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Summary

Streamflow scenarios for the period 2071-2100 are developed for eight Norwegian
catchments, by which five are heavy glaciated and the three others are glacier free
catchments situated nearby the glaciated ones. The streamflow scenarios are driven by
dynamically downscaled (HIRHAM) series of temperature and precipitation (RegClim).
The RegClim projections are based on two different Global Climate Models (GCM):
HadAm3H and ECHAM4/OPYC3. The emission scenario B2 is run with both GCMs,
whereas the emission scenario A2 is solely run with the Had Am3H-model.

The projected future streamflows are simulated with the Gridded Water Balance (GWB)
model. The changes are given relative to the most recent normal period 1961-1990.

Glacier sensitivity studies have been undertaken. Keeping the glaciers at the same size as
in the normal period, it is found that the streamflow will increase for all basins using the
emission scenario B2, whereas two glacier free catchments will have a decrease and the
others an increase using the A2 scenario. The projected increase in streamflow is largest
for catchments with glaciers (40-90%). All catchments containing glaciers will produce
more water during the summer (10-70%), whereas glacier free catchments will get a
decrease (20-60%). In the case of a complete down-melt of the glaciers the mean annual
streamflow will increase 40-70% for the catchments 88.4 Lovatn and 88.30 Oldevatn,
decrease with 40-50% for the catchment 159.3 Engabrevatn and have a moderate change
for the other catchments. The summer period will in general get drier (20-75%) with the
exception of the two catchments 88.4 and 88.30, where there will be an increase in
streamflow of 0-40%.

The report is funded by EBL-kompetanse AS, and is available as a pdf-document on
www.nve.no and www.met.no.




1. Introduction

The motivation for doing projection studies of changes in future streamflow relative to the most recent
normal period is well documented in previous reports from NVE and met.no (e.g., Roald et al., 2006,
Schuler et al., 2006a, and Engen-Skaugen et al., 2005), where it is stated that a global warming of the
surface temperature with approximately 0.6 °C has been observed the last 100 years. Different
emission scenarios project a further increase of global temperature between 1 °C to 5 °C (Cubash et
al., 2001). Globally averaged water vapour concentrations, evaporation and precipitation are projected
to increase. At regional scale both increases and decreases in precipitation are projected.

In the present study, analyses have been performed on hydrological scenarios with focus on shift in
hydrological regime and droughts versus floods. To be able to do so, an empirical adjustment method
has been used to tailor the climate scenarios to station level (Engen-Skaugen, 2004).

This report presents projected changes in various water balance elements for eight selected basins on
the Norwegian mainland. The eight basins are carefully chosen to study the differences in projected
future streamflow between heavy glaciated and non-glaciated areas. A sensitivity study is undertaken
with respect to future changes in lower glaciation altitude limit and the possibility of a glacier free
scenario.

The report is divided into nine Chapters. Chapter 2 gives an overview of the location and
characteristics of the eight basins included in the study. Chapter 3 presents the hydrological water
balance model. The climate scenarios are presented in Chapter 4. Chapter 5 gives an overview of the
analyses and the projected changes in the streamflow. In Chapter 6 we discuss the glacier sensitivity
on projected streamflow in each basin. Chapter 7 describes uncertainties in the scenarios, and in
Chapter 8 the results are summarised.

This report is part of the study “Climate predictability 0-100 years” funded by EBL kompetanse AS.

2. Study areas

The study described in Roald et al. (2006) examined possible changes in various water balance
elements over the entire Norwegian mainland. They focused on changes in 25 basins selected to give a
country-wide set of basins of special interest to the hydropower industry, suited for providing input
data to Energy production models.

In this study five heavily glaciated basins (2.232 Elveseter, 76.5 Nigardsbrevatn, 88.4 Lovatn, 88.30
Oldevatn and 159.3 Engabrevatn) and three glacier free basin (75.23 Krokenelv, 89.1 Hornindalsvatn
and 167.3 Kobbvatn) have been studied to learn more about the time limited surplus in streamflow
expected to occur due to the increased melt rate in glaciated basins.

Table 2.1 and Table 2.2 give some characteristics of each basin. The location of the basins is shown in
Figure 2.1.



Table 2.1 Overview of basins included in the current EBL-study.

Catchment Area |Qy(61-90) |Qy (61-90) |Streamflow records
Name 2 3 1 Ay 2

no. (km®) J(m>s™) [(Is" km™) | From To
2.232|Elveseter 154 5.3 35.6 1938 DD.
75.23|Krokenelv 46 2.2 47.6 1965 DD.
76.5 |Nigardsbrevatn 65 6.7 102.3 1962 DD.
88.4 |Lovatn 235 16.4 70.0 1900 DD.
88.30|Oldevatn 202 15.9 78.9 1902 DD.
89.1 |Hornindalsvatn 382 23.0 60.6 1900 DD.
159.3|Engabrevatn 52 6.0 119.2 1969 DD.
167.3|Kobbvatn 389 24.8 64.3 1916 DD.

Table 2.2 Selected characteristics of the basins.

Catchment Name Basin characteristics ( % ) Elevations (m a.s.l.)| AH
no. Lake | Glacier| Mountain | Bogs | Forest| Min [Median| Max | (m)
2.232|Elveseter 2 22 64 0 9 658 | 1587 | 2459|1801
75.23|Krokenelv 0 0 78 0 17 17 | 1148 | 1462 | 1445
76.5 |Nigardsbrevatn| 1 75 18 0 1 285 | 1546 | 1946 | 1661
88.4 |Lovatn 5 37 40 0 15 52 | 1339 | 2075|2023
88.30[|Oldevatn 4 42 33 0 18 33 | 1302 | 1952|1919
89.1 |Hornindalsvatn| 15 0 33 4 41 53 483 | 1523|1470
159.3|Engabrevatn 2 76 15 0 4 9 1170 | 1589 | 1580
167.3|Kobbvatn 3 0 63 0 16 8 680 | 1512|1504
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Figure 2.1 Locations of the eight basins analysed in this study.



3. The Gridded Water Balance Model

The water balance elements presented in this report result from simulations done with the Gridded
Water Balance (GWB) model (Sazlthun, 1996; Beldring et al. 2003). The GWB model is a spatially
distributed version of the HBV-model (Bergstrom, 1995). The model is spatially distributed since: i)
every model element has unique characteristics that determine its parameters; ii) input data are
distributed; iii) water balance computations are performed separately for each model element; and iv)
only those parts of the model structure which are necessary are used for each element.

The model performs quantitative water balance calculations (See Appendix I) for square gridded
landscape elements (1 x 1 km?) characterized by their altitude and land use. Each grid cell may be
divided into maximum four land-cover elements: two land use classes, lake area and glacier area.
Table 3.1 summarises the land use classes used for describing the properties of the 1 km® landscape
elements of the model. The model was run with specific parameters for each land use class controlling
Snow processes, interception storage, evapotranspiration and subsurface moisture storage and runoff
generation. Lake evaporation was controlled by a parameter with global value. New in this study
relative to those reported in Roald et.al. (2006), Schuler et.al. (2006a) and Engen-Skaugen et.al.
(2005), is that the melt factor for exposed glacier ice is independently calibrated for each of the five
glacier-dominated basins (see Table 2.3). In the previous studies the glacier mass balance was
controlled by a global parameter.

Table 3.1 The defined five land use classes used in the model.

