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1 Introduction

Global warming during the next decades due to increasing concentrations of CO2 and other trace
gases in the atmosphere (IPCC, 1990, 1996, 2001, 2007) is expected to have pronounced effects on
the climate and hydrology of the Earth. The implications are far-reaching and affect many sectors
of society. For Iceland, projected hydrological and glaciological changes are particularly important
because of the large proportion of hydropower in the energy system of the country. Many glaciers and
ice caps are projected to almost disappear during the next 100–200 years. These changes also have
global implications such as changes in the vertical stratification in the upper layers of the Arctic Ocean
(Curry et al., 2003) and a rise in global sea level (Meehl et al., 2007; Meier et al., 2007).

Energy production in Iceland is primarily from renewable sources. In 2004, the primary energy
supply was made up of 54% geothermal, 17% hydropower and 29% fossil fuels1. Approximately 80%
of the production of electricity was from hydropower in 2005 and this proportion will rise to 85–90% at
the end of 2007 when the Kárahnjúkar hydropower plant becomes operational. Hydropower in Iceland
is highly dependent on runoff from ice caps and glaciers, which cover about 11% of Iceland and receive
about 20% of the precipitation that falls on the country. They store, in the form of ice, the equivalent of
15–20 years of annual average precipitation over the whole country. Substantial changes in the volume
of glacier ice may, therefore, lead to large changes in the hydrology of glacial rivers, with important
implications for the hydropower industry and other water users. Runoff from glaciers is particularly
important for the hydropower industry because hydropower plants use runoff from highland areas,
where glaciers tend to be located.

The effect of climate change on hydrology and renewable energy production, especially hydro-
power production, in the Nordic countries has been investigated in a series of Nordic research projects
complemented by national projects in the respective countries (the name of the Icelandic national
project is given after the slash in each case where appropriate): “Climate Change and Energy Pro-
duction” (CCEP) (1991–1996) (Sælthun et al., 1998), “Climate, Water and Energy / Veðurfar, vatn og
orka” (CWE / VVO) (2002–2003) (Kuusisto, 2003), “Climate and Energy / Veður og orka” (CE / VO)
(2003–2006 / 2003–2007) (Fenger et al., 2007), and “Climate and Energy Systems” (CES) (2007–
2010). These projects have adapted climate change scenarios for use in hydrological and glaciological
simulations and provided quantitative estimates of potential changes in average runoff and seasonal
runoff variations that may be caused by future climate change. The results have demonstrated the im-
portance of future climate change for the energy sector of the Nordic countries, especially for hydro-
power plants located in partly glaciated watersheds, which is common in Norway and Iceland. This
report summarises the results of the project “Veður og orka” (VO), which is the Icelandic counterpart
of the Nordic project “Climate and Energy” (CE).

1“http://www.orkutolur.is/mm/frumorka/uppruni.html”.
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2 Recent variations in climate and runoff in Iceland

2.1 The climate of Iceland

Relatively mild Atlantic Ocean currents and the huge land/ice mass of Greenland are two of the most
important factors in determining the climate of Iceland. Icelandic climate is characterised by large
decadal variations associated with the location of storm tracks across the North Atlantic Ocean, the
position of the sea ice margin to the north of the country and the phase of the North Atlantic Oscillation
(NAO). The main characteristics of the climate of Iceland are described by Einarsson (1984).

The Icelandic Low (IL) is a semi-permanent centre of low pressure over the North Atlantic Ocean,
typically situated between Greenland and Iceland, and between 60◦ N and 65◦ N (Serreze et al., 1997).
It represents one of the centers of action in the atmosphere of the Northern Hemisphere; it also has
a strong influence on the climate of Iceland, by affecting predominant wind directions and variability
through its cyclonic activity. The North Atlantic Oscillation Index (NAOI) is defined as the difference
of the intensity of the Icelandic Low and the North Atlantic subtropical high, also known as the Azores
High (Hurrell et al., 2003). Although the number and intensity of cyclone events tends to increase
during periods of positive NAOI (Serreze et al., 1997), the NAOI is only weakly correlated with many
climate variables at individual meteorological stations in Iceland (Björnsson and Jónsson, 2003), prob-
ably because the island is close to one of the dipole centers of the NAO (Hanna et al., 2004). However,
a recent study by Crochet (2007) shows that there is relatively high correlation between the NAOI and
area-averaged winter precipitation characteristics in Iceland.

The sea level pressure (SLP) in Iceland is highly variable, but generally tends to be low in mid-
winter and reach a maximum in May. In recent decades, the low pressure period, which usually ends
around mid-February, has extended into March (Jónsson and Miles, 2001). Long time-series of sea
level pressure in Iceland, from 1820–2002, show no significant overall trends (Hanna et al., 2004).

The air temperature in Iceland is strongly influenced by the sea surface temperature (SST) of the
surrounding ocean. The SST depends on the proportions and the origin of water masses around the
country. South of Iceland, relatively warm and saline Atlantic waters are predominant. In the North,
varying proportions of Atlantic and Polar or Arctic water create a large variability in the SST (Ólafsson,
1999). The air temperature is negatively correlated with sea ice cover, especially in the northern part of
the country, but sea ice around Iceland has been less frequent in the 20th century than it was on average
in the period 1600–1900 (Ogilvie and Jónsson, 2001).

Because of the importance of local SST in determining climate, air temperatures in Iceland tend to
be relatively mild, with low seasonal variations. The amplitude of the seasonal cycle in temperature is
typically less than 15◦ C with a maximum in late July or August and a minimum in late December/early
January or, at some locations, in March (Björnsson et al., 2007b). The temperature is generally higher
in southern Iceland than in the northern part of the country and the amplitude of the seasonal cycle is
larger inland.

Precipitation in Iceland is also correlated with SST in the North Atlantic. Phillips and Thorpe
(2006) found significant concurrent relationships between SST and precipitation, particularly in west-
ern Iceland, and weaker lagged relationships between SST and February and December precipitation in
North Iceland with up to two-monthly lead-times. They concluded, however, that the predictive skills
of the SST are weak and confined to certain times of the year.

There are considerable variations of precipitation in Iceland depending on the cyclonic activity and
track. Precipitation is generally higher in the South than in the North and highest on the glaciers and the
highest mountains. The seasonal cycle of precipitation reflects, to some extent, the seasonal cycle of
SLP. In most areas, measured precipitation is low in the summer, highest in the autumn and stays high
until the early spring. Recent model studies (Rögnvaldsson et al., 2007) and studies of gauge-corrected
precipitation (Crochet, 2007) indicate, however, that precipitation may be as high or even higher during
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Figure 1: Main rivers and glaciers in Iceland.

winter (cf. Fig. 27 in Section 4 about precipitation modelling). High winds result in an undercatch of
precipitation, especially during snowfall. The undercatch is therefore highest during the winter when
temperature is often below 0◦ C and winds are comparatively high. This roughly coincides with the
seasonal cycle of IL cyclonic intensities, which produces deeper IL cyclones during the cold season
(October–March) than during the warm season.

2.2 The hydrology of Iceland

Rivers in Iceland (Fig. 1) are often divided into three categories according to their origin (Kjartansson,
1945; Rist, 1990): groundwater-fed rivers, direct-runoff rivers, and glacial rivers. Figure 2 shows
average seasonal discharge profiles of three rivers, representing these principal types.

The largest contribution to Icelandic runoff is from rivers fed directly by rain and snowmelt but
glacial and groundwater contribution is substantial. In terms of the geological context, the bedrock in
Iceland is largely comprised of Tertiary plateau basalts, but large areas in the central parts of the country
are covered with hyaloclastites formed by subglacial volcanism during the Pleistocene and postglacial
lava formations. Precipitation infiltrates through these porous lavas into groundwater aquifers, which
sometimes extend to the ocean. The hydrological conductivity of the bedrock determines the storage
capacity and the response time of the aquifers. Most floods in Iceland, as in other cold regions, involve
snow and ice (Snorrason et al., 2000). They fall into three categories: floods caused by the interplay
of rain and melting of snow and ice, floods caused by ice jamming and jam-breaking, and floods
originating from subglacial or glacier-margin lakes.

The total runoff from Iceland had been evaluated twice prior to the work presented in this report.
According to Rist (1956), the average runoff from all of Iceland, for the water years 1948–1955 was
5500 m3 s−1 or 1690 mm y−1. Tómasson (1981, 1982) later estimated an average runoff of 5150 m3 s−1

or 1586 mm y−1 for the water years 1950–1975 and an average evaporation of 310–414 mm y−1. Sub-
surface groundwater flow to the ocean was estimated at 33–62 mm y−1. From a runoff map and an
elevation map, potential hydropower in Iceland was estimated to be ∼187 TW h y−1. A new runoff
estimate for the period 1961–1990 is presented in Section 6.

12



Figure 2: Seasonal discharge variations of three representative Icelandic rivers. Fossá is a direct-runoff river in
E-Iceland. Note the large spring/early summer peak due to snowmelt within the drainage basin. Jökulsá á Dal is
a glacial river in E-Iceland originating in the Vatnajökull ice cap. Note the strong effect of summertime glacier
melt on the discharge. Brúará is a groundwater-fed river in SW-Iceland, showing very little seasonal variation.

2.3 Snow and glaciers

Precipitation in Iceland may fall as snow in all seasons but fresh snow is rare in July and August
(Jónsson, 2002). The snow cover largely melts away during April, May and June, but in the high
mountains the melt season may extend into July and August. Jónasson and Jónsson (1997) give an
analysis of maximum snow depth in Iceland and classify the country into regions according to the
magnitude of the 50-year snow depth.

Glaciers cover almost 11% of Iceland and they receive about 20% of the precipitation that falls
on the country as mentioned in the introduction. They store, in the form of ice, the equivalent of 15–
20 years of annual average precipitation over the whole country and they release meltwater from this
storage on time-scales ranging from seasons to centuries. They are vulnerable to climate variability and
change and several studies have dealt with their response to climate change, as summarised in Section
5 of this report.

2.4 Recent variations in temperature and precipitation

Figure 3 shows annual average temperature of the northern hemisphere since 1850 and annual mean
temperature at Stykkishólmur, western Iceland, since 1831. The figure shows a generally warming
trend since the latter part of the 19th century, both for Stykkishólmur and for the northern hemisphere
as a whole, with the largest rate of warming in the two periods 1920–1940 and 1980–2006. The total
warming in Stykkishólmur since the 1880s is approximately 1.5◦ C according to the 10-year running
average curve, and approximately 1◦ C for the northern hemisphere. The amplitude of temperature
fluctuations from a simple linear warming trend are, as expected, larger for Stykkishólmur compared
with the northern hemisphere average. Time periods with the most rapid warming and cooling are
shorter and have larger warming or cooling rates in Stykkishólmur than for the northern hemisphere.

Figure 4 shows annual precipitation at five weather stations in Iceland since the late 19th century
or early 20th century. The precipitation records show considerable annual scatter (14–21% of mean
values) and substantial decadal variations but they do not exhibit a consistent long-term trend as op-
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Figure 3: Annual average temperature of the northern hemisphere (1850–2006, data from CRU/Hadley) and
annual mean temperature at Stykkishólmur, western Iceland, (1831–2006, data from IMO), plotted as deviations
from the average of the period 1961–1990. The thin solid curves show an exponentially weighted running
average with a 10-year time window. The thicker straight line segments show linear least squares fits to the
annual data for 100, 50, 25 and 12 year periods preceding the year 2006 and the corresponding warming rates in
degrees per decade for each period are given in the legend boxes.

