations and uncorrected and corrected RCM control period data
and the results for the scenario period using the direct and delta change method. For the
control period it can be seen that the bias correction improves the simulation of the mean
annual discharges significantly. Mean annual discharges are slightly overestimated by the
RCM simulation, which is mostly the result of the higher drain flow and to a lesser extent
the higher base flow (see Table 9) compared to the simulation using observations. The
largest relative differences between simulated discharge using bias-corrected data and
observations occur at discharge station 25.11 (5%) and 25.08 (17%), but for station 25.08
the high relative value is mainly due to the low absolute value of mean annual discharge.

Table 11 Daily discharge values (m3/s) at the 5%, 25%, 50%, 75%, and 95% quantiles
for the simulations using observations, bias-corrected RCM control period data, and A2
scenario delta change and direct method data for the three largest streams in the
catchment. In parentheses the relative change in the discharge value is shown.

Observations | RCM corr. Direct method Delta change
CTRL SCEN SCEN
Discharge station 25.11 (Omme Stream)
5% 4.6 4.9 4.9 (0%) 4.7 3%)
25% 5.6 59 5.9 (0%) 5.7 (1%)
50% 7.4 7.8 7.9 (2%) 7.7 (5%)
75% 10.3 10.8 12.7 (17%) 11.8 (14%)
95% 17.1 16.5 21.8 (32%) 23.4 (36%)
Discharge station 31.13 (Varde Stream)
5% 7.3 7.5 7.5 (0%) 7.3 (1%)
25% 8.9 9.0 9.1 (1%) 8.8 (0%)
50% 11.5 11.5 11.9 3%) 11.7 2%)
75% 15.9 15.9 18.6 (17%) 17.5 (10%)
95% 26.6 24.5 31.6 (29%) 34.4 (29%)
Discharge station 25.14 (Skjern River)
5% 14.3 15.2 15.2 (1%) 15.0 (5%)
25% 16.8 17.5 17.8 (2%) 17.5 (4%)
50% 20.6 21.3 22.1 (4%) 22.0 (6%)
75% 26.7 27.2 31.4 (16%) 30.3 (14%)
95% 40.0 38.3 49.6 (29%) 51.5 (29%)

Table 11 shows the quantiles at three discharge stations for the simulations using
observations, bias-corrected RCM control period data, and A2 scenario delta change and
direct method data. The RCM control period quantile values are very close to the
simulated values using observed data, though there is a slight tendency to overestimation
of discharges up to the median value, while the highest quantile value is underestimated.
The overestimation of discharges below the median is likely the result of the RCM
control period simulation generally showing higher annual discharges than when using
observations (Table 10) and because bias-corrected control period precipitation has a
higher frequency than observations in low-intensity bins (see Fig. 5). However, to explain
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the underestimation of the 95% quantile further analysis of extreme precipitation
intensity and duration is needed, but this is not performed here because the differences in
the values are relatively small. Similar to the control period simulations, the scenario
period simulation using RCM bias-corrected data results in higher discharge values than
for the scenario simulation using delta change perturbed observations except for the 95%
quantile. When comparing the delta change and direct method scenario simulations to
observations and control period data, respectively, daily discharges up to and including
the median show no change or relatively small increases, while larger increases occur for
the higher quantile values. The delta change method shows slightly higher increases for
the lower quantiles, but for the higher quantiles no consistent difference between the two
methods can be seen.

Figure 12 shows mean monthly discharge for the simulations using observations, bias-
corrected RCM control data, and A2 scenario data using the direct and delta change
method. For the scenario period the delta change method results in the peak discharge
occurring in January, whereas the peak occurs in February for the direct method. For
most summer months, the direct method results in larger relative decreases than the delta
change method.
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Figure 12 Mean monthly discharge and the relative change in A2 scenario discharge for
the simulations using observations, bias-corrected RCM control data, and A2 scenario
data using the direct and delta change method.
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5. Conclusions

Projected changes in groundwater and stream discharges for a large-scale, agricultural
catchment were investigated through simulations with a distributed, physically-based
surface water-groundwater model. The hydrological model was driven by precipitation,
reference evapotranspiration (ET.f), and temperature data of the HIRHAM4 regional
climate model (RCM) at 12 km resolution for the control period 1961-1990 and the
scenario period 2071-2100 using the delta change and direct methods. The aim of this
study was to determine whether and to what extent the choice of bias-correction or
transfer method affected the projected changes in the hydrological system.

Bias-correction significantly improved the representation of the historical, observed
climate by the RCM data for the control period. After bias correction, only very small
biases were found for the mean annual RCM control period data, but some months still
showed more considerable biases. Also, the distribution of the relative frequency of daily,
bias-corrected RCM data differed slightly from observations. Hence, the bias-correction
method resulted in RCM control period data closely approaching the observed climate
data, but small biases remained, which could possibly affect the simulated, hydrological
variables. Comparison of the water balance for a simulation using bias-corrected RCM
control period data to a simulation using observations showed slightly higher mean
annual groundwater recharge (2%), drain flow (3%), and base flow (1%) resulting in
slightly higher mean annual groundwater levels and stream discharges.

When comparing the projected changes in hydrological variables for the scenario period
simulations using the delta change and direct methods only small differences between the
two methods were found. Mean annual recharge increased for both methods, but the
direct method resulted in a slightly higher increase (15%) than the delta change method
(12%). The direct method also resulted in larger increases in mean annual drain flow
(24%) than the delta change method (19%), while the increases in base flow were similar
(7%). Contrary to the results for groundwater recharge, mean annual groundwater heads
showed slightly higher increases for the delta change method than the direct method,
namely 0.27 m compared to 0.20 m and 0.38 m compared to 0.30 m for two layers in the
model. For both methods, daily stream discharges up to and including the median showed
no change or relatively small increases, while larger increases occurred for the higher
quantile values. The delta change method showed slightly higher increases for the lower
quantiles than the direct method, but for the higher quantiles no consistent difference
between the two methods occurred.

From this study it can be concluded that the choice of bias-correction method did not
have a significant influence on the projected changes of mean hydrological responses in
the catchment. The methods resulted in differences in projected changes in
meteorological variables, but the variations in the projected distributions and the absolute
changes were not large enough to impact the processes in the hydrological system in a
significantly different manner. However, this conclusion is only valid for projected
changes in the mean because changes in extremes were not analyzed here. Further
analysis is needed to determine differences in the methods with respect to for example
flooding (extreme discharges), irrigation (droughts), and leaching of nitrate or pesticides
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(extreme precipitation). Furthermore, the insensitivity of the hydrological results to the
choice of method could be caused by the characteristics of the hydrological system,
making it less susceptible to changes in the probability density function of the
meteorological variables. For example, stream discharge in this catchment is dominated
by groundwater processes, which are not directly coupled to precipitation intensity. Also,
increases in high-intensity precipitation events may not significantly affect surface runoff
or drain discharge because the vertical hydraulic conductivity of the unsaturated zone and
the drainage capacity are sufficiently large to cope with increased precipitation
intensities. Comparative studies in catchments with other dominant, hydrological
characteristics are necessary to further investigate how these characteristics influence the
choice of bias-correction or transfer method.
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