No. | Type Description
1 | Mountain | areas above the tree line with grass, heather, shrubs or dwarfed trees
2 | Forest lowland areas with coniferous or deciduous forests
3 | Shrub areas below the tree line with subalpine forests
4 | Rock areas above the tree line with extremely sparse vegetation, mostly lichens,

mosses and grass
5 | Meadows | non-forested areas below the tree line

The GWB model has components for accumulation, sub-grid scale distribution and ablation of snow,
interception storage, sub-grid scale distribution of soil moisture storage, evapotranspiration,
groundwater storage and runoff response, lake evaporation and glacier mass balance. Vegetation
characteristics such as stand height and leaf area index influence the water balance at different time
scales through their control on evapotranspiration, snow accumulation and snow melt (Matheussen et
al., 2000). Thus, potential evapotranspiration is a function of air temperature and seasonally varying
vegetation characteristics.

A regionally applicable set of parameters (see Appendix II) was determined by calibrating the model
with the restriction that the same parameter values are used for all computational elements of the
model that fall into the same class for land surface properties (Beldring et al. 2003). This calibration
procedure rests on the hypothesis that model elements with identical landscape characteristics have
similar hydrological behaviour, and should consequently be assigned the same parameter values. The
grid cells should represent the significant and systematic variations in the properties of the land
surface, and representative (typical) parameter values must be applied for different classes of soil and
vegetation types, lakes and glaciers (Gottschalk et al., 2001).



The model was calibrated using available information about climate and hydrological processes from
the eight gauged basins analysed in this study. A set of global parameter values were transferred to all
basins based on the classification of landscape characteristics. A second set of parameters was
calibrated for each specific basin. The nonlinear parameter estimation method PEST (Doherty et al.,
1998) was used in this study. PEST adjusts the parameters of a model between specified lower and
upper bounds until the sum of squares of residuals between selected model outputs and a
complementary set of observed data are reduced to a minimum. A multi-criteria calibration strategy
was applied, where the residuals between model simulated and observed monthly runoff from several
basins located in areas with different runoff regimes and landscape characteristics were considered
simultaneously. Figure 3.1 gives a simplified overview of the calibration steps and model simulations.

The model runs with daily time steps, using precipitation and air temperature data as input (see Figure
3.1). The precipitation stations used in this study were classified in five exposure classes with fixed
correction factors for rain, snow and mixed type precipitation according to a Nordic study (Fgrland et
al., 1996). The precipitation data were accordingly given a simplified precipitation type classification.
Precipitation and temperature values for the model grid cells were determined by inverse distance
interpolation of observations from the three closest precipitation stations and the two closest
temperature stations. Differences in precipitation and temperature caused by elevation were corrected
by site specific precipitation-altitude gradients and calibrated temperature lapse rates for days with and
without precipitation, respectively.

There is considerable uncertainty with regard to the variations of precipitation with altitude in the
mountainous terrain of Norway. Specific precipitation-altitude gradients were therefore determined for
each of the eight basins, and these values were used for all grid cells within a basin. Few mountain
stations necessitate using these general gradients. The precipitation-altitude gradients were reduced by
50 % for elevations above 1200 m a.s.l., as drying out of ascending air occurs in high mountain areas
due to orographically induced precipitation (Daly et al., 1994). The reduction of 50 % is arbitrarily
chosen, however, the height of 1200 metres is not, as this is the approximate altitude of the coastal
mountain ranges in western and northern Norway. These mountain ranges release most of the
precipitation associated with the eastward-migrating extratropical storm tracks that dominate the
weather in Norway.

As stated by Wood et al (2004); “A minimum standard of any useful downscaling method for
hydrological applications needs the historic (observed) conditions to be reproducible”. Thus, in order
to have confidence in a hydrological model, its performance must be validated. Model performance is
usually evaluated by considering one or more objective statistics or functions of the residuals between
model simulated output and observed watershed output. The objective functions used in this study
were the Nash-Sutcliffe and bias statistics of the residuals, which have a low correlation (Weglarczyk,
1998). The Nash-Sutcliffe efficiency criterion ranges from minus infinity to 1.0 with higher values
indicating better agreement. Bias (relative volume error) measures the tendency of model simulated
values to be larger or smaller than their observed counterpart. Although the Nash-Sutcliffe efficiency
criterion is frequently used for evaluating the performance of hydrological models, it favours a good
match between observed and modelled high flows, while sacrificing to some extent matching of
below-mean flows. It is for this reason that two different measures of model performance were
considered. A test of model performance in an independent period was also performed (the normal
period 1961-1990). The distributed model was calibrated separately to produce the scenario series for
each basin. Table 3.1 gives the achieved results after running the PEST calibration.
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Figure 3.1 Sketch of the calibration steps and model simulations

Table 3.2 The calibrated catchments and their respective Nash-Sutcliffe and Bias values for both
the calibrated and independent period.

Catchment Name Calibration |Calibration Calibration [1961-1990 1961-1990

no. period Nash-Sutcliffe |Bias Nash-Sutcliffe | Bias
2.232]|Elveseter 1961-1990 0.74 0.0 0.74 0.0
75.23|Krokenelv 1976-1990 0.70 0.0 0.68 -0.03
76.5 |Nigardsbrevatn 1976-1990 0.92 0.0 0.92 0.04
88.4 |Lovatn 1961-1990 0.88 0.0 0.88 0.0
88.30]Oldevatn 1976-1990 0.89 -0.01 0.89 0.03
89.1 |Hornindalsvatn 1976-1990 0.91 0.0 0.89 -0.04
159.3]Engabrevatn 1976-1990 0.91 0.0 0.89 0.01
167.3|Kobbvatn 1976-1990 0.85 0.0 0.84 -0.02

* Data from 1965
** Data from 1962
*** Data from 1969
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4. Climate models and downscaling

As already mention in Section 3, the GWB model runs with precipitation and temperature as input.
Measured daily values of temperature and precipitation from the last normal period were used to
establish a control set of water balance elements to validate modelled climate input from global
climate models. We have used two different Atmospheric-Ocean General Circulation Models
(AOGCMs) in this study; i) the ECHAM4/OPYC3-model developed at the Max Planck Institute for
Meteorology (MPI), Germany (Roeckner et al., 1999) and ii) HadAm3H-model developed at the
Hadley Centre for Climate Prediction and Research, UK (Gordon et al., 2000). The AOGCMs are run
using two different emission scenarios; A2 and B2 (Cubash et al., 2001). The A2 scenario gives an
increase in global temperature of +3.5°C up to 2100, whereas B2 is slightly more restrictive with
+2.5°C for the same period. The different combinations of AOGCMs and emission scenarios used in
this study are listed in Table 4.1:

Table 4.1 AOGCMs and emission scenarios used in the study, and the respective control and
scenario periods

AOGCM Emission scenario | Control period | Scenario period
ECHAM4/0PYC3 B2 1961-1990 2071-2100
HadAm3H B2 1961-1990 2071-2100
HadAm3H A2 1961-1990 2071-2100

The spatial resolution of AOGCMs is typically ~300 x 300 km®. Thus, to obtain reliable estimates of
the climate at specific regions in Norway, downscaling is necessary. Results from AOGCMs are
dynamically downscaled with the regional climate model HIRHAM (Haugen and Iversen, 2005;
Bjgrge et al., 2000). HIRHAM is similar to the model used at MPI and the Danish Meteorological
Institute (DMI) and is based on the dynamics of the weather forecast model HIRLAM (High
Resolution Limited Area Model), which is operationally used at the Norwegian Meteorological
Institute (met.no) and the physics of ECHAM4. HIRHAM has a spatial resolution of ~55 x 55 km”.

Daily values of at-sife measurement of temperature and precipitation are used as input when
calibrating the GWB model. Estimates of temperature and precipitation are therefore interpolated from
HIRHAM to sites where observations of temperature and/or precipitation are available. There are,
though, difficulties using temperature and precipitation interpolated from HIRHAM as station data
representing the at-site location. The real station altitude differs from the HIRHAM grid point altitude,
and the number of rainy days is typically overestimated (Frei et al., 2003). The dynamically
downscaled temperature and precipitation data were therefore empirically adjusted to be representative
locally. The adjustment procedure is described in Engen-Skaugen (2004). The estimated day-to-day
variability is thus not directly comparable with observed data; however, the mean monthly values and
standard deviation based on daily values should be comparable.