Figure 4: Annual precipitation at the weather stations Stykkishólmur, western Iceland, Reykjavík, southwestern
Iceland, Vestmannaeyjar (partly Stórhöfði, partly Vestmannaeyjar village), southern Iceland, Teigarhorn, south-
eastern Iceland, and Akureyri, northern Iceland since the late 19th century or early 20th century (data from IMO).
The solid curves show an exponentially weighted running average with a 5-year time window. Information about
the history of precipitation measurements in Iceland is provided by Jónsson (1994, 2003).

posed to the temperature time-series shown in Figure 3. Annual and decadal precipitation variations at
different stations tend to be less coherent than for temperature.

Climatic variability of precipitation over the second half of the 20th century has recently been
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Figure 5: Oblique aerial photographs of Hyrningsjökull during retreat (view to NW on 18 October 2001) and
Sólheimajökull during advance (view to NE on 30 October 1985). Photographs Oddur Sigurðsson.

studied by Crochet (2007), who used both bias-corrected raingauge measurements and precipitation
forecasts from ECMWF Re-Analysis (ERA-40). That study emphasised a decadal variability espe-
cially during the winter season and indicated that intra- and inter-annual variations of accumulated
precipitation amounts are driven by variations in the statistical characteristics of the precipitation rate,
such as intensity and occurrence. These variations are in turn modulated by differences in size and
relative location of the precipitation systems crossing Iceland caused by changes in atmospheric circu-
lation patterns over the North Atlantic sector, especially in wintertime, in relation to variations in the
strength and phase of the NAO. For instance, measurements from the comparatively recent 1991–2000
period show a decrease of annual precipitation.

Trends and long-term variability in river discharge, temperature and precipitation have been inves-
tigated in several studies dealing with the periods 1941–2002 and 1961–2000. Main results from these
studies are outlined in a separate subsection below.

2.5 Recent glacier variations

During historical times, glaciers and ice caps in Iceland have retreated and advanced in response to
climate changes that are believed to have been much smaller than the greenhouse-induced climate
changes expected during the next 100–200 years. In many cases, these changes have left clear marks
on the landscape in the neighbourhood of the glaciers as shown in Figure 5.

Most glaciers in Iceland reached their maximum postglacial extent around 1890 (Sigurðsson,
2005). During the first quarter of the 20th century, retreat was notable but not rapid (Björnsson, 1998).
The abrupt increase in temperature that occurred about 1925 (Fig. 3) was accompanied by a rapid
retreat of glacier fronts all over Iceland (Fig. 6) (Eythorsson 1931, 1963 and Sigurðsson 1998). By
1960, all monitored glaciers had retreated from their 1930 position, although, typically, 10–30% of
the glacier termini were advancing each year (Fig. 7) (Jóhannesson and Sigurðsson, 1998). The rate
of retreat slowed down as the climate cooled gradually during the 1940s and 1950s. Almost all non-
surging glaciers advanced to a varying degree for 2–3 decades following the 1960s and then returned to
retreating during the 1990s, particularly after 1995 as temperatures began rising rapidly (Fig. 3), with
2002–2004 the warmest 3-year period on the almost 200-year-long instrumental record. By the year
2000, all monitored non-surging glaciers were retreating (Sigurðsson et al., 2007).
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Figure 6: Cumulative variations of the termini of six non-surge-type glaciers in Iceland during the period 1930–
2007.

Figure 7: Percentage of advancing and retreating termini of non-surging glaciers in Iceland from 1930/1931
to 2006/2007. Over most of the time period shown, the figure is based on measurements at 15 to 19 locations
(somewhat fewer termini in the years 1931 to 1935).

2.6 Quantitative analysis of precipitation and discharge variations

Jónsdóttir and Uvo (2007) aimed at explaining how atmospheric circulation and sea surface tempera-
ture influences seasonal and annual precipitation, and, consequently, runoff in Iceland. They applied
an empirical orthogonal function (EOF) analysis on annual and seasonal time-series of precipitation
and discharge to identify their key modes of variability during the period 1966–2004. The correlation
between the time-series of each EOF mode with individual time-series of sea level pressure (SLP), air
temperature and sea surface temperature (SST) was then evaluated.
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The analysis evidenced how large-scale climate variables are connected to the regional rainfall and
runoff in Iceland. They showed that the strength of the polar vortex may be, at least, as important
for the precipitation in some areas of Iceland as the strength of the Icelandic Low (IL). Moreover, the
location of the semi-permanent IL often defines the predominant wind direction over the country and,
as such, the regions of preferred precipitation.

Since the watersheds act as large precipitation gauges with response patterns depending on the
geology and glaciers, the variability of the annual discharge closely resembles the variability of pre-
cipitation, except for the glacial rivers. Glacial melt is highly correlated to air temperature and SST,
and the spring discharge is affected by winter and spring temperatures.

The results also revealed that Icelandic hydrological conditions in the spring can be forecast by
precipitation and temperature of the autumn and winter seasons as well as by the general prevalent
circulation patterns. Additionally, a potential for seasonal forecast of precipitation, and river discharge
in other seasons was identified, particularly if seasonal forecast of SLP is available.

2.7 Trend analysis by non-parametric methods

The Mann-Kendall trend test (Salas, 1993) was applied to time-series of temperature, precipitation and
discharge, with the aim of identifying whether long-term changes in discharge have occurred in Iceland
(Jónsdóttir et al., 2006). The relatively short length of most of the discharge records poses limitations
to this study, and trends are in addition highly dependent on the period analysed due to relatively
large decadal variability. Such variability is clearly seen in the annual time-series of discharge in
the river Hvítá at Kljáfoss (Fig. 8). It is helpful to distinguish between three types of time-series
variability in this connection. Firstly, there are interannual fluctuations that are uncorrelated from year-
to-year. Secondly, there is “natural variability” on longer time-scales that has a certain persistency
over several years, decades or even longer periods, but which may be considered without a long-
term trend on time-scales longer than corresponding to the autocorrelation of the series. This kind of
variability may lead to statistically significant, alternating trends that are completely dependent on the
study period. Thirdly, there are variations that are typically not considered “natural fluctuations” and
involve a long-term change in the expected value of the time-series. Such trends may be expected to
have the same sign over time periods longer than corresponding to the autocorrelation of the time-
series. This distinction is not rigorous as it involves a non-unique conceptual model of the statistics
of the time-series under consideration. For example, Ice Ages and the Little Ice Age may perhaps
either be considered to represent “natural variations” or “long-term trends” depending on the context.
In studies of global climate change it is often implicitly assumed that statistically significant trends
are a sign of human-induced changes in climate. This is not a valid viewpoint. It is of course clear
that statistically insignificant trends cannot be used to detect signs of human-induced climate change.
Statistically significant trends can, on the other hand, both arise due to human activity or due to “natural
variations” with several-year, decadal or longer time-scales that are related to the autocorrelation of the
time-series in question. This has to be kept in mind in the interpretation of the results described below.

Series of monthly temperature, precipitation (uncorrected gauge values) and discharge were ana-
lysed and compared (Jónsdóttir et al., 2006). In accordance with the study by Hisdal et al. (2006),
data from two periods of different lengths were analysed separately. The first period, 1941–2002, goes
back to the start of streamflow measurements in Iceland, but includes only 2 discharge records. The
other period 1961–2000, includes 10 discharge records from S-, W- and N-Iceland. Seasonal values of
meteorological variables and discharge were classified according to the four season division: autumn,
Sep–Nov (SON), winter, Dec–Feb (DJF), spring, March–May (MAM) and summer, June–Aug (JJA).
For discharge, the spring season was defined as April–June (AMJ). For flood analysis, floods in the pe-
riod 1 March to 16 July are considered spring periods, and floods in the period 17 July to 30 November

17



Figure 8: Annual deviations from mean discharge in the Hvítá river at Kljáfoss, W-Iceland. Columns show
annual values while the line represents Gauss filtered values (σ2 = 3).

are considered autumn floods.

2.7.1 Temperature

Warming trends for 100 yr, 50 yr, 25 yr and 12 yr periods preceding the year 2006 are indicated by the
linear least squares fits shown in Figure 3. Decadal variations in temperature during the last century
have been large. A part of these variations, for example the overall warming between the late 19th

century and the present, is generally believed to be related to human-induced climate change. Other
aspects of the temperature variations, for example the warm 1930s and 1940s and the cooler period
that followed, are more often interpreted as a random variation caused by the internal dynamics of
the atmosphere–ocean system. Because of the large amplitude of natural, decadal fluctuations, results
from the Mann-Kendall trend analysis may be expected to be strongly dependent on the period studied
as discussed above. For example, the Stykkishólmur data in Figure 3 indicate a positive linear trend
of 0.11◦ C per decade in the period 1957–2006. Mann-Kendall analysis of annual temperature data
from 16 stations for the period 1941–2002, on the other hand, showed a negative trend at 9 stations
and the negative trend was significant (0.1–0.2◦ C per decade) for three stations. This illustrates the
effect of the warm period in the 1920s to the 1950s on the results. For the period 1961–2000, however,
a positive trend in mean temperature was found in 9 out of 18 series and the trend was significant
(0.2–0.3◦ C per decade) in two series, whereas none of the series yielded a significant negative trend.
Significant warming trends during summer and/or autumn were found for 13 of these 18 series, but a
consistent cooling trend was found for the spring season (MAM) during both periods studied (1941–
2002 and 1961–2000). The spring cooling coincides with a trend towards lengthening of the winter low
pressure period discussed by Jónsson and Miles (2001), who showed that this period, that previously
ended around mid-February, has in recent decades extended into March. This lengthening of the low-
pressure season can be linked to the contribution of the Icelandic Low to the positive trend in the NAOI
since the 1960s (Jónsson and Miles 2001).

2.7.2 Precipitation

For the period 1941–2002, significant positive trends of 4–8% per decade in annual precipitation were
found for 5 out of 12 stations, located in E-, N- and SW-Iceland. For the period 1961–2000, 5 out of
28 stations had a significant positive trend. Four of these stations, with a 4–15% increase in precip-
itation per decade, are located in E-Iceland. Stronger positive trends were found for the autumn and
winter months than for other seasons. None of the stations had a significant negative trend in annual
precipitation.

It is not certain that these positive trends reflect actual precipitation changes. During autumn and
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Figure 9: Time of spring and autumn maximum daily discharge at stream gauge V96, Maríufoss, Tungnaá river.
Floods occurring in the period March 1 to July 16 are classified as spring floods, and those occurring between
July 17 and November 30 as autumn floods.

winter, the trend in precipitation was strongest in the northern and eastern part of the country, where
much of the precipitation falls as snow during autumn and winter and may be underestimated by gauges
in wind and for temperatures below 0◦ C. Consequently, a positive precipitation trend in the period
1961–2000 may to some extent be attributable to a positive temperature trend during the same period.
Higher temperatures are presumably accompanied by a higher ratio of rain to snow, leading to a better
catch of precipitation at the stations. Moreover, the installation of wind shields on gauges during the
1950–1960 period, which reduces the undercatch of precipitation (Jónsson, 2003), may explain some of
the trends seen in precipitation during 1941–2002. This is supported by an analysis of gauge-corrected
station precipitation and ERA-40 precipitation by Crochet (2007) (cf. Fig. 28) who found that area-
averaged precipitation in Iceland did not show any significant linear trend in the period 1961–2000 (cf.
also Fig. 4).

2.7.3 Discharge

Only two discharge series are available during the longer period (1941–2002). One of these, from the
Svartá river in Skagafjörður (N-Iceland), showed a positive trend of 4% per decade. For the period
1961–2000, data from 10 stations were studied. None of them showed a significant trend in mean an-
nual discharge. Trends for the summer season (JJA) are, evident, however, a 6–7% increase per decade
was obtained for the summer discharge from two stations (Tungnaá, S-Iceland, and Dynjandisá, NW-
Iceland). The reason for the increased summer runoff can be attributed to cooler spring temperatures
(cf. the above section about temperature); the snow melt in watersheds at high elevations becoming
increasingly delayed from spring into summer.