5. Analyses of the results

The GWB-model was run for the eight selected basins (Figure 2.1). Daily data series of water balance
variables were calculated for each basin both for the measured normal period 1961-1990 and for the
projected control and scenario periods as shown in Table 4.1 and sketch in Figure 3.1. The calculated
series are stored as time series on NVE’s database HYDRA 1II and can be accessed by all application
programs linked to the database. Appendix I comprise an overview of scenario data series currently
available on HYDRA II.

12



The changes are identified by calculating the difference or proportion of statistical properties of the
scenario and the control series for each water balance element. The results are shown as graphs
illustrating changes in the annual statistics and in the seasonality. The statistics examined are the mean
value, standard deviation, value and time of the year for the annual maximum and minimum value.
The seasons were; Winter: December-February; Spring: March-May; Summer: June-August; and
Autumn: September-November.

Changes in the flood series were examined by calculating and comparing flood statistics of the
scenario and the control period for all eight stations. Flood frequency analyses were applied to both
series (control and scenario period) for each station and model/emission scenario. Flood quantiles
were calculated for floods with return period up to 50 year based on the General Extreme Value
(GEV) distribution and estimation by the Probability Weighted Moments (PWM)-method (Hosking &
Wallis, 1997). The change in seasonality of the annual maximum flood can be illustrated by
determining the frequency of the annual peak flood occurring per month in the control and scenario
period.

5.1.Comparison of observed and simulated streamflow in
the control period

The GWB-model was used to simulate series of streamflow for a control period, representing the
present climate, using the downscaled meteorological dataset described in Section 4. These series
cannot be compared directly to the observed series for the same period, but the statistical properties of
the two series should agree fairly well (Section 4). The statistical properties of these series have been
compared. The two modelled annual and seasonal streamflow mean values together with observations
are shown in Figure 5.1 and for the standard deviations of the annual and seasonal values in Figure
5.2. The ratio between annual and seasonal means and standard deviations of streamflow both for
observed and simulated datasets for the control period are presented in Appendix III. The mean value
and standard deviations of the annual values agrees well for most of the basins. The errors are larger in
the seasonal means and standard deviations for some of the catchments, while others tend to agree
fairly well. The differences are in most cases smaller in the spring than in the other seasons.

13
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Figure 5.1 Mean annual and seasonal streamflow (m® s™) for the two model runs (HC =
“HadAm3H Control” and EC = “ECHAM4 Control’’) and observations.
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Figure 5.2 Mean annual and seasonal standard deviation (m® s) for the two model runs (HC
and EC) and observations.

Simulated and observed mean annual floods and the standard deviation of the annual floods are
presented in Figure 5.3. Seasonal flood statistics are presented in Figure 5.4. Statistics of annual flood
and annual minimum flow are compared in Appendix I'V.
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Figure 5.3 Median annual flood (m® s™) and standard deviation for the observation period (1961-
1990) and the two model runs (HC and EC).
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Figure 5.4 Flood quantiles (m® s™) for the observation period (1961-1990) and the two model
runs (HC and EC).

5.2.Projected changes in temperature and precipitation in
selected Norwegian basins

The hydrological model utilises data from three adjacent climate stations to assign daily time series of
temperature and precipitation to each 1 x 1 km? grid cell corrected for differences in altitudes between
each climate station and the cell. The mean daily temperature and precipitation can be estimated for an
entire basin by averaging over all cells included in the basin. The changes in mean annual and seasonal
temperature and precipitation have been calculated for eight basins. The projected changes in
temperature are shown in Figure 5.5.
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The projected changes in temperature vary within 0.5°C between the various scenarios for each station
during winter and spring, whereas the temperature changes can vary with more than 1°C between the
various scenarios for each station during summer and autumn. The largest discrepancy between the
different scenarios is found for Hornindalsvatn, where the projected change in mean summer
temperature differs with 1.5°C between the HB2 and EB2 scenario. The largest temperature increase is
in the autumn, whereas the smallest will occur in the summer. The HA2-scenario gives the largest
increase in all seasons, except in the summer when the EB2-scenario is higher. The average values of
the projected changes are given in Table 5.1 for each scenario for the mean temperature as well as for
the mean maximum and minimum temperatures. The largest projected change occurs in the minimum
temperature and the smallest in the maximum temperature, indicating a reduction in the mean
temperature range.

4.5 4

HA2 | HB2 | EB2 | HA2 | HB2 | EB2 | HA2 | HB2 | EB2 | HA2 | HB2 | EB2 | HA2 | HB2 | EB2

Annual Winter Spring Summer Autumn
O Elveseter B Krokenelv ONigardsbrevatn O Lovatn BOldevatn O Hornindalsvatn B Engabrevatn

Figure 5.5 Projected changes in the annual and seasonal basin mean temperatures for seven
basins in Norway from 1961-1990 to 2071-2100. HA2 and HB2 refer to scenarios A2 and B2
based on the HadAm3H-model and EB2 to scenario B2 of the ECHAM4/OPY C3-model.

The projected changes in the annual and seasonal precipitation data are shown in Figure 5.6. The
projected changes between the three different scenarios can be large. Oldevatn has a difference of 675
mm in mean annual change between the HA2- and EB2-scenarios. Both B2-scenarios project an
increase in precipitation for all basins, with the EB2 projecting the largest increase. There are also
large geographical differences within the same scenario, e.g., the EB2-scenario projects a difference in
change of annual mean precipitation between Krokenelv and Oldevatn of more than 350 mm. Of
special interest is the summer season, by which all scenarios project no change or dryer conditions,
except for North-Norway where the Had Am3H-secnarios predict an increase.
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Figure 5.6 Projected changes in the annual and seasonal basin-averaged precipitations for seven
Norwegian basins from 1961-1990 to 2071-2100.

The projected changes in the annual and seasonal maximum daily precipitation events are shown in
Figure 5.7. The projections indicate more extreme events during the summer season for most basins,
whereas the winter and spring seasons have a geographical and latitude dependent change in
maximum daily precipitation. Table 5.2 summarises the projected changes.
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Figure 5.7 Projected changes in the mean annual and seasonal maximum daily precipitations for
seven Norwegian basins from 1961-1990 to 2071-2100.
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Table 5.1 Projected changes in the annual and seasonal mean, maximum and minimum temperatures (°C) for seven basins for three different climate
scenarios from 1961-1990 to 2071-2100.

Annual Winter Spring Summer Autumn

HA2 HB2 EB2 HA2 HB2 EB2 HA2 HB2 EB2 HA2 HB2 EB2 HA2 HB2 EB2
Mean
temperature 3.07 2.49 2.81 2.66 2.22 2.42 3.07 2.64 3.05 2.34 1.61 2.89 4.20 3.49 2.92
Mean max
temperature 4.12 2.34 3.02 3.79 2.46 3.67 5.14 4.21 4.25 4.12 2.34 3.02 3.81 3.54 4.71
Mean min
temperature 6.26 5.19 2.36 6.26 476 -7.74 4.57 2.82 2.23 1.93 0.72 2.79 5.56 6.28 4.26

Table 5.2 Projected changes in the annual and seasonal mean maximum and cumulative precipitation (mm) for seven basins for three different
climate scenarios from 1961-1990 to 2071-2100.

Annual Winter Spring Summer Autumn

HA2 HB2 EB2 HA2 HB2 EB2 HA2 HB2 EB2 HA2 HB2 EB2 HA2 HB2 EB2
Mean max
precipitation 6.71] 11.20 7.09 3.46| -15.26 490 -25.44] -36.98] -7.07] 36.53| 56.66 8.85 16.33] 12.23] 23.37
Change in
precipitation -23 86 375 -11 11 83 24 -20 113 -6 15 -4 -13 101 211
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5.3. Projected changes in the mean annual and seasonal
streamflow

Figure 5.8 shows projected change in mean annual and seasonal streamflow for the eight selected
basins. The changes in mean annual streamflow are considerable larger in the glacier dominated
catchments then for the glacier free catchments, which indicate that the melt generated runoff is the
main contribution to the projected streamflow increase. The HA2-scenario projects a small decrease
(5-6 %) in streamflow for the glacier free catchments in central Norway, whereas Nordland will get an
increase of 12-13 %. This is in well agreement with previous studies (e.g., Roald et. al., 2006). The
HB2-scenario projects a small increase in all three glacier free catchments, whereas the EB2-scenario
indicates a general streamflow increase of 15-25 %. The differences in the B2-scenario of the two
models are probably caused by natural climate variability, leading to differences in the projected
pressure fields and hence dominating wind direction.

The seasonal changes are largest for the glacier dominated catchments in spring time (up to 270 %),
indicating that the melt season starts earlier, which is already well documented in Schuler et.al.
(2006a). All glacier free catchments have a general streamflow decrease between 20 — 60 % during
summer, whereas the glacier dominated areas will get an increase in about the same order. There are
relative large differences between the two main circulation models in projected changes in mean
winter streamflow, with changes ranging from e.g., 17 to 115 % for 75.23 Krokenelv, and 48 to 135 %
for 167.3 Kobbvatn.
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Annaul mean Winter mean Spring mean Summer mean Autumn mean
b2.232 W75.23 076.5 088.4 W388.30 089.1 W159.3 0167.3

Figure 5.8 Projected percentage change in mean annual and seasonal streamflow in eight basins
based on the three scenarios HA2, HB2 and EB2, where H indicates the HadAm3H-model, and
E indicates the ECHAM4-model. Comparison periods are 1961-1990 to 2071-2100.

6. Glacier sensitivity

The GWB-model has an ad-hoc glacier routine which treats the glacier as a permanent reservoir of ice
available for melt as soon as the seasonal snow cover has been removed. Any mass deficit of ice due
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to increased glacier melt is not accounted for in the GWB-model, nor is any mass gain added to the
glacier reservoir. The glacier covered area is thus kept constant for all model runs, independent of any
changes in glacier volume.

Glacier mass balance sensitivity studies have shown that many Norwegian glaciers most probably will
disappear within the next 100 years, provided that there will occur a temperature change of +2°C in
hundred years (e.g., Oerlemans, 1997). This is within the projected temperature change predicted by
the three scenario-runs (2.5-3.1°C). Sensitivity studies of maritime glaciers have shown that these
glaciers are more sensitive to changes in temperature than precipitation due to their large mass
turnover and that they extend to low elevations (Schneeberger et. al., 2003; Schuler et.al., 2006b).
Schuler et.al. (2006b) found in a sensitivity study of Engabreen that a general heating of 1°C needs to
be compensated by a precipitation increase in winter by more than 30 % to avoid negative mass
balance. In our study the projected change in precipitation for Engabreen during the winter season is
+15 % depending on scenario- and circulation-model used, whereas the mean annual temperature
change is 2.4-2.7 °C.

It is thus to be expected that the glacier net mass balance will decrease due to the climatic change
projected by the different scenarios. This will lead to a change in streamflow from the glacier
dominated catchments — an expected change not projected by the GWB-model A schematic
representation is shown in Figure 6.1, where the net mass balance is altered in a negative step. During
the following dynamical response of the glacier to the negative mass perturbation, the runoff will
increase before it eventually ends on a lower level than the pre-perturbation level.

a T — Nett mass balance

T Glacier volume
b

Runoff

Figure 6.1 Schematic representation of the long-term effect of (a) negative glacier net mass
balance on (b) glacier volume and (c) annual glacier streamflow. Note that discharge is larger
during the first stage of the response period until the glacier is small enough to reduce excess
runoff. Modified after Jansson et. al. (2003).

We have made a small modification to the GWB-glacier-routine, which allows us to manually define a
lower limit of glaciation. This is a crude but easy way to allow for changes in glaciated area to mimic
the effect of expected reduction in glacier volume. The grid cells originally covered by the glacier are
set to land use class no.4 (Rock, Table 3.1). Running the GWB-model with small changes in lower
glaciation limit relative to 1990 will not produce any significant change in streamflow, due to the
relative small area of the glaciers extending down valley. Removing the glaciers, that is setting the
lower glaciation limit equal to max elevation of the catchment area, will give us insight in how
expected streamflow will be in these areas relative to nearby glacier free catchments. Although the
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elevation of the terrain (some of the glaciers in these areas are several hundreds meter thick) will be
incorrect, we will claim that the projected streamflow from catchments with removed glaciers are
representative for what we can expect in these areas for the period 2071-2100.

In the following section we compare three different glacier scenarios: i) No change in lower glaciation
altitude relative to 1990, i1) Lower glaciation altitude set to half length of longest glacier in basin
relative to 1990, and iii) Lowest glaciation altitude set to max height of basin, see table 6.1 for data.

Table 6.1 Glacier dominated catchments. The second last column shows lower glaciation altitude

in 1990, and the last column shows the lower glaciation altitude increased with half the glacier
length relative to 1990.

Catchment Name Area | Glacier| Elevations (m a.s.l.) | AH |Glaciation alti. (m a.s.l.)

no. (km?)| (%) | Min |Median] Max | (m )| 1990 1/2 of 1990
2.232|Elveseter 154 22 658 | 1587 | 2459 | 1801 1400 1930
76.5 [Nigardsbrevatn| 65 75 285 | 1546 | 1946 | 1661 320 1130
88.4 |Lovatn 235 37 52 1339 [ 2075 2023 660 1370
88.30|Oldevatn 202 42 33 1302 [ 1952 ] 1919 240 1100
159.3|Engabrevatn 52 76 9 1170 [ 1589 ] 1580 15 800

Figure 6.2 a) (identical to Figure 5.8) shows the projected change in streamflow for the three different
climatic scenarios for all eight basins. Figure 6.2 b) shows the projected change in streamflow in the
case of lower glaciation altitude set to Y2 glacier length of 1990 and Figure 6.2 c) shows the change in
projected streamflow in the case of glacier free catchments. The following subsections will go in more
detail into each glacier dominated catchment.
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Annaul mean Winter mean Spring mean Summer mean Autumn mean
b2.232 W75.23 076.5 08s8.4 W88.30 089.1 W159.3 0167.3

Figure 6.2 a) Projected percentage change in mean annual and seasonal streamflow in eight
basins based on the three scenarios HA2, HB2 and EB2, where H indicates the HadAm3H-
model, and E indicates the ECHAM4-model. Comparison periods are 1961-1990 to 2071-2100.
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Figure 6.2 b) Lower glaciation altitude set to V2 glacier length of 1990. Projected percentage
change in mean annual and seasonal streamflow in eight basins based on the three scenarios
HA2, HB2 and EB2.
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Figure 6.2 c¢) No glaciers in the catchments. Projected percentage change in mean annual and
seasonal streamflow in eight basins based on the three scenarios HA2, HB2 and EB2.