The effect of cooling in the spring also appears in the trend analysis of timing and volume of spring
floods, which are delayed by 5 days per decade for some stations. The spring maximum daily discharge
has also increased in some of the series in relation to the delay of the spring flood. No clear trends
appear in autumn floods, except for two watersheds where the melting of snowpack and glacier ice
extends into the period of autumn floods (defined here as the period from July 17 to November 30 as
described above). The river Tungnaá, flowing westwards from the Vatnajökull ice cap, collects water
from one of these watersheds. The timing of spring and autumn floods from a station at Maríufoss in
Tungnaá is shown in Figure 9, there the delay of the spring flood is evident.

2.7.4 Conclusions

The main conclusions from the trend analysis are that, although a statistically significant increase in
measured (uncorrected) precipitation is found at a few stations, precipitation variations in Iceland in the
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latter part of the 20th century seem to be dominated by decadal variations and discharge in non-glacial
rivers has not increased. In spite of a long-term warming trend during the last 100–200 years (cf. Fig.
3), spring temperatures were found to have an overall negative trend during the study periods and, as a
result, spring floods occur later than before and have in some cases become larger during these periods.

2.8 Trend analysis by parametric methods

In order to extend the analysis of trends to extreme events, Jónsdóttir (2007) used a parametric trend
test to analyse temperature, precipitation and discharge data from the period 1961–2000 from 17,
28 and 10 stations, respectively. For the rivers studied, drainage basin areas vary in size between
∼40 km2 and ∼5700 km2. Gaps in the discharge records were filled using routine methods employed
by the Hydrological Service. Some of the rivers have high groundwater components, which smooth
out variations in the discharge between seasons and years. The parametric trend study yielded results
that are in good agreement with those already described from the Mann-Kendall (non-parametric) test
with respect to the sign and magnitude of trends.
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3 Climate change scenarios

Dynamic downscaling of global atmospheric simulations from the Hadley center model (HadAM3H,
Johns et al., 2003) was used to assess a plausible regional temperature and precipitation change for
Iceland. Similar downscaling was carried out within the CE project for the other Nordic countries
(Rummukainen, 2006; Fenger, 2007). The model represents a coupled ocean-ice-atmosphere system
with a horizontal resolution of T106 which corresponds roughly to 125 km. The dynamic downscaling
was carried out with the HIRHAM regional climate model (Bjørge et al., 2000) for a limited area (Fig.
10) over the N-Atlantic and NW-Europe (Haugen and Iversen, 2005). The HIRHAM simulations have
a horizontal resolution of about 55 km and 19 vertical levels. Most weather systems approach Iceland
from the south and the west. The outer boundaries of the simulation domain, southwest of Iceland,
are only about 1200 km away. This may have an impact on the development of extratropical cyclones
arriving from this direction. It is not clear how important this effect may be and should be investigated
in connection with future simulations. Some numerical noise is found at the outermost gridpoints of
the HIRHAM domain, but this noise fades out within 5 grid points or even less. Global simulations
corresponding to two emission scenarios were downscaled, i.e. the IPCC SRES A2 and IPCC SRES
B2 (Nakicenovic and Swart, 2000).

3.1 Precipitation

Figure 11 shows the projected change in mean annual precipitation in Iceland from 1961–1990 to
2071–2100 as simulated with the HIRHAM model and Figure 12 shows the projected seasonal changes
(Pálsson et al., 2005; Rögnvaldsson and Ólafsson, 2005). The change in the mean annual precipitation
is moderate. In most regions there is an increase of 0–10%, but in the central highlands there is a small
decrease. In general, the predicted patterns of precipitation change are similar in both scenarios, A2
and B2.

While there is only a little average increase in mean annual precipitation in the lowland, there
is relatively large change in the seasonal cycle. The autumn is expected to be considerably wetter
in S-Iceland and W-Iceland, while the projections for N-Iceland and E-Iceland are more ambiguous.
The spring becomes slightly drier everywhere and the winter is expected to be drier in SW-Iceland

Figure 10: The simulation domain and gridpoints of the HIRHAM dynamic downscaling.
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Figure 11: Change in annual precipitation in Iceland according to the HIRHAM A2 and B2 downscaling of
HadAm3 GCM simulations. The left hand panels show changes in mm and right hand panels show relative
changes (difference of the mean precipitation in the periods 2071–2100 and 1961–1990 relative to the mean
precipitation of 1961–1990). The top panels show scenario A2 and the bottom panels scenario B2. White
contours indicate the model topography of Iceland with 250 m spacing.

and much wetter in NE-Iceland. The summer predictions are rather noisy. As for most other aspects of
projected changes in precipitation, it is unclear to what degree these local and seasonal changes are due
to “natural” fluctuations in the climate simulations or to what extent they represent a true deterministic
signal caused by greenhouse warming.

There is a clear slope-signal in the predicted precipitation change, particularly in the autumn precip-
itation increase in the south and in the winter precipitation increase in the NE. The maximum increase
coincides with the maximum slope of the topography, indicating that the orographic enhancement of
precipitation will increase. This raises concerns: Firstly, the complexity of the connection on climatic
time-scales between precipitation in the highlands and in the lowlands may be even greater than previ-
ously considered. This has implications for numerical simulations that do not resolve the topography
and interpretation of observational data retrieved in the lowlands. Figure 13 shows time-series of the
ratio of precipitation observed at locations where orographic enhancement is great to precipitation
observed away from the mountains. The figure reveals not only a substantial interannual, but also a
decadal variability in the orographic enhancement of precipitation. Secondly, the true orography is far
more complex and steeper than represented in the HIRHAM simulations. Consequently, a weak slope
signal in the simulations may be interpreted as an indicator of a much greater change.

3.2 Winds

Figure 14 shows the frequency of geostrophic wind directions over Iceland in the control simulation
(1961–1990) and in the two future simulations for 2071–2100. Hardly any changes are predicted in the
frequency of easterly and westerly winds, while northerly winds are predicted to become more frequent
and southerly winds less frequent. The simulations indicate a small reduction in the mean wind speed.
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Figure 12: Change in seasonal (DJF: top left, MAM: top right, JJA: bottom left, and SON: bottom right)
precipitation in Iceland according to the HIRHAM A2 and B2 downscaling of HadAm3 GCM simulations (see
explanation in the caption of Figure 11).

3.3 Temperature

As for precipitation, the projected patterns of temperature change are similar in both scenarios, A2 and
B2. The seasonal cycle of temperature is projected to be different in a future climate in Iceland (Fig.
15). Very little warming is projected for mid-winter and relatively little warming for mid-summer. A
substantially greater warming is expected in the spring and in the autumn. The absence of warming
in mid-winter is attributed to a reduction in the number of southerly windstorms. The relatively large
projected warming in the spring and fall may partly be attributed to a shortening of the season with
snow cover. A substantial reduction is predicted in the intensity and frequency of cold spells in winter
and spring and some increase is predicted in the frequency and intensity of heat waves. The projection
in Figure 15 is not in complete harmony with the observed changes in recent decades (Fig. 16). Late
summer and most of the autumn have indeed received greater warming than spring and early summer,
but the mid-winter warming in the observations and lack of warming in late-winter are not as expected
from the scenario. These deviations cannot be easily explained. There are indications that oscillations
in mean temperatures in late winter/early spring and in the autumn are to some extent associated with
variability in the meridional advection of warm airmasses towards Iceland. This advection is closely
linked to the general circulation pattern in the N-Hemisphere, including the intensity of the Canadian
upper trough, which in turn is associated with the cold continental winter. A large temperature increase
is projected over the Canadian Arctic in the future and it must not be considered unexpected if this leads
to changes in the general circulation that are well beyond what has been observed in the oscillations of
recent decades.
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Figure 13: Ratio of observed precipitation at locations where there is significant orographic enhancement of
precipitation (mountain) to precipitation observed in the same region, but farther away from the mountains
(lowland). The weather stations are Stardalur and Keflavíkurflugvöllur (SW), Vatnsskarðshólar and Stórhöfði
(S1) and Skógar and Stórhöfði (S2).

Figure 14: Frequency of geostrophic wind directions over Iceland in the control simulation of the HIRHAM
downscaling of HadAm3H (1961–1990) and in the two future simulations A2 and B2 for 2071–2100.

3.4 Scenarios for glaciological and hydrological simulations

On the basis of the above simulations, scenarios were prepared for the glaciological and hydrological
modelling described in Sections 5 and 6. For temperature, an average was estimated for the whole
country, while, for precipitation, four different sets of values were estimated for four different parts
of the country. Differences in monthly averages were negligible between the A2 and B2 emission
scenarios. Therefore, an average of the projections corresponding to the two emission scenarios was
computed and applied in the glaciological and hydrological simulations.2 The precipitation scenarios

2This averaged scenario for Iceland is denoted with “Mean of RegClim H/A2 and H/B2 scenarios” in reports from the
hydrological modelling group of the CE project (i.e. Bergström et al., 2007). For other Nordic countries, separate scenarios
corresponding to the A2 and B2 emission scenarios were employed in hydrological simulations.
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Figure 15: Seasonal cycle of temperature 1961–1990 (control) and 2071–2100 in an inland area in SW-Iceland
according to a HIRHAM downscaling of HadAm3 GCM (Scenarios A2 and B2).

Figure 16: Observed seasonal change in temperature in Reykjavík from the 40 year period 1947–1986 to the 20
year period 1987–2000.

were further smoothed with a three-month running mean. Figure 17 shows the seasonality of the
temperature and precipitation change, averaged over the whole of Iceland, and Figure 18 shows the
precipitation change for SW-, NW-, NE- and SE-Iceland. According to the CE / VO scenario, average
annual temperature will increase by 2.8◦ C from 1961–1990 to 2071–2100. Average increase in annual
precipitation for the whole country is about 6% over this period but the change in precipitation varies
from one part of the country to another and between seasons. As already noted, the highest warming
is projected in the spring and fall, in particular in the fall, with lower warming during the summer and
the lowest warming during the winter. This variation is different from the scenario, which was used
for Iceland in the previous CWE project (Jóhannesson et al., 2004), where the specified warming was
highest in mid-winter and lowest in mid-summer with a sinusoidal variation in between.

The precipitation scenario for the glaciological simulations was created by taking the average of
precipitation changes in the four parts of the country because the modelled ice caps are located in the
central highlands where separate scenarios for SW-, NW-, NE- and SE-Iceland are not appropriate
(Fig. 17).

The glaciological modelling presents a special problem in that it requires a continuous temperature
and precipitation variation because the dynamic glacier model must be run as a transient simulation
for the whole period from the present to the future period under consideration. It is nontrivial to con-
tinue the observed temperature and precipitation records, which were used in the glacier simulations
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Figure 17: A scenario for seasonal changes in temperature and precipitation for the 21st century averaged
over Iceland. The precipitation has been smoothed with a three-month running average. In the glaciological
simulations, the precipitation in the Icelandic highland was assumed to vary in accordance with the average for
the whole of Iceland shown in this figure.