6.1.Projected streamflow in the basin Elveseter

Elveseter has a glacier-coverage of 22 % (Table 6.1). The lower glaciation altitude in 1990 was 1400
m a.s.l. The Y2 of 1990 glacier length is 1930 m a.s.l. This is higher than the median height of the
catchment. Figure 6.3 a) shows the mean (black line), minimum (green line) and maximum (red line)
streamflow at Elveseter for the control period (left) and the projected period (right), b) shows the
projected streamflow with lower glaciation altitude set to 2 glacier length of 1990, and c) shows the
modelled streamflow in the case of a glacier free catchment.
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April April

Tid Tid
Mai
Februar Februar
Juni Juni
Januar Januar
Em/s | woEms
Juli Juli
Desember Desember
August August
November November
September September
Oktober Oktober
HadAm3H: Streamflow in the control period (1961-1990) and projected streamflow with the A2-scenario.
April April
Mars Mars
Tid Tid
Mai Mai
Februar Februar
Juni Juni
Januar Januar
m3/s 0 M*/s
Juli Juli
Desember Desember
August August
November November
September September
Oktober Oktober
HadAm3H: Streamflow in the control period (1961-1990) and projected streamflow with the B2-scenario.
April April
Mars Mars
Tid Tid
Februar Februar
Juni Juni
Januar Januar
10§ m3/s =2 10E M3/s
Juli Juli
Desember Desember
August August
November November
September September
Oktober Oktober

ECHAMA4: Streamflow in the control period (1961-1990) and projected streamflow with the B2-scenario.

Figure 6.3 a) 2.232 Elveseter: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow, full glacier length (1990).
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There is a general decrease in summer mean streamflow between full (Figure 6.3 a) and %2 glacier
length (Figure 6.3 b), but with several large floods in the latter scenario. Figure 6.3 c) shows that the
mean summer discharge decreases even more, and the spring mean discharge increases. There is a
marked reduction in minimum streamflow for all three scenario-runs in the case of a glacier free
catchment.

Figure 6.4 shows projected median annual floods, annual standard deviations and flood quantiles for
Elveseter for all three scenarios of glacier-coverage. The nearby glacier free catchment 75.23
Krokenelv (see Figure 2.1) is included for comparison. The HadAm3H scenarios project a reduction in
median annual floods if the Elveseter catchment becomes glacier free. The changes in flood quantiles
are minor in the case of a glacier free catchment.
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0d75.23 Krokenelv @2.232 Elveseter 02.232 1/2 glacier length 02.232 no glacier

Figure 6.4 Median annual flood, annual standard deviation and flood quantiles for the three
stages of glacier-coverage. Catchment 75.23 Krokenelv is included for comparison as a glacier
free catchment.

Figure 6.5 shows the distribution of floods per month over the year. Both today and in the future
midsummer is and will be the dominant period for floods — if the glaciers exists as of today (Figure 6.5
a). In case of down-melt of the glaciers (Figure 6.5 c), we see that spring floods will dominate the
catchment.
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Figure 6.5 Distribution of floods over the year. a) Glacier-coverage as of 1990, b) V2 glacier
length of 1990 and c) catchment without glaciers.
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6.2. Projected streamflow in the basin Nigardsbrevatn

Nigardsbrevatn has a glacier-coverage of 75 % (Table 6.1). The lower glaciation altitude in 1990 was
320 m a.s.l. The Y2 of 1990 glacier length is 1130 m a.s.l. This is lower than the median height of the
catchment. Figure 6.6 a) shows the mean (black line), minimum (green line) and maximum (red line)
streamflow at Nigardsbrevatn for the control period (left) and the projected period (right), b) shows the
projected streamflow with lower glaciation altitude set to 2 glacier length of 1990, and c) shows the
modelled streamflow in the case of a glacier free catchment.

There is a very small reduction in summer streamflow between full (Figure 6.6 a) and %2 glacier length
(Figure 6.6 b), but the main change is first noticeable when the glaciers are removed from the
catchment (Figure 6.6 c). There is a considerable decrease in summer streamflow, an increase in
spring streamflow and finally a marked reduction in minimum streamflow for all three scenario-runs.

Figure 6.7 shows projected median annual floods, annual standard deviations and flood quantiles for
Nigardsbrevatn for all three scenarios of glacier-coverage. The nearby glacier free catchment 75.23
Krokenelv (see Figure 2.1) is included for comparison. The HadAm3H scenarios project a reduction in
median annual floods if the Nigardsbrevatn catchment becomes glacier free. The changes in flood
quantiles are minor in the case of a glacier free catchment.
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Figure 6.7 Median annual flood, annual standard deviation and flood quantiles for the three
stages of glacier-coverage. Catchment 75.23 Krokenelv is included for comparison as a glacier
free catchment.

Figure 6.8 shows the distribution of floods per month over the year. Both today and in the future
midsummer is and will be the dominant period for floods — if the glaciers exists as of today (Figure 6.8
a). In case of down-melt of the glaciers (Figure 6.8 c), we see that spring floods will dominate the
catchment.
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Figure 6.8 Distribution of floods over the year. a) Glacier-coverage as of 1990, b) 2 glacier
length of 1990 and c) catchment without glaciers.
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6.3.Projected streamflow in the basin Oldevatn

Oldevatn has a glacier-coverage of 42 % (Table 6.1). The lower glaciation altitude in 1990 was 240 m
a.s.l. The ¥2 of 1990 glacier length is 1100 m a.s.l. This is lower than the median height of the
catchment. Figure 6.9 a) shows the mean (black line), minimum (green line) and maximum (red line)
streamflow at Oldevatn for the control period (left) and the projected period (right), b) shows the
projected streamflow with lower glaciation altitude set to 2 glacier length of 1990, and c) shows the
modelled streamflow in the case of a glacier free catchment.

There is a very small reduction in summer streamflow between full (Figure 6.9 a) and %2 glacier length
(Figure 6.9 b), but the main change is first noticeable when the glaciers are removed form the
catchment (Figure 6.9 c). There is an expansion of the “wet” season as the streamflow will increase
during spring and late autumn. Both HadAm3H-scenarios project a decrease in summer streamflow,
whereas the ECHAM4-scenario projects an increase in streamflow in general.

In the latter case the floods will be larger and the risk for floods during winter increases.
Figure 6.10 shows projected median annual floods, annual standard deviations and flood quantiles for
Oldevatn for all three scenarios of glacier-coverage. The nearby glacier free catchment 89.1

Hornindalsvatn (see Figure 2.1) is included for comparison. All model runs project an increase in
median annual floods and flood quantiles
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Figure 6.10 Median annual flood, annual standard deviation and flood quantiles for the three
stages of glacier-coverage. Catchment 89.1 Hornindalsvatn is included for comparison as a
glacier free catchment.

Figure 6.11 shows the distribution of floods per month over the year. Both today and in the future late
summer and early autumn are and will be the dominant period for floods — if the glaciers exists as of
today (Figure 6.11 a). In case of down-melt of the glaciers (Figure 6.11 c), we see that autumn floods
will dominate the catchment.
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Figure 6.11 Distribution of floods over the year. a) Glacier-coverage as of 1990, b) % glacier
length of 1990 and c) catchment without glaciers.
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6.4.Projected streamflow in the basin Lovatn

Lovatn has a glacier-coverage of 37 % (Table 6.1). The lower glaciation altitude in 1990 was 660 m
a.s.l. The V2 of 1990 glacier length is 1370 m a.s.l. This is close to the median height of the catchment
(1339 m a.s.l.). Figure 6.12 a) shows the mean (black line), minimum (green line) and maximum (red
line) streamflow at Lovatn for the control period (left) and the projected period (right), b) shows the
projected streamflow with lower glaciation altitude set to 2 glacier length of 1990, and c) shows the
modelled streamflow in the case of a glacier free catchment.

There is a very small reduction in summer streamflow between full (Figure 6.12 a) and %2 glacier
length (Figure 6.12 b), especially for the HadAm3HB2-scenario. The main change is first noticeable
when the glaciers are removed form the catchment (Figure 6.12 c). There is a projected increase in
streamflow in summer and autumn, with a tendency to larger winter floods. Minimum streamflow will
decrease, except during spring when it will increase.