Figure 18: A scenario for seasonal precipitation change for the 21st century for SW-, NW-, NE- and SE-Iceland.
Dashed curves show monthly values and solid curves show three-month running averages which were used in
the hydrological simulations.

until the year 2005, with the climate change projections, which specify differences between the pe-
riods 1961–1990 and 2071–2100. The temperature time-series were continued into the future from
2006 and onward based on a study of temperature observations in Reykjavík since 1867 by Jónasson
(2004). Expected values for the temperature of the first years after 2005 were estimated based on an
autoregressive time-series model, which takes into account the interannual persistency of the temper-
ature record. The temperature was then extrapolated from this level into the future with the warming
rate needed to obtain the climate projected by the CE/VO scenario for 2071–2100. Precipitation was
interpolated linearly between the midpoints of the 1961–1990 and 2071–2100 periods, but observed
precipitation was used until 2005, as for the temperature. In this manner, the observed, comparatively
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rapid warming in Iceland since the 1980s is correctly reflected in the input of the glacier models, and
at the same time the projected warming from 1961–1990 to 2071–2100 is consistent with the general
CE/VO scenario.
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4 Precipitation modelling

4.1 Introduction

The geographical distribution of precipitation in Iceland is poorly known but very important for hydro-
logical applications, both in general and particularly in the context of climate change. Therefore, an
extensive task carried out in the VO project was concerned with modelling of precipitation and a com-
pilation of precipitation data sets on a regular grid covering the whole country. These data sets provide
the opportunity to model river runoff and glacier mass balance both in the current climate and also in a
hypothetical future climate based on the CE / VO climate change scenarios.

Statistical methods with a varying degree of complexity are commonly used to produce gridded
precipitation data sets from raingauge data. In Iceland, the use of such methods is questionable be-
cause of exceptionally high spatial variability of the precipitation. The raingauge network is also
sparse and largely limited to lowland areas and the measurement quality is affected by wind-induced
under-catch, especially in wintertime when much of the precipitation falls in the form of snow. Due
to the high variability of the precipitation and relative sparseness and low reliability of precipitation
observations in Iceland, efforts have recently been made to simulate precipitation in the current climate
with meteorological models. Two approaches based on physical modelling of orographic precipitation
have been considered and compared. The first one is provided by the mesoscale MM5 model (Grell et
al., 1995), and the second one by the diagnostic model of Smith and Barstad (2004), which is based
on linear mountain wave theory. Both are in this study based on dynamic downscaling of large-scale
meteorological fields provided by the ERA40 reanalysis (Uppala et al., 2005).

The climate of Iceland is largely governed by the interaction of orography and extra-tropical cy-
clones, both of which can be described quite accurately by present day atmospheric models. As a
result, dynamical downscaling of the climate, using physical models, gives valuable information about
precipitation distribution, especially in the data-sparse highlands.

The downscaled precipitation was validated based on corrected precipitation at meteorological
stations and on precipitation estimates derived from mass balance measurements on the Icelandic ice
caps. Thirdly, output from the MM5 model was used as input to the WaSiM hydrological model (Jasper
et al., 2002) for the same six watersheds as used for validation purposes by Rögnvaldsson et al. (2007)
and the simulated discharge compared with observed discharge.

This section begins with a description of the precipitation data set before the two model approaches
are described in separate subsections. The section is then concluded with a comparison of the model
results.

4.2 Precipitation observations at meteorological stations

Precipitation is measured over 24 hours periods ending at 09:00 UTC each day, using gauges of Hell-
man type equipped with a Nipher type shield. In order to deal with measurement biases, the dynamic
correction method proposed for Nordic gauges by Førland et al. (1996) was adopted. The method
requires temperature and wind information at each site. For the stations measuring precipitation only,
the closest wind and temperature measurements were used. The correction procedure is formulated as
follows:

Pc = k · (Pg +4Pw +4Pe) . (1)

In (1), Pc is the corrected daily precipitation, k is a correction factor due to aerodynamic effects and
depending on wind speed, temperature and the phase (liquid, solid, mixed) of the precipitation, Pg

the measured daily precipitation, 4Pw the wetting loss (set to 0.14 mm d−1 for rain and 0.10 mm d−1

for snow), 4Pe the evaporation loss (set here to 0). When trace precipitation is recorded (Pg = 0), the
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corrected precipitation is calculated as follows:

Pc = k · (4Pt) , (2)

where 4Pt (set to 0.10 mm d−1) represents the sum of evaporation and wetting losses for trace precip-
itation.

Only the stations operational during 11 years or longer over the period 1958–2006 were selected
and corrected. The details of the equations used in the correction procedure and a comparison between
corrected and measured precipitation can be found in Crochet (2007) and Crochet et al. (2007).

4.3 Modelling with the MM5 model

The idea of using limited area models (LAMs) for regional climate simulations was introduced by
Dickinson et al. (1989) and refined by Giorgi (1990). One of the benefits of such an approach is that it
is relatively inexpensive in terms of computer resources used for simulations of the atmospheric flow at
relatively high spatial and temporal resolutions. As resolution is increased, processes governed by the
interaction of the large scale flow and topography become better resolved by the models. One drawback
of this approach which is not present in global climate models is that the simulations are dependent on
the lateral boundary conditions. These can constrain the model dynamics and hence affect the results
(e.g. Warner et al., 1997). To minimise the constraining effects of the boundary conditions, Qian et al.
(2003) suggested consecutive short term integration, overlapping in time as to minimise the effects of
spin-up, instead of a single long term integration. Other investigators (e.g. Giorgi and Mearns, 1999)
opt for longer integration times, emphasising the importance of the model to be free to develop its own
internal circulations. Liang et al. (2004) used this approach when simulating precipitation over the
U.S. during 1982–2002 using the MM5-based regional climate model CMM5.

Several case studies investigating orographic forcing of precipitation have been made in recent
years. Chiao et al. (2004) used the MM5 model at a 5 km horizontal resolution to simulate a heavy
precipitation event during MAP IOP–2B. The precipitation was satisfactorily reproduced by the model
although the total amount of precipitation was slightly higher than measured by rain-gauges. Buzzi et
al. (1998) simulated a 1994 flooding event in northwestern Italy. The role of orography was found to
be crucial in determining the precipitation distribution and amount.

Atmospheric flow over Iceland was simulated for the period January 1961 through June 2006 using
version 3–7–3 of the PSU/NCAR MM5 mesoscale model (Grell et al., 1995). The domain used is
123× 95 points, centered at 64◦ N and 19.5◦ W, with a horizontal resolution of 8 km. There are 23
vertical levels with the model top at 100 hPa and model output is every 6 hours. The domain setup is
shown in Figure 19. The MM5 model was used with initial and lateral boundaries from the ERA40
re-analysis project to 1999. After that date, operational analysis, from the ECMWF were used. The
ERA40 data were interpolated from a horizontal grid of 1.125◦ to 0.5◦ prior to being applied to the
MM5 modelling system. The modelling approach differs from that used by Bromwich et al. (2005).
Instead of applying many short term (i.e. on the order of days) simulations and frequently updating
the initial conditions, the model was run over a period of approximately six months with only lateral
boundary conditions updated every six hours. This was made possible by taking advantage of the OSU
land surface model (Chen and Dudhia, 2001).

4.3.1 Verification of simulated precipitation
3 Several authors have used runoff measurements for validation of precipitation simulated by atmo-
spheric models. Benoit et al. (2000) reported some of the advantages of using one-way coupling of

3This section on model comparison with hydrological data is to a large extent based on work by Jóna Finndís Jónsdóttir,
in particular on the paper Jónsdóttir (in press).
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Figure 19: Domain setup of the MM5 model, horizontal grid size is 8 km.

atmospheric and hydrological models, calibrated with observed discharge data, for validation of pre-
cipitation calculated by the atmospheric models. They concluded that stream flow records give a better
estimate of the precipitation that has fallen over a region than point precipitation measurements, and
even though there were uncertainties related to their hydrological model (WATFLOOD), it was suffi-
ciently sensitive to help improve atmospheric models. Jasper and Kaufmann (2003) compared results
from WaSiM watershed models that were on one hand driven by meteorological observations and on
the other hand driven by data from atmospheric models. They concluded that the hydrological model
was sufficiently sensitive to provide substantial information for the validation of atmospheric models.

Rögnvaldsson et al. (2007) simulated atmospheric flow over Iceland for the period September 1987
through June 2003 using version 3–5–3 of MM5 driven by initial and boundary data from the ECMWF.
The simulated precipitation was compared with two types of indirect precipitation observations. Firstly,
winter balance on two large outlet glaciers in SE-Iceland and on two large ice caps in central Iceland.
Secondly, model output was used as input to the WaSiM hydrological model to calculate and compare
the simulated runoff with observed runoff from six watersheds in Iceland for the water years 1987–
2002. Model precipitation compared favourably with both types of validation data.

Comparison with hydrological data As described in Section 6, Jónsdóttir (in press) used the latest
output from version 3–7–3 of the MM5 model as input to the WaSiM model for the period 1961–1990
to create a runoff map of Iceland. The difference between measured and modelled discharge was in
general found to be less than 5% although larger discrepancies were observed (see Table C1 in Ap-
pendix C). The WaSiM model was not run with a groundwater module. Instead precipitation simulated
by MM5 was scaled in order to make the simulated water balance fit the measured water balance for
individual watersheds as described in Section 6. Therefore, comparison of measured and simulated
water balance cannot be directly used for validation of the model-generated precipitation. According
to the non-scaled MM5 output for the period 1961–1990, mean precipitation for the whole of Iceland
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was 1790 mm y−1. After scaling the precipitation, this value was reduced to 1750 mm y−1, i.e. by ap-
proximately 2%. This difference can, to some extent, be explained by the fact that precipitation falls
on porous post-glacial lava in some areas and flows through groundwater aquifers to the ocean without
participating in surface runoff. Earlier research (Tómasson, 1982) have estimated this flow to be on
the order of 33–62 mm y−1. This comparison of total accumulated scaled and non-scaled precipitation
indicates that MM5 produces comparatively unbiased precipitation estimates when integrated over the
whole of Iceland.

Table 1 compares observed and modelled discharge from six watersheds that are not much affected
by groundwater flow (the same discharge stations as used for validation of an earlier MM5 model
version by Rögnvaldsson et al., 2007; cf. Table 1 and Fig. 2). Here, un-scaled precipitation is used in
the hydrological modelling in order to obtain an independent validation of the precipitation generated
by MM5. For four out of six watersheds, the difference in the water balance is reduced when the newer
version of the MM5 model is used compared with the results obtained with the earlier model version.
The relative difference between the simulated and observed water balance is in the range −8 to 13%,
with four of the six values in the range −4 to 5%, indicating a satisfactory performance of the model.

Table 1: Comparison of observed and simulated discharge [m3 s−1] at six discharge stations using unscaled
modelled precipitation from versions 3-5 and 3-7 of the MM5 model. Note that the simulation periods are not
the same for the two model versions. Hence, the measured discharge can differ somewhat between the columns
corresponding to the two versions.

MM5 V3-5 MM5 V3-7
Station # Qmeas Qcalc Difference Qmeas Qcalc Difference

45 12.3 13.4 8.9% 10.3 10.8 5.0%
128 29.4 32.2 9.7% 22.4 25.3 13.0%
148 9.1 10.4 14.3% 8.2 7.9 −4.0%
198 26.8 25.4 −5.2% 15.5 15.3 −1.0%
200 48.4 53.9 11.4% 39.6 40.3 2.0%
265 19.6 20.8 6.1% 19.9 18.4 −8.0%

Observed and modelled surface temperature In addition to simulated precipitation, the WaSiM
model used simulated two-metre temperature, surface winds and shortwave radiation as input fields.
The simulated temperature field is particularly important in the hydrological simulations because of its
effect on the melting of snow and ice. Therefore, a validation of the simulated temperature is important
as a part of the validation of the hydrological simulations although it is only indirectly related to the
modelled runoff.

Gylfadóttir (2003) produced mean temperature maps for Iceland using spatial interpolation of ob-
served temperature. Figure 20 (top) shows the mean annual temperature for the period 1961–1990
based on the data from Gylfadóttir (2003). The bottom figure shows the simulated mean annual
temperature from MM5 for the period 1961–1990. Both data sets have been re-gridded to the same
0.075◦× 0.075◦ latitude/longitude grid. For the sake of clarity, the map of observed temperature has
been masked with data from the MM5 simulation at points over the ocean (i.e. at locations where there
were no observational values). The temperature map of Björnsson et al. (2007a) was on a 1× 1 km
horizontal grid. Even after a re-gridding to a coarser grid with a similar horizontal resolution as the
original MM5 grid, the map still shows signs of greater orographical influences (Fig. 20 – top) than
the MM5 simulated temperature map (Fig. 20 – bottom). This can, for example, be seen on temper-
ature values over the Snæfellsnes peninsula in W-Iceland and at Tröllaskagi peninsula in N-Iceland.
Both maps show a similar temperature pattern, the ice caps and the high altitude interior being coldest
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Figure 20: Observed (top) and MM5 simulated (bottom) mean annual two-metre temperature [◦C], re-gridded
on a 0.075◦× 0.075◦ latitude/longitude grid.

whilst the coastal areas in the south and the south Iceland lowland are warmer. The difference of the
two maps is depicted in Figure 21. On average, the MM5 map is approximately 0.9◦C warmer than the
map derived from observations. The reason for this difference is not clear as the mean elevation of the
orography corresponding to the two maps is approximately the same (509 m a.s.l.).

Comparison with glaciological data The spatial variability of the mass balance on large ice masses,
such as Vatnajökull and Langjökull ice caps, can be mapped given data along several profiles extending
over the elevation range of the ice caps. Mass balance has been observed on parts of Vatnajökull ice cap
in SE-Iceland since 1991 (Björnsson et al., 1998) and from 1996 on Langjökull ice cap, central Iceland
(Björnsson et al., 2002) (see location map on Fig. 22). Here, we use measurements of (accumulated)
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Figure 21: Temperature difference (MM5 − Obs) between the two maps shown in Figure 20. The simulated
mean annual temperature by MM5 is on average approximately 0.9◦C higher than the mean observed annual
temperature. White colour indicates absolute temperature difference less than 0.02◦C.

winter mass balance, expressed in terms of liquid water equivalents. Björnsson et al. (1998) estimated
the uncertainty of the areal integrals of the mass balance to be a minimum of 15%. Due to surging of
the Dyngjujökull glacier in 1998–2000, the uncertainty is considerably greater for this period and the
following winter (Pálsson et al., 2002a). As yet unpublished data for the past few winters are from
Björnsson and Pálsson4. The ice caps and typical locations of the mass balance stakes are depicted in
Figure 22.

Mass balance on Hofsjökull ice cap has been observed at sites along profile HN (cf. Fig. 22) since
1987 and along profiles HSV and HSA since 1988 (Sigurðsson et al., 2004). In our model configu-
ration the maximum elevation of the Hofsjökull ice cap is approximately 1540 metres, i.e. more than
250 metres lower than in reality. Hence, we use area-integrated data from an elevation range of ap-
proximately 1450–1650 metres along the three profiles HN, HSV and HSA (Jóhannesson et al., 2006).
The winter balance on Hofsjökull has been modelled to estimate the amount of precipitation that falls
as rain and ablation that may take place during the winter season. These estimates have been added to
the measured winter balance to produce estimates of total precipitation at the measurement sites. This
correction has not been carried out for Vatnajökull and Langjökull. The amount of liquid precipitation
and winter ablation, therefore, has to be implicitly considered when comparison is made between pre-
cipitation simulated by MM5 and the glaciological measurements for Vatnajökull and Langjökull as
discussed below.

The simulated winter precipitation at Hofsjökull ice cap is in good agreement with observations
(cf. Fig. 23) over the northern part of the ice cap (HN, red dots, cf. Fig. 22), the SE-part (HSA, green
dots, cf. Fig. 22) and the SW-part (HSV, blue dots, cf. Fig. 22). The solid line in Figure 22 shows
the average of the observed winter precipitation, corrected to take liquid precipitation and/or winter
ablation into account, at altitudes between 1450 and 1650 metres at locations HN, HSA and HSV.
The dashed line represents precipitation simulated by MM5 (nine point average) at the location of the

4Helgi Björnsson and Finnur Pálsson, Institute of Earth Sciences and Science Institute, University of Iceland, personal
communication.
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Figure 22: Overview of the six ice caps and glaciers used for validation purposes, dots indicate a typical location
of observation sites. Red dots on Hofsjökull glacier are along profiles HN (N-part), blue dots along profile HSV
(SW-part) and green dots along profile HSA (SE-part), observations at locations shown in black at Hofsjökull
have not been used in this study. Drangajökull is split up in two regions, NW- and SE-part (cf. Table 2).

ice cap. The simulated precipitation is within one standard deviation of the average observed winter
precipitation within this altitude range for sixteen out of nineteen winters during the period (1987–
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Figure 23: Estimated mean accumulated winter precipitation [mm] along profiles HN (N-part), HSA (SE-part)
and HSV (SW-part) at altitudes between 1450 and 1650 metres (solid line, Jóhannesson et al., 2006). Dashed
line represents simulated precipitation by MM5 (nine point average) at Hofsjökull ice cap. Red, green and blue
crosses represent mean winter balance values at stakes along profiles HN, HSAand HSV respectively within the
altitude interval 1440–1680 metres (cf. Fig. 22). Error bars indicate the standard deviation of the observations.
Observed values from individual snow stakes are from Sigurðsson et al. (2004), Sigurðsson and Sigurðsson
(1998) and Sigurðsson and Thorsteinsson (personal communication).

2006). The Spearman’s rank correlation is 0.63 with a significance value of 0.004 and the RMS error
is 49 mm y−1.

Areal integrals of winter balance over the Vatnajökull ice cap as a whole (8100 km2), the Dyngju-
jökull (1040 km2) and Brúarjökull (1695 km2) outlet glaciers on the north side of the ice cap, and
the Langjökull ice cap (925 km2) are compared with simulated wintertime precipitation by the MM5
model in Figure 24. The winter balance is not corrected for to take liquid precipitation and/or winter
ablation into account as mentioned above. The model shows least skill on Langjökull ice cap (ρ = 0.50;
0.14) where it has an RMS error equal to 372 mm y−1, and the greatest skill on Brúarjökull (ρ = 0.83;
0.0002) where the RMS error is equal to 171 mm y−1. The correlation for Dyngjujökull is 0.61 with a
significance value of 0.06 and the RMS error is equal to 286 mm y−1. The simulated precipitation is
within estimated observational error-margins for 10 out of 12 winters for Dyngjujökull, 13 out of 14 for
Brúarjökull and 5 out of 10 for Langjökull ice cap. The correlation for Vatnajökull ice cap is 0.89, with
a significant value of 0.06 and the RMS error is equal to 388 mm y−1. The relative importance of liquid
precipitation and/or winter ablation is greatest for Vatnajökull as a whole because the southern margin
of the ice cap reaches near sea level where rain may fall and ablation may take place at any time of
the year. The north flowing outlet glaciers from Vatnajökull and Langjökull ice cap do not reach as far
down so this problem is less important there. This is presumably the reason why the simulated winter
precipitation is approximately 500 mm more than the observed winter balance for the Vatnajökull ice
cap as a whole.

Mass-balance measurements at Drangajökull ice cap in NW-Iceland have only been carried out
since 2004. Table 2 shows a comparison between simulated and observed winter balance for the mass-
balance years 2004–2005 and 2005–2006 (Oddur Sigurðsson, personal communication). The model
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Figure 24: Observed accumulated winter balance (solid) and precipitation simulated by MM5 (dashed) for
Vatnajökull ice cap as a whole (top), Dyngjujökull (second from top) and Brúarjökull (second from bottom) out-
let glaciers and Langjökull ice cap (bottom). Error bars indicate 15% uncertainty of the observations, except for
1998–2001 at Dyngjujökull where it is 25%. Glaciological data for Vatnajökull, Dyngjujökull and Brúarjökull
are from Björnsson et al. (1998, 2002) and Pálsson et al. (2002a,b, 2004b,c,d) Data for Langjökull ice cap are
from Björnsson et al. (2002) and Pálsson et al. (2004a). As yet unpublished data for the past few winters are
from Björnsson and Pálsson.

does not appear to capture the strong observed NW–SE precipitation gradient. The single grid cell
values for the SE-part are very close to the observed values but they are too high for the NW-part. The
area-averaged values from MM5 are, however, close to mean observed values for the NW-region of the
ice cap but too low for the SE-part.

Table 2: Accumulated winter balance and simulated wintertime precipitation at Drangajökull, NW-Iceland (cf.
Fig. 22). Observed winter balance is taken as the mean of stakes above 400 metre altitude in the northwestern
(NW) part of the ice cap and in the southeastern (SE) part. Simulated precipitation is both taken as a nine point
mean value (lower values) for the nearest grid cells as well as the nearest grid cell value (higher values).

Winter NWObs [mm] NWMM5 [mm] SEObs [mm] SEMM5 [mm]
2004/05 1797 (3 pts.) 2090/2554 2675 (2 pts.) 2072/2603
2005/06 1833 (3 pts.) 2105/2524 2815 (2 pts.) 2127/2604

In general, the MM5 model results compare favourably with the observed winter balance, in par-
ticular for Hofsjökull, where corrections to take liquid precipitation and/or winter ablation into account
have been made, and for the comparatively high altitude outlet glaciers Dyngjujökull and Brúarjökull,
where such corrections are relatively unimportant. More extensive comparison of simulated precipi-
tation with glaciological observations needs to be made with corrected mass balance data from all the
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ice caps.

4.4 Modelling with the LT model

The model used in this section is based on the linear theory (LT) of orographic precipitation proposed
by Smith and Barstad (2004). The model includes the major orographic precipitation processes in a
relatively simple and compact formulation, using a small set of equations and a limited number of
parameters. The result is a model not computationally demanding and very fast to run even on a simple
desktop computer, allowing the estimation of precipitation at fine temporal and horizontal scales, over
long periods of time. Cloud physics is included in the model using steady-state advection equations
of vertically integrated condensed water. Airflow dynamics is described using linear mountain wave
theory. The model as applied to downscaling of precipitation in Iceland is described in Appendix A.

4.4.1 Model calibration

The model parameters τc (conversion time from cloud water to hydrometeors), τ f (fallout time of hy-
drometeors to the ground) and Nm (moist buoyancy frequency) were adjusted by comparing simulated
precipitation with corrected precipitation observations (cf. Section 4.2) and precipitation derived from
mass balance measurements made on Vatnajökull, Hofsjökull and Langjökull ice caps between 1995
and 2000 (cf. Section 5). A model setup allowing for the use of both ERA-40 data up to 2002 and higher
resolution ECMWF analysis data after 2002 as large-scale input, led to re-adjustment of the parameters
defined in Crochet et al. (2007). The new optimum values found were τ = 1500 s and Nm = 0.003 s−1.
This parameterisation was kept constant for the entire period 1958–2006.