Figure 6.13 shows projected median annual floods, annual standard deviations and flood quantiles for
Lovatn for all three scenarios of glacier-coverage. The nearby glacier free catchment 89.1
Hornindalsvatn (see Figure 2.1) is included for comparison. All model-runs project an increase in
median annual floods and flood quantiles. The increase is largest in the most likely scenario of a
glacier free catchment.
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Figure 6.13 Median annual flood, annual standard deviation and flood quantiles for the three
stages of glacier-coverage. Catchment 89.1 Hornindalsvatn is included for comparison as a
glacier free catchment.

Figure 6.14 shows the distribution of floods per month over the year. During the control period,
summer floods dominate the catchment, whereas autumn floods will be more frequent in the future — if
the glaciers exists as of today (Figure 6.14 a). In case of down-melt of the glaciers (Figure 6.14 c), we
see that autumn floods still will dominate the catchment, but spring floods might do occur more
frequent.
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Figure 6.14 Distribution of floods over the year. a) Glacier-coverage as of 1990, b) % glacier
length of 1990 and c) catchment without glaciers.
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6.5.Projected streamflow in the basin Engabrevatn

Engabrevatn has a glacier-coverage of 76 % (Table 6.1). The lower glaciation altitude in 1990 was 15
m a.s.l. The Y2 of 1990 glacier length is 800 m a.s.l. This is lower than the median height of the
catchment. Figure 6.15 a) shows the mean (black line), minimum (green line) and maximum (red line)
streamflow at Engabrevatn for the control period (left) and the projected period (right), b) shows the
projected streamflow with lower glaciation altitude set to 2 glacier length of 1990, and c) shows the
modelled streamflow in the case of a glacier free catchment.

There is a hardly any reduction in summer streamflow between full (Figure 6.15 a) and %2 glacier
length (Figure 6.15 b), as the main change is first noticeable when the glaciers are removed form the
catchment (Figure 6.15 c). There is a considerable decrease in summer streamflow, an increase in
spring streamflow and finally a marked reduction in minimum streamflow for all three scenario-runs.

Figure 6.16 shows projected median annual floods, annual standard deviations and flood quantiles for
Engabrevatn for all three scenarios of glacier-coverage. The nearby glacier free catchment 167.3
Kobbvatn (see Figure 2.1) is included for comparison. All model-runs project an increase in median
annual floods and flood quantiles, except in the case of a glacier free catchment, where a reduction is
expected.
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Figure 6.15 a) 159.3 Engabrevatn: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow, full glacier length (1990).
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Figure 6.15 b) 159.3 Engabrevatn: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow, 2 glacier length of 1990.
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Figure 6.15 ¢) 159.3 Engabrevatn: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow, without glaciers.
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Figure 6.16 Median annual flood, annual standard deviation and flood quantiles for the three
stages of glacier-coverage. Catchment 167.3 Kobbvatn is included for comparison as a glacier
free catchment.

Figure 6.17 shows the distribution of floods per month over the year. Both for the control and
projected period summer floods dominate the catchment — if the glaciers exists as of today (Figure
6.14 a). In case of down-melt of the glaciers (Figure 6.14 c¢), we see that spring and autumn floods will
be the most important floods in the catchment, but in general the strong maritime connection of
Engabrevatn will lead to a higher frequency of floods occurring over the whole year.
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Figure 6.17 Distribution of floods over the year. a) Glacier-coverage as of 1990, b) % glacier
length of 1990 and c) catchment without glaciers.
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6.6.Projected streamflow in the basin Krokenelv

75.23 Krokenelyv is a glacier free basin south-east of 76.5 Nigardsbrevatn. Figure 6.18 shows the mean
(black line), minimum (green line) and maximum (red line) streamflow at Krokenelv for the control
period (left) and the projected period (right).

Krokenelv has largest streamflow during spring time. This will be the case in the future as well, but
the autumn floods will increase in both intensity and frequency. All three scenarios predict dryer
summers in the catchment.

6.7.Projected streamflow in the basin Hornindalsvatn

89.1 Hornindalsvatn is a glacier free just north-west of 88.4 Lovatn and 88.30 Oldevatn. Figure 6.19
shows the mean (black line), minimum (green line) and maximum (red line) streamflow at
Hornindalsvatn for the control period (left) and the projected period (right).

Hornindalsvatn has largest streamflow during spring and autumn, with the largest floods occurring
during autumn. All three scenarios predict dryer summers and enhanced autumn and winter floods in
the catchment. The ECHAM4-model projects a large increase in the winter streamflow.

6.8. Projected streamflow in the basin Kobbvatn

167.3 Kobbvatn is a glacier free basin north of 159.3 Engabrevatn. Figure 6.20 shows the mean (black
line), minimum (green line) and maximum (red line) streamflow at Kobbvatn for the control period
(left) and the projected period (right).

Kobbvatn has largest streamflow during late spring/early summer, with large floods during autumn
and early winter. All three scenarios project an increase in both intensity and frequency of autumn and
winter floods. The HadAm3HB?2 scenario projects the largest floods to occur during summer, whereas
the remaining two scenarios project a large increase in autumn floods.
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Figure 6.18 a) 75.23 Krokenelv: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow.
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Figure 6.19 a) 89.1 Hornindalsvatn: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow.
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Figure 6.20 a) 167.3 Kobbvatn: Control (left) and projected (right) mean (black), minimum
(green) and maximum (red) streamflow.
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7. Uncertainties

7.1.Uncertainties in climate change

The modelling of climate involves a number of uncertainties as the understanding of the entire climate
system with all relevant processes is incomplete. Furthermore, climate models cannot possibly account
for every process at the very smallest scales explicitly. Hence, AOGCMs must approximate
descriptions of a large number of processes that take place on a spatial scale unresolved by the model
grid boxes. For instance, the description of cloud processes, ocean currents, and vapour/energy
exchange between the atmosphere and the surface may vary with the location and can only be
described by a general approximation. A variety of climate models exist and it has been shown that
each model can give a different picture of the climate evolution (Cubash et al, 2001). Even if a climate
model were to be perfect there may be uncertainties associated with a simulated climate change.
Benestad (2000) noted that the climate model spin-up process is important for the description of the
local climatic evolution, and that there were regional differences between four simulations done with
the HadCM2 model for different initial conditions. These differences were regarded as a result of the
non-linear chaotic behaviour of climate, and hence part of the unpredictable natural variability
(Benestad, 2001). It is also evident that these natural fluctuations contaminate the climate change
analysis such as for 30-year long time slices. Benestad (2003) argued that part of the natural variations
are 'externally forced', by for instance volcanoes, solar activity or landscape changes, and will
therefore not be captured by climate models only prescribed with emission data.

7.2.Uncertainties in dynamical downscaling

Regional climate models (RCMs) are promising tools to derive climate change scenarios on spatial
scales that are represented too coarse by the AOGCMs. RCM simulations are frequently used as input
data for climate impact studies (Wood et al. 2004; Bronstert, 2004) which require the representations
of the present climate to be realistically reproduced by the RCM especially with respect to the
variability, change and impacts on extreme events. The statistics of precipitation estimates, (mean,
wet-day frequency, precipitation intensity and quantiles of the frequency distribution) based on five
different RCMs are analysed by Frei et al (2003). They found considerable biases when comparing the
statistics.

The time resolution of archived output from dynamically downscaled scenarios is typically on a 6
hourly basis. The spatial resolution (typically 50 x 50 km?), however, is too coarse to be representative
locally. The terrain in the regional climate models is smoothened, the sites elevation is thus wrongly
represented, and the frequency of days with precipitation is overestimated (Charles et al., 1999).
Observed climate of specific sites, especially in areas with complex topography, is therefore not well
reproduced. The AOGCM is initially developed to capture the overall regional weather pattern of an
area. Interpolation of temperature and precipitation data from RCMs to at site locations therefore
requires special attention.