4.4.2 Model validation

The validation of simulated precipitation was made against the corrected raingauge data over the period
1958–2002, and against the precipitation derived from the mass balance measurements on the three ice
caps over the period 1988–2002. The results are quite similar in quality to those obtained in Crochet
et al. (2007), with some slight improvements over the northern slopes of Vatnajökull and over gentle
terrain and regions of rain-shadow, indicating that the LT model simulates the spatial and temporal
distribution and magnitude of precipitation in the mountainous regions of Iceland with remarkable skill.
The use of a fixed parameterisation, however, leads to some variability in the simulation quality, that
is not too noticeable for accumulation times of one month or longer. When very short accumulation
periods are considered, such as the day, the use of a fixed parameterisation together with a wrong
delineation of the large-scale background precipitation fields by ERA-40 may in some cases lead to a
poor simulation performance. A variable parameterisation will be considered in a future development
phase, together with the possibility to define a hybrid method by adjusting the simulated precipitation
fields with raingauge observations. Also, the benefit of the new model setup with input information
from the ECMWF analyses for the period 2002–2006 needs to be further verified.

4.5 Comparison and interpretation of the two sets of model results

The dynamic and diagnostic downscaling results reveal several features of the precipitation pattern
that have not been fully realised before. According to the simulations, the topographic precipitation
gradient is greater in winter than in summer, in particularly for the MM5 model. Also, the MM5
simulations indicate that the precipitation maxima are shifted towards the upstream slopes in summer,
while in winter they are closer to the mountain tops or even a little downstream. This effect is not
noticeable in the LT model results.
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The simulated precipitation fields were used to compute 30-year annual averages, 30-year mean
monthly area-averages and area-averaged annual precipitation over Iceland. Some case studies of daily
precipitation demonstrating the ability of the models to simulate precipitation were also investigated.

30-year mean annual precipitation The simulated precipitation from the LT and MM5 models was
used to calculate 30-year mean annual precipitation fields for the reference period 1961–1990 (Fig.
25). For the MM5 model, the 8×8 km data were interpolated on the 1×1 km grid used in the LT model,
using curvature splines in tension (Smith and Wessel, 1990). Both models produce similar patterns with
a general precipitation decrease from the South to the North, corresponding to the dominating SE to SW
moist flow, punctuated by large precipitation amounts on the ice caps and mountain ridges, featuring
the strong control that orography exerts on the precipitation distribution. The LT model precipitation
field is more detailed than the MM5 field, because the horizontal resolution of 1 km resolves smaller
scale features than the nominal 8 km resolution of MM5. In some details, differences can be observed
between the two fields that are not necessarily related to the difference in horizontal resolution. Figure
26 presents the difference map (LT − MM5) precipitation. One can see for instance that the LT
model is drier than MM5 in the central highlands. Along Snæfellsness peninsula, MM5 simulates
less precipitation than MM5 due to its cruder resolution. The LT model precipitation distribution and
maxima on the Vatnajökull, Hofsjökull, Langsjökull and Mýrdalsjökull ice caps are more detailed due
to the higher resolution of the underlying topography than for MM5. Usually, the LT model generates
larger precipitation amounts on the ice caps and mountains than MM5, except on the Langsjökull ice
cap, on Strandir and along the valleys of Tröllaskagi.

30-year mean monthly area-averaged precipitation The 30-year mean monthly precipitation for
the standard period 1961–1990 was calculated and then averaged over Iceland. Figure 27 presents a
histogram of the resulting seasonality of the simulated precipitation. Both models describe a similar
seasonal distribution of precipitation but MM5 simulates consistently more precipitation except in the
period June–September where the LT model produces more precipitation.

Area-averaged annual precipitation time-series Time-series of area-averaged annual precipitation
over Iceland for the period 1958–2005 are presented in Figure 28. The results display similar inter-
decadal variations as described by Crochet (2007) for ERA-40 precipitation alone. This variability
is in part related to atmospheric circulation patterns in the North Atlantic sector (NAO) as discussed
in Section 2. The area-averaged, annual precipitation in Iceland in the reference period 1961–1990
is 1660 mm y−1 according to the LT model and 1790 mm y−1 according to the MM5 model, and
1740 mm y−1 in the more recent reference period 1971–2000 according to the LT model. The re-
sults indicate that MM5 produces systematically more precipitation (up to 20% more) than the LT
model after 1972. For comparison, scaled time-series of ERA-40 and the scaled, (arithmetic) mean of
gauge-corrected precipitation at 20 meteorological stations are also plotted. These two series are in
good agreement with the variation of the LT model results with time and indicate that the MM5 model
produces too much precipitation for some years. However, the hydrological validation of MM5 precip-
itation described in Section 4.3.1 indicates that the MM5 precipitation does not on average have much
systematic bias for the whole period 1961–1990. It is possible that the LT model has some negative
bias when averaged over the whole country and that the MM5 model overestimates the difference in
precipitation between the early part and late parts of 1961–1990. This difference between the models
needs to be investigated by further comparison with meteorological, hydrological and glaciological
observations.
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Figure 25: Simulated 30-year mean annual precipitation for the reference period 1961–1990 using the LT (top)
and MM5 (bottom) models [mm].

Daily precipitation A comparison between LT and MM5 simulations was made on six separate days.
The simulated precipitation is accumulated over 24 h ending a 1200 UTC, while the observation at me-
teorological stations are accumulated over 24 h ending at 0900 UTC. In three of these cases, extreme
precipitation exceeding 100 mm d−1 was observed. The results are presented in Appendix B and in-
clude for each day LT and MM5 precipitation maps, a scatter plot of simulated precipitation versus
observation and an estimation of the probability of detection (POD) and false alarm ratio (FAR) for
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Figure 26: Difference in simulated 30-year mean annual precipitation by the LT and MM5 models for the
reference period 1961–1990 (mm).

Figure 27: Simulated 30-year mean monthly precipitation by the LT (blue) and MM5 (green) models for the
standard period 1961–1990 averaged over Iceland.

precipitation thresholds ranging from 0.1 mm d−1 to 10 mm d−1. Both models are skillful in simulating
individual precipitation fields, but systematic errors affecting both models over the entire range of val-
ues are sometimes observed, indicating possible errors in the background information used to run the
models. Discrepancies between the accumulation period ending at 1200 UTC for the simulations and
0900 UTC for the observations may introduce further errors, especially when the precipitation field is
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Figure 28: Area-averaged annual precipitation in Iceland for the period 1958–2005. In addition to precipitation
simulated by the LT and MM5 models (black and red symbols and lines, respectively), the figure shows ERA40
precipitation, multiplied by 1.5 (green symbols and lines), and an average of 20 gauge-corrected precipitation
series from meteorological stations, multiplied by 1.3 (blue symbols and lines).

intermittent and/or moves rapidly in time. The simulated precipitation maps by the two models are
usually in agreement regarding the spatial pattern of precipitation, but discrepancies in the magnitude
are sometimes observed. The lee drying is usually more pronounced for the LT model than for MM5.
In cases where both models simulate the precipitation field well, the LT model validation plot ap-
pears less scattered than the MM5 scatter plot, maybe because its higher horizontal resolution resolves
smaller scale features better than the nominal 8-km resolution of MM5. The MM5 model simulates
the observed extreme precipitation on 30 July 1994 better than the LT model, but at the expense of a
strong overestimation at several sites. For the other two extreme cases, i.e. 16 January 1995 and 26
October 1995, the largest precipitation observations are strongly underestimated by both models. For
the LT model, this underestimation is partly related to the use of a fixed model parameterisation repre-
senting average conditions for the entire period, and not optimal parameters for these particular days.
Special parameterisations better adapted to each case make it possible to improve these simulations
(not shown). On the other hand, these last two extreme cases correspond to winter conditions where
the gauge correction based on the use of average coefficients might be questionable. Also, these three
extreme cases are rare by definition, and not representative of a typical performance of the models.
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5 Glacier modelling

A coupled mass- and dynamic model was used to simulate the response of Langjökull, Hofsjökull and
southern Vatnajökull (Fig. 29) to the CE/VO-climate change scenario described in Section 3. All three
ice caps have extensive monitoring programmes which makes them suitable for glacier modelling.
Surface and bed topographies have been constructed from GPS and radio-echo surveys (Fig. 30a,b;
Björnsson, 1986, 1988; Björnsson et al., 2006). Mass-balance measurements have been conducted
over the last 10 to 15 years; at 22 stakes on Langjökull since 1996, 35 stakes on Hofsjökull since
1988 and at 23 stakes on southern Vatnajökull since 1993 (Figs. 29 and 31; Björnsson et al., 1998,
2002, 2006; Sigurðsson et al., 2004). Of the three glaciers, southern Vatnajökull is largest with 900 m
maximum ice thickness and elevation ranging from the sea level up to 2100 m a.s.l. (Table 3). The

Table 3: Characteristics of the Langjökull, Hofsjökull and Vatnajökull ice caps.

Maximum Elevation
Ice cap

Area Volume
ice thickness range(km2) (km3)

(m) (m a.s.l.)

Langjökull 925 195 580 390–1290
Hofsjökull 880 200 760 600–1790
Vatnajökull 8100 3000 950 0–2100

Southern Vatnajökull 3710 1279 900 0–2100

area and volume of the Langjökull and Hofsjökull ice caps are similar (Table 3), but the elevation
distributions differ: Hofsjökull covers a circular volcanic caldera, at 200–300 m higher elevation, and
has 100–200 m larger maximum ice thickness than Langjökull, which covers mountain ridges (Fig. 30).
As a consequence there is a considerable difference in the response of these two ice caps to climate
warming.

Figure 29: Langjökull (L), Hofsjökull (H) and Vatnajökull (V), sites of mass balance measurements (dots) and
meteorological stations (triangles; HV: Hveravellir, FA: Fagurhólsmýri, HH: Hólar í Hornafirði). The green
curve separates the southern and northern part of Vatnajökull.
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Figure 30: a) Measured bedrock of Langjökull and Hofsjökull ice caps. b) Measured 1997 and 1999 ice surfaces
of Langjökull and Hofsjökull, respectively. c) Steady-state glacier geometries after a few hundred year spin-up
with constant mass balance forcing.

5.1 Mass balance modelling

The mass balance was described with a degree-day model using temperature and precipitation measure-
ments away from the glaciers and a constant temperature lapse-rate, separate degree-day scaling factors
for snow and ice, and horizontal and vertical precipitation gradients assuming a constant snow/rain
threshold of 1◦ C (Jóhannesson, 1995; Jóhannesson et al., 1997). Daily temperature and precipita-
tion at Hveravellir were used as an input to the mass balance models of Langjökull and Hofsjökull,
and temperatures at Hólar í Hornafirði and precipitation at Fagurhólsmýri for the southern Vatnajökull
(Fig. 29). The model parameters for the three ice caps are given in Tables 4 and 5. The mass balance
models were calibrated to available mass balance observations up to the mass balance year 2004/2005,
and evaluated by using full energy balance derived at several automatic weather stations on Langjökull
and Vatnajökull (Guðmundsson et al., 2003; Björnsson et al., 2006). The model explains 86% of the
variance in the summer balance of Langjökull but only 39% of the winter balance. Despite this, the
model managed to describe 92% of the variation in the annual balance of Langjökull (Fig. 31). The
results were much better for the other two ice caps; 80% and 92% of the annual variation in the winter
balance of Hofsjökull and southern Vatnajökull respectively, were captured by the mass balance model
and 95% of the summer balance on both the ice caps.
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Figure 31: Linear regression between observed and modelled summer, winter and annual net balance of Lang-
jökull.

Table 4: Common model parameters for degree-day mass balance modelling of Langjökull, Hofsjökull and
Vatnajökull ice caps. See Jóhannesson (1995) and Aðalgeirsdóttir et al. (2006) for further explanations of the
meaning of the parameters.

Parameter Unit Value
Snow/rain threshold (Ts/r) ◦ C 1.0
Temperature standard deviation (σ) ◦ C 3.0
Threshold snow thickness used
in degree-day computations

mw.e. 0.3

5.2 Dynamic modelling

The numerical ice flow model is the same as used by Aðalgeirsdóttir et al. (2006) for the southern
Vatnajökull and Hofsjökull ice caps. The model is a vertically integrated finite-difference Shallow
Ice Approximation model that neglects longitudinal stress gradients and surges, and excludes bed-
isostatic adjustments and seasonal variations in sliding (Aðalgeirsdóttir, 2003; Aðalgeirsdóttir et al.,
2005). Glen’s flow law with an exponent n = 3 is assumed (Paterson, 1994). Basal sliding is not
parameterised separately, but implicitly included in the flow law parameter A. Series of model runs
with a range of flow parameters were carried out to select a flow parameter that simulates the measured
glacier geometry best. The resulting optimised flow parameter was equal to the flow parameter A
suggested for temperate ice (Paterson, 1994) within the uncertainty of our analysis.

The coupled mass- and dynamic models were spun up using constant annual mass balance fields
corresponding to the average climate of the period 1981–2000 when the ice caps are believed to have
been close to a steady state on average. With the exception of the Breiðamerkurjökull outlet glacier
of southern Vatnajökull, the shape, volume and area of the ice cap remained fairly constant during the
spin-up in all three cases. Minor exceptions to this were encountered at the small surging outlets at
southern Langjökull and south-eastern Hofsjökull and in areas not well covered by the mass balance
stake network. The mass balance is probably slightly overestimated by the mass balance model at
south-eastern Langjökull (Fig. 29) causing the simulated glacier to advance a little beyond its present
southeastern margin. Surging is negligible in the dynamics of the southern parts of Vatnajökull and did
not affect the spin-up. A 25 km long, 2–5 km wide trench, extending down to 300 m below sea level
was created during the Little Ice Age advance of Breiðamerkurjökull outlet glacier (Björnsson 1996;
Björnsson et al., 2001; Nick et al., 2007; location shown in Fig. 32). After reaching its maximum
extent in the 1890s, Breiðamerkurjökull has retreated fast and is not near a steady state for the average
climate of 1981–2000 (Aðalgeirsdóttir et al., 2006). The observed ice surface geometry was therefore
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Table 5: Model parameters for degree-day mass balance modelling of the Langjökull, Hofsjökull and Vatnajök-
ull ice caps. See Jóhannesson (1995) and Aðalgeirsdóttir et al. (2006) for further explanations of the meaning of
the parameters. The parameters for Hofsjökull are slightly different from the ones used by Aðalgeirsdóttir et al.
(2006) because the Hofsjökull model has been recalibrated.

Lang- Hofs- S-Vatna-
Parameter Unit jökull jökull jökull
Degree-day factor for ice (DDFi) mmw.e. d−1 ◦C−1 7.01 7.44 5.30
Degree-day factor for snow (DDFs) mmw.e. d−1 ◦C−1 4.90 4.98 4.45
Refreezing ratio – 0.07 0.032 0.07
Temperature lapse rate (−Γ) ◦C per 100 m 0.6 0.6 0.56
Precipitation/elevation gradient (gz) per 100 m 0.0936 0.207 0.0497
Rain-correction factor – 1.32 1.32 1.28
Snow-correction factor – 2.0 2.0 1.8
Precipitation-correction factor – 2.265 1.119 1.633
Elevation of temperature station m a.s.l. 641 641 16
Elevation of precipitation station m a.s.l. 641 641 46
Starting elevation for

precipitation gradient (z0)
m a.s.l. 880 880 46

Reference x-location for
horizontal precipitation gradient (x0)

km 445 510 626

Reference y-location for
horizontal precipitation gradient (y0)

km 460 480 389

Horizontal precipitation
gradient in east direction (gx)

per km 0.0069 0.0208 0.0046

Horizontal precipitation
gradient in north direction (gy)

per km −0.0187 −0.0163 −0.00818

used as initial geometry for the Breiðamerkurjökull ice flow basin. Apart from Breiðamerkurjökull,
the spin-up led to stable, steady-state, reference ice geometries (Fig. 30c), which were used as initial
geometries for transient simulations started in 1990.

5.3 Results

Figure 32 shows the simulated geometries of the ice caps in 1990, 2040, 2090 and 2190 and Figure 33
shows the simulated volume and area reduction and area-averaged runoff change from 2000 to 2200.
The simulations from 1990 to 2005, forced with observed meteorological parameters (dashed lines in
Fig. 33), agree fairly well with observations of volume changes and mass balance. The retreat rate is
similar for Hofsjökull and Vatnajökull, but much faster for the lower and thinner Langjökull (Fig. 33;
Table 3). Langjökull looses 35% of its initial volume after 50 model years when 75% of the volume
is left for Vatnajökull and Hofsjökull (Figs. 32). Langjökull is predicted to disappear after 150 model
years and only the highest peaks of Hofsjökull and Vatnajökull survive more than 200 years. The runoff
increases as the climate warms, but peaks after 40–50 years from now and decreases again due to the
reduced area of the glaciers (Fig. 33). Fast volume reduction and slow reduction in area until 2035
results in reduced surface elevation and fast runoff changes. Thereafter, the runoff increase is slowed
down by a reduction in ice-covered area. The runoff increase is largest for Langjökull (∼2.8 m y−1

increase relative to the average of 1981–2000). It is also high for Vatnajökull due to low lying areas
that extend down to the sea level. A substantial part of the maximum runoff increase can be related
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Figure 32: Response of Langjökull (L), Hofsjökull (H) and southern Vatnajökull (V) to the CE/VO-climate
change scenario. The location of the Breiðamerkurjökull outlet glacier of southern Vatnajökull is indicated with
a rectangle marked “B” in the leftmost map of Vatnajökull. The inset numbers are projected volumes relative to
the initial stable ice geometries shown for the year 1990. Note that the figure shows only the southern part of the
Vatnajökull ice cap, south of the main east-west ice divide, cf. Figure 29 where the outline of the whole ice cap
and the location of the east-west ice divide are shown.

Figure 33: Volume and area reduction, normalised to present day values (Table 3), and area-averaged runoff
change. The runoff is always from the present day ice-covered areas and consists of both glacier melting and
precipitation. The enhanced glacier melting is the dominant contribution to the runoff change to begin with.

to the warming from 1990 to 2005 (dashed curves in Figure 33c) that has already taken place. The
CE / VO scenario leads to more rapid glacier retreat and runoff increase than the earlier CWE and
CCEP scenarios (Jóhannesson et al., 2004; Aðalgeirsdóttir et al., 2006; Jóhannesson, 1997; Sælthun
et al., 1998) due to the relatively high warming rates that are specified by the CE / VO scenario in the
spring and fall.

5.4 Contribution to hydrological modelling

Retreat and thinning of the main Icelandic ice caps near the end of the 21st century was extracted from
the results of dynamic glacier simulations for use in hydrological modelling with the WaSiM model
for the period 2071–2100. Digital terrain models describing the modified ice surface elevation and ice
margin locations reflecting the retreat of the glaciers were prepared on the basis of the dynamic runs.

47



The altitude of new ice-free land was estimated from subglacial bedrock maps (Björnsson, 1988).
Because of time constraints, dynamic results based on earlier CWE climate change scenario were
used in this work (Jóhannesson et al., 2004; Aðalgeirsdóttir et al., 2006). Subsequently, dynamic
simulations with the CE climate change scenario (see Section 3) showed a more rapid retreat of the
Icelandic ice caps than the earlier CWE simulations, although the main character of the changes is
the same. The effect of ice surface lowering and ice margin retreat may, therefore, be assumed to be
somewhat underestimated in the hydrological simulations with the WaSiM model that are described in
Section 6. This underestimate may, however, be assumed to be comparatively small because the main
effect of the greater warming rate and different seasonality of the warming specified by the CE scenario
lies in the direct effect of increased ablation and a higher proportion of the precipitation falling as rain
rather than snow.

The dynamic simulations of Vatnajökull described by Aðalgeirsdóttir et al. (2006) are only for
the southern part of the ice cap because of technical difficulties in obtaining a reasonable reference
geometry for northern side of the ice cap due to surges in this part of Vatnajökull. Results from another
dynamic model study of Vatnajökull (Flowers et al., 2005; Marshall et al., 2005) were used to estimate
the geometry of the northern part of the ice cap near the end of the 21st century. The model used by
Flowers et al. was different from the model of Aðalgeirsdóttir et al. in that a dynamic ice model is
coupled to a model of the basal hydrology and basal sliding is based on modelled subglacial water
pressure. This approach turns out to deal more successfully with the problems encountered on the
northern side of the ice cap. A simulation based on a warming rate of 0.2◦ C per decade was chosen
from the suite of simulations carried out by Flowers et al. as this warming rate was closest to the
warming rate specified by the CE scenario.

48



6 Runoff modelling

6.1 Introduction

Discharge gauges can only supply information on runoff within a particular watershed for the period
of gauge operation. Watershed models are, therefore, often used to fill in gaps in past discharge time-
series and estimate discharge for ungauged watersheds. This section describes a new runoff map of
Iceland for current climate conditions constructed by hydrological simulations (Jónsdóttir, in press).
It also provides an evaluation of the possible effects of future climate change on water resources and
hydropower potential. For a brief outline of the hydrology of Iceland and for earlier estimates of runoff
in Iceland, the reader is referred to the description in Section 2 of this report. The results presented
here show only one projection of how runoff and hydropower potential may change in the future, but
the calibration of a watershed model for all of Iceland forms the basis for further work in this direction.

6.2 Background

One-way coupling of atmospheric and hydrological models has many advantages for distributed hydro-
logical modelling. Hay et al. (2002) used output from the RegCM2 model (Giorgi et al., 1996) as input
to a distributed hydrological model for four basins in the USA. Their research indicated that precipi-
tation averaged over a large area could have the daily variations necessary for basin scale modelling.
Studies focusing on one-way coupling between atmospheric models and the WaSiM watershed model
in alpine landscapes have earlier been reported by Jasper et al. (2002), Jasper and Kaufmann (2003)
and by Kunstmann and Stadler (2005). The WaSiM model has further been integrated with a glacier
sub-model (Klok et al., 2001) to simulate the discharge of a heavily glaciated drainage basin. Jasper
et al. (2002) compared WaSiM simulations that were driven by observed meteorological data, with
simulations driven by data from high-resolution numerical weather prediction (NWP) models. Kunst-
mann and Stadler (2005) were able to reproduce observed stream flow reasonably well in an alpine and
orographically complex basin in Germany by driving the WaSiM watershed model with MM5 output
data.

In a study by Jónsdóttir and Þórarinsson (2004), the HBV watershed model (Sælthun, 1996) was
calibrated and driven both with observed and simulated data from the MM5 model. The main results
were that the correlation between daily values of measured discharge and discharge calculated by the
MM5 data was fairly good. The correlation was somewhat higher when data from nearby weather
stations were used. Using the MM5 data, however, improved the water balance for each water year.
Tómasson et al. (2005) simulated a short winter flood in the Þjórsá–Tungnaá river basin in S-Iceland,
using precipitation as simulated by the MM5 model and the HEC–HMS (HEC, 2000) runoff model.
They concluded that the runoff model results were in good agreement with observed discharge in
the river basin. The MM5 model output has also been used as input to the University of Washington
Distributed–Hydrology–Soil–Vegetation Model (DHSVM) to form an automated river flow forecasting
system (Westrick et al., 2002).