It is also important to note that the representation of a variable in RCM may be either a point value or
a mean value for a given grid box volume, and which of these representations are used in the model
formulation may not always be obvious when bringing together a large variety of different models
describing a range of processes over different scales.
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7.3.Uncertainties in the hydrological modelling

The hydrological model represents a simplified description of the hydrological processes governing
the streamflow generation in a basin. Furthermore, the model utilises data from a limited number of
climate stations to estimate the streamflow as well as other water balance elements. Daily temperature
and precipitation data are assigned to grid-cells of 1 km2 based on the three closest climate stations
taking into account differences in altitudes and land use. The simplified description of the governing
processes will introduce uncertainties in the simulated data. The uncertainty in the meteorological data
driving the model both in terms of values and representativity of the data is probably a more important
contribution to the uncertainties in the simulated streamflow and other water balance elements.

The calibration of the model results in mostly good agreement between observed and simulated
streamflow in the calibration period as shown in Figure 7.1. The control series of streamflow is
calculated using simulated and downscaled data from the regional climate model adjusted to station
points, which again is based on two different global climate models. Table 7.1 shows the average bias
in annual and seasonal streamflow for the eight basins for the two different circulation-models. The
winter streamflow is quite low in some of the basins, and the observations are also most unreliable at
this time of the year. This explains the larger errors in the winter season. The models seem to capture
the variability fairly well in most basins, but the ECHAM4-model has a larger bias than the
HadAm3H-model. The largest errors stem from the use of less representative precipitation data.

o _|
A |
,
!
1
o | _ '
™™ : +
, -
! —— :
_ 1 L
o — | | —_
° | — e} -_
—_— _ —T . 1
' Jpm—
1
o i — '
— 7 |
1 1 R —
1 (o)
—_—
o
«

HAnn EAnn HWi EWi HSp ESp HSu ESu HAu EAu

Figure 7.1 Percentage differences between observed and simulated streamflow in the calibration
period for eight basins, shown in a box-and-whisker plot for the HadAm3H-model (H) and the
ECHAM4-model (E). Annual = Ann, Wi = winter, Sp = Spring, Su = Summer and Au =
Autumn.

Table 7.1 Average bias (%) in annual and seasonal streamflow means for the two different
circulation-models HadAm3H and ECHAMA4.

Annual Winter Spring Summer Autumn
HadAm3H 0.02 1.52 -8.05 3.04 -6.56
ECHAM4 -0.90 3.28 -6.85 1.18 -5.60

57




Figure 7.2 shows observed and simulated (HadAm3H) streamflow for the catchment 76.5
Nigardsbrevatn.
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Figure 7.2 Streamflow based on observed, meteorological data (black line) and Hadley control
(red line) streamflow for 76.5 Nigardsbrevatn basin in the period 1981-1988.

8. Summary

This report presents projected changes in streamflow from five glacier-dominated catchments in
Norway. For comparison, three glacier-free catchments in the vicinity of the glacier-dominated
catchments have been analysed. Possible changes from present climate (control period 1961-1990) to
future climate (2071-2100) are described and shown in plots. Sensitivity studies of glacier influence
on projected streamflow are presented. The forcing used as input to the hydrological model is
downscaled data from two different global circulation models (HadAM3H and ECHAM4/OPYC3) run
with the emission scenarios A2 and B2.

The projected changes in the streamflow differ between the various scenarios based on the ECHAM4
and the HadAm3H-models. Because of natural climate variability, the two models result in two
different dominating circulation patterns, with increasing dominance from the west in ECHAM4 and a
more easterly pattern in the HadAm3H-scenarios. With the topography of Norway, this results in
different distributions of the precipitation and the streamflow (Tveito & Roald, 2005). The projected
changes in the mean annual streamflow are moderate, but the changes in the seasonal streamflow are
far larger and have implications for the operation of the Norwegian hydropower system if the
scenarios are correct.
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The glacier sensitivity study shows that if the catchments remain glacier dominated, the summer
streamflow will actually increase with 15-70 %, whereas the glacier-free catchments will get a general
decrease in summer streamflow of 20-60 %. The flow-surplus in glacier-dominated catchments is
solely due to the enhanced melt-rate of glacier ice. Removing the glaciers from the catchments, lead to
a reduction in streamflow for catchments in inland- and northern-Norway of 30-75 % relative to
present streamflow, whereas the west-facing catchments in South-Norway still can expect a moderate
increase in summer streamflow of 10-40 %. The problems caused by lack of glacial meltwater will
have less importance in the more maritime climate of Norway, whereas the removal of glaciers inland
and in northern Norway will effect the streamflow in rivers with a substantial fraction of glaciers in
the basin.

The change in the seasonal streamflow is strongly linked to changes in the snow regime (Schuler et.al.,
2006a). The snow cover will be more unstable in the winter season and more mild periods will cause
occasional winter floods. The milder winters are also accompanied with more winter precipitation in
some regions. The spring flood will occur three to four weeks earlier in the mountains. The spring
flood, which now is mostly occurring in the early summer, will occur more frequently in the spring
months, and this explains the increase in streamflow during spring in the mountainous basins in South-
Norway and in basins in North-Norway.

The summer will be drier, and summer droughts may become more severe in the case of a glacier-free
environment. This is partly caused by the shift in the time of the peak snow melt flood in mountainous
basins, but also by an increased evapotranspiration in a warmer climate. The A2-scenario projects a
moderately larger reduction in the streamflow than the B2-scenarios in the summer, as expected since
the temperatures are projected to be higher in the A2-scenario. The models differ most in their
projections of changes in the spring and autumn streamflow. The rainfall peaks in the autumn in West
Norway, where much of the hydropower plants are situated. While the ECHAM4-scenario indicates an
increase in the west and in parts of North Norway, the HadAm3H-scenario indicates a large increase
only in the southwest corner of Norway with some decrease further north (Roald et.al., 2006).

The change in the seasonality of the average streamflow towards higher streamflow in the cold season
will agree better with the seasonality of electricity consumption than during the control period. This
can open for a changed operation of the reservoirs, but the large year to year variability in the future
streamflow regime must be taken into consideration, when changes in the operation scheme is
considered.

There are many sources of uncertainties in the scenarios, in the climate modelling, the downscaling to
climate stations and in the hydrological modelling. The uncertainty caused by the hydrological model
is of less importance than the uncertainties caused by the representativity of the meteorological data
driving the model. The projection of water balance elements in a warmer climate is based on the
assumption that the model parameters used to simulate streamflow under the present climate is still
valid during a changed climate. The scenarios presented in this report are based on climate scenarios
of two different global climate models, two emission scenarios and dynamical downscaling with
subsequent statistical adjustment of temperature and precipitation series to climate stations. A
comparison between the annual and seasonal streamflow based on the two models and one emission
scenario show general similarities, especially when topography and location of the basins are
considered. The difference in projected streamflow between the two scenarios is not very large, but
there are differences in the warm season which can be explained by the warmer A2-scenario.
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APPENDIX 1. Overview of simulated time series available
on Hydrall.

Data series have been stored on Hydra II as daily time series for the control period (1961-1990) and
for the scenario period (2071-2100) of a number of basins. Each series can be identified by the
Hydrall key comprising the station no., a point number, a code describing the type of water balance
variable and a version number. Streamflow data is identified by code 1001 (unit: m/s), temperature
data by code 17, precipitation data by code 0, evaporation data by code 1, groundwater data by code
2000, soil moisture deficit by code 2001, snow water equivalent data by code 2003. The point number
is set equal to the version number in the key of each series, with the exception of groundwater where
groundwater volume is stored with the same point and version number, while groundwater depth is
indicated by point number O and version number as given below. The scenario streamflow series for
Engabrevatn for the HadAm3H-model is therefore identified as 159.3.93.1001.93 since 93 is the
version number of this scenario as shown in Table Al.