6.3 Data

The Hydrological Service currently operates approximately 170 water level gauges around Iceland.
River discharge can be evaluated with a discharge rating curve at more than half of these gauges. The
watersheds covered by discharge gauges now in operation cover roughly half of Iceland. Time-series
of discharge from these gauges as well as discontinued series and discrete discharge data are collected
in a database which was used for calibration of the hydrological model used in this study. 70 series
were used for calibration of individual watershed models and 30 additional series were used for a crude
comparison of measured and calculated water balance on the runoff map.
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A 500 m digital elevation model (Icelandic Meteorological Office et al., 2004), a soil map from the
Agricultural University of Iceland and a digital vegetation map from the Icelandic Institute of Natural
History were used for describing the watersheds in the hydrological model. The geographical data
were all resampled to a 1x1 km spatial resolution.

The evaluation of projected runoff change between the periods 1961–1990 and 2071–2100 is based
on the CE/VO climate change scenario as described in Section 3 and an estimate of future glacier
geometry for the year 2085 that was produced with glacier models as described in Section 5.

6.4 Methods

The WaSiM (WAter balance SImulation Model) hydrological model is a fully distributed catchment
model using physically based algorithms and parameters for the description of hydrological processes
(Jasper et al., 2002, Jasper and Kaufmann, 2003). The model offers various methods of calculating the
different water balance elements depending on the availability of input data. The temperature-based
Hamon approach (Federer and Lash, 1983) was used for calculating evapotranspiration. A temperature-
wind index method was used to account for higher melting of snow and ice when the wind speed is
high. An extended melt approach (Hock, 1998, 1999) was used for simulation of melting on glaciers,
using information on radiation. The soil model used Richards’ equation (Richards, 1931; Philip, 1969)
for the unsaturated zone but no groundwater model was applied.

In this study, eleven parameters describing the unsaturated zone, precipitation magnitude, snow
accumulation and melt were adjusted to fit each watershed. An additional, six parameters were adjusted
for glacier-covered areas. For the unsaturated zone, the following six parameters were adjusted: (1)
storage coefficient of direct runoff kd , (2) storage coefficient of interflow ki, (3) drainage density d, (4)
recession constant for baseflow kb, (5) saturated hydrological conductivities of the uppermost aquifer,
and (6) the fraction of surface runoff from snowmelt. A precipitation correction (7) was used to account
for groundwater discharge to and from the watersheds, i.e. to scale precipitation to make modelled
water balance fit with measured water balance. The same parameter was used for rain and snow. The
four snow model parameters that were adjusted were (8) temperature limit for rain TR/S, (9) temperature
limit for snow melt T0, (10) degree-day-factor without wind consideration c1, and (11) degree-day-
factor with wind consideration c2. The six additional parameters that describe melting on glaciers
are: (12) a melt factor MF with identical values for snow, firn and ice, (13–14) empirical radiation
melt coefficients for snow and firn (identical) αsnow, and for ice αice, and (15–17) the specific storage
coefficients for firn, snow and ice k f irn, ksnow and kice.

For glacier-covered areas, model parameters estimated by Thorsteinsson et al. (2006) were consid-
ered and adjusted to fit runoff data as well as available information about accumulated mass balance of
glaciers and ice caps over longer periods. Thorsteinsson et al. calibrated a glacier mass balance model
on the basis of mass balance measurements from the Hofsjökull ice cap, the third largest glacier in
Iceland, using meteorological data from the nearby Hveravellir weather station.

A one-way coupling between the MM5 model and the WaSiM model was applied by feeding the
output data from MM5 directly into WaSiM. The MM5 output data were on an 8×8 km horizontal
grid while the grid of the watershed model was set to 1×1 km resolution in order to catch more of the
characteristics of the landscape. Each grid point in the MM5 model was treated as a meteorological
station and data for each grid cell in WaSiM were evaluated by inverse distance weighting between
the grid points of the MM5 model. The MM5 model data are available every six hours while the
watershed model was run at a daily time step because of the time resolution of observed discharge
data. The MM5 model data were therefore averaged or accumulated to a daily time step. In addition to
simulated precipitation, the WaSiM model used simulated two-metre temperature, surface winds and
incoming shortwave radiation as input fields.

Even though the MM5 model produces precipitation results that are in good agreement with obser-
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vations, the use of a precipitation correction factor (7) in WaSiM is necessary because the model was
not coupled to a groundwater module. This is due to a lack of data for calibration of the groundwater
component. Without precipitation correction, the model does not produce good results for watersheds
where a part of the precipitation seeps down and flows out of the watershed as groundwater. Similarly,
a difference between the modelled and measured water balance arises for watersheds where ground
water emerges within the watershed as spring water. The precipitation correction was determined for
individual watersheds on the basis of the measured runoff and was found to be in the range 0.9–1.2
for about 50% of the watersheds. It reached as high as 4–6 for watersheds that receive large quanti-
ties of groundwater from neighbouring watersheds and it was set to zero for some watersheds without
surface runoff. Although this methodology reproduces the observed runoff adequately, it can lead to
large biases in internal physical parameters such as snow depth for watersheds where the precipitation
correction is much larger or much smaller than 1. Also, since the precipitation correction is given a
single value for each watershed, the modelled runoff is characterised by artificial discontinuities along
watershed boundaries with large changes in precipitation correction.

The WaSiM model was calibrated for 70 watersheds, covering one third of the country. The calibra-
tion period for long series was the period 1971–1990. For shorter series, the calibration period varied
between 5 to 20 years depending on the availability of measured data. The calibration process involved
evaluation of a parameter set for each watershed, with the aim of catching the general characteristics
of each basin and providing a good fit to the long-term water balance. The Nash–Sutcliffe coefficient
R2 (Nash and Sutcliffe, 1970) and R2log were used to measure how well the simulated runoff fits the
observed runoff. Both coefficients R2 and R2log range from 1 to −∞, where a perfect fit corresponds
to 1. The coefficient R2 emphasises the fit of high flows and floods while R2log puts greater weights
on how well low flows are simulated. Table C1 in Appendix C shows the R2 and R2log coefficients as
well as the fit of the water balance for periods with available data and Figure 34 shows a comparison

Figure 34: Measured and simulated (WaSiM/MM5) mean discharge [m3 s−1] at the watershed gauges shown in
Table C1. Dashed lines indicates a perfect fit, solid lines represents the linear best fit between the measured and
simulated discharge.

between measured and simulated mean discharge. Inspection of the data in Table C1 shows that the
difference between simulated and observed runoff was ≤ 5% for 58 of the 70 watersheds and ≤ 2%
for 30 watersheds.

The classification of Iceland on a catchment basis by Halldórsdóttir et al. (2006) was used to
transfer model parameters to ungauged watersheds (Fig. 35). The classification is based on available
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geographical information; maps of geology and vegetation, an air temperature distribution model, the
topography of the country, and on runoff characteristics. Catchments were divided into three groups:
non-glaciated catchments with (1) high or (2) low hydrological permeability and (3) subglacial catch-
ment areas. These three groups correspond to the three river types: groundwater-fed rivers, direct-
runoff rivers, and glacial rivers, respectively. Subglacial catchment areas were further divided into
areas with high and low hydrological permeability. The classification of non-glaciated catchment areas
was more complex, reflecting the geographical variability within the country with regard to groundwa-
ter and snow storage reservoirs, wetland distribution, and vegetative patterns. The geographical extent
of the calibrated watersheds was compared to the classes defined by the classification and the param-
eters that had been evaluated for each watershed were transferred to the class for which the watershed
covered. If more than one gauged watershed overlays one continuous class, all parameter sets were
evaluated. The parameter set was chosen that seemed to give the best fit to the measured discharge
and/or that seemed to be comparable to parameter sets of the same class elsewhere. Parameters for
disconnected classes were evaluated individually.

The WaSiM model was run for all of Iceland based on this division into classes for the period
September 1, 1961 to August 31, 1991. The precipitation correction factor was further adjusted to
account for groundwater flow to and from 100 watersheds by comparing calculated water balance to
measured water balance. Parameters for glacier melt were also harmonised for each glacier. The
resulting model of the whole country was then run for the reference period 1961–1990 and for the
future period 2071–2100 based on the CE/VO scenario described in Section 3.

Tómasson (1981) divided Iceland up into 916 squares and estimated potential hydropower accord-
ing to the following equation

P = gqAH , (3)

where P [W] is the power, g [m s−2] is the acceleration of gravity of the Earth at its surface, q
[kg s−1 km−2] is mean specific runoff, A [km2] is the area of the square and H [m] is height above

Figure 35: Classification of catchment types in Iceland.
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Figure 36: Simulated total annual runoff for all of Iceland (shown for water years, defined as September 1 to
August 31) for the period 1961–1990.

sea level. The estimated power in runoff for the whole country is the sum of the power in each cell.
The same method was used in this study to evaluate the gravitational potential power in runoff for all
of Iceland.

6.5 Results of runoff modelling

Simulated average annual runoff for all of Iceland for the water years 1961–1990 (defined as September
1 to August 31) is shown in Figure 36. The average, annual runoff for these water years was found to
be 4770 m3 s−1 or 1460 mm y−1.

No measurements of actual evapotranspiration exist in Iceland. Rist (1956) estimated evapotran-
spiration to be in the range 100–200 mm y−1; Tómasson (1982) estimated average evaporation as 310–
414 mm y−1 based on calculations of potential evapotranspiration by Einarsson (1972). According to
this study, the average evapotranspiration of Iceland is 280 mm y−1. When this model estimate of the
evapotranspiration is added to the above runoff estimate of 1460 mm y−1, one obtains 1740 mm y−1.
This is similar in magnitude to the average of the scaled precipitation, which was mentioned earlier in
Section 4 in connection with the validation of the MM5 model, and approximately 2% lower than non-
scaled average precipitation simulated by MM5 for the period 1961–1990. The total runoff is affected
by the net balance of glaciated areas, which may be assumed to have been slightly positive on average
in the period 1961–1990. The effect of the ice volume increase on average total runoff from the whole
country is, however, likely to have been comparatively small in comparison with the uncertainty of the
model simulations. The assumed ice volume increase “works in right direction” in the sense that it
may be a part of the explanation for the precipitation simulated by MM5 which is not accounted for by
the sum of the runoff and evapotranspiration.

Figure 37 shows the geographical distribution of annual average runoff within the country for the
water years 1961–1990 and its seasonal distribution (autumn (SON), winter (DJF), spring (MAM) and
summer (JJA)).

The projected runoff for the period 2071–2100 is shown in Figure D1 in Appendix D and the
calculated difference in mean annual and seasonal runoff between the two 30-year periods is shown
in Figure 38. Other results from the WaSiM model include a map of the change in mean annual
evaporation between the two 30-year periods (Fig. D2) and maps of the number of days with snow
cover per year (Figs. 39 and D3).

For the period 2071–2000, the WaSiM model simulates an average runoff of 1800 mm y−1, almost
25% higher than runoff obtained for the period 1961–1990. Glacier-covered areas are then modelled
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to be reduced by approximately 20%. Runoff from non-glaciated areas is projected to increase by 8%,
partially because of the increased area of non-glaciated watersheds, while glacial runoff increases by
90%.

The modelled change in seasonality of runoff is shown in Figure 40 which is divided into three
parts.

a Total runoff from all of Iceland.

b Runoff from non-glaciated areas. An increase is projected in all months except May–August.
This change may be explained by the higher projected temperature during winter in 2071–2100,
leading to less snow accumulation and hence less snow melt during May–August than during the
reference period 1961–1990.

c Runoff from glaciers. Even though glacier-covered areas are projected to decrease by 2400 km2,
the simulated runoff from glaciers is substantially higher during the years 2071–2100 than during
the period 1961–1990. The increased melting of glaciers and the consequent temporary increases
in meltwater