Table A1-1 gives an overview of data series with daily average streamflow data for all basins
based on the RegClim method of downscaling.

Version Climate forcing Glacier scenarios
number
100 Observed climate
92 Hadley control
93 Hadley A2 Glaciers as of 1990
94 Hadley B2 Glaciers as of 1990
97 ECHAM control
99 ECHAM B2 Glaciers as of 1990
153 Hadley A2 Y4 glacier length
154 Hadley B2 12 glacier length
159 ECHAM B2 Y4 glacier length
163 Hadley A2 No glaciers
164 Hadley B2 No glaciers
169 ECHAM B2 No glaciers

APPENDIX II. Calibrated parameters in the GWB-model

X Threshold temperature for snow/ice [C]
TTGRAD Temperature gradient for days without precipitation [deg/100 m]
TVGRAD Temperature gradient for days with precipitation [deg/100 m]
PGRAD Precipitation altitude gradient [1/100 m]
CBRE Melt increase on glacier ice [1]

BETA Non-linearity in soil water zone [1]

KUZ2 Quick time constant upper zone [1/day]

UZz1 Threshold quick runoff [mm]
KUZ1 Slow time constant upper zone [1/day]
PERC Percolation to lower zone [mm/day]
KLZ Time constant lower zone [1/day]
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APPENDIX III. Comparison of streamflow and standard deviations

Table A3-1. Comparison between annual and seasonal streamflow (m?*/s) of the control series (HC and EC) and the observations for the same
period (1961-1990). H = HadAm3H-model and E = ECHAMA4.

Station Name Annual mean DJF mean MAM mean JJA mean SON mean

no. 1961-1990 |HC EC 1961-1990 |HC EC 1961-1990|HC EC 1961-1990|HC EC 1961-1990(HC EC
2.232|Elveseter 5,3 5,4 54 0,5 0,5 0,5 2,2 2,2 23 14,1 14,6 14,7 4,2 43 4,2
75.23|Krokenelv 2,1 2,1 2,2 0,3 0,3 0,3 2,1 2,2 2,2 4,2 4,0 4,2 1,8 1,9 1,9

76.5|Nigardsbrevatn 6,3 6,2 6,2 0,5 0,5 0,5 1,1 1,3 1,2 17,8 17,2 17,1 5,7 5,8 5,8

88.4 [Lovatn 15,1 15,5 15,6 3,2 3,7 3,6 6,9 7,8 7,5 34,0 33,1 33,6 16,2 17,4 17,5
88.30[Oldevatn 15,6 15,7 15,7 4,0 3,9 3,8 5,8 6,5 6,3 36,2 35,1 35,4 16,1 17,1 17,1
89.1 [Hornindalsvatn 22,3 22,1 22,5 17,1 19,0 17,0 22,3 23,4 22,9 21,8 22,2 23,6 25,0 25,4 26,4
159.3|Engabrevatn 6,1 6,1 5,9 0,8 0,8 0,8 1,1 1,2 1,2 15,8 15,2 14,9 6,7 7.2 6,8
167.3|Kobbvatn 24,3 24,5 24,7 9,6 8,6 7,7 15,2 16,2 15,6 46,6 45,8 49,6 25,3 27,0 25,4

Table A3-2. Comparison between annual and seasonal standard deviations (m?/s) of the control series (HC and EC) and the observations for the

same period (1961-1990). H = HadAm3H-model and E = ECHAM4.

Station Name Annaul mean DJF mean MAM mean JJA mean SON mean

no. 1961-1990 |[HC EC 1961-1990({HC EC 1961-1990|HC EC 1961-1990|HC EC 1961-1990|HC EC
2.232|Elveseter 6,8 7,4 7,3 0,3 0,3 0,3 4,0 4.6 4,7 6,2 7,4 7,2 4.2 4.7 4.2
75.23|Krokenelv 3,4 3,1 3,1 0,4 0,3 0,4 3,1 3,1 3,3 3,7 3,8 3,8 2,1 2,6 2,5
76.5|Nigardsbrevatn 8,3 8,3 8,3 0,3 0,3 0,4 1,8 2,5 2,4 6,5 7,4 7,6 5,7 6,0 5,9
88.4 [Lovatn 1,6 1,8 2,1 1,8 1,5 1,4 1,6 2,2 2,2 3,4 3,8 5,1 3,3 5,4 4,0
88.30|Oldevatn 1,4 1,8 2,3 1,3 0,9 0,8 1,1 1,7 1,7 4.1 4,8 6,9 2,9 5,5 3,8
89.1 |Hornindalsvatn 5,2 4.5 4,6 8,7 11,1 5,9 6,8 6,9 6,5 5,1 5,6 7,5 7,4 10,3 8,2
159.3|Engabrevatn 7,9 7,9 7,7 0,8 0,8 0,8 2,2 2,1 2,3 7,7 7,7 7,9 6,1 6,7 6,3
167.3|Kobbvatn 24,9 26,3 26,8 12,9 11,6 9,1 19,5 21,9 21,6 23,0 23,8 26,8 24,5 28,3 24,6
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APPENDIX IV. Comparison of floods

Table A4-1. Comparison between median annual flood (m3/s), standard deviations (m*/s) and flood quantiles of the control series (HC and EC) and
the observations for the same period (1961-1990). H = HadAm3H-model and E = ECHAMA4.

Station Name Median annual flood Stdv annual flood 5-year flood 10-year flood 20-year flood 50-year flood

no. 1961-1990|HC EC 1961-1990|HC |EC 1961-1990|HC |EC 1961-1990{HC EC 1961-1990|HC  |EC 1961-1990|HC EC
2.232|Elveseter 33,0 389 34,4 6,7 9,0l 14,9 38,65 46,65| 47,11 42,24| 51,22 57,42 45,36] 54,99| 70,03 48,97| 59,11] 91,51
75.23|Krokenelv 15,2 17,9 18,0 2,8 4.3 4,1 18,01 22,4] 21,5 19,16] 24,8 26,6 20,05 26,8 24,4|| 20,92 29,2 255
76.5|Nigardsbrevatn 28,8 33,4 31,7 46| 5,3 7,2 33,9] 37,3] 38,1 36,44 38,9 56,3 38,67 39,9] 45,3 41,27 40,8] 49,2
88.4|Lovatn 56,4 63,0 64,6 751 11,1 12,6 62,11 73,9] 74,8 66,1] 79,1 81,8 69,61] 83,1] 88,1 73,71 87,3] 95,7
88.30{Oldevatn 65,3| 74,2 73,7 8,1 14,11 17,0 72,64] 89,0] 884 77,38 95,6 97,4 81,68[ 100,7| 105,5 86,92| 106,0f 114,9
89.1 |Hornindalsvatn 66,7 68,8 63,2 17,4 17,6 25,4|| 82,2 84,6 84,3|| 91,4 93,6] 101,6 99,1] 101,1| 122,1 107,6] 109,4] 156,1
159.3|Engabrevatn 31,6/ 30,8/ 30,1 4,8 4.8 4,9|| 35,63 35,2 35,8|| 38,241 37,6] 38,2 40,56] 39,6] 40,2 43,33 41,8] 42,3
167.3|Kobbvatn 121,8| 129,8| 127,2 45,11 40,6 36,9|| 163,7| 169,7 162,7|| 194| 195,7| 184,6 226,6| 222,1| 205,6 274,5| 258,5| 232,7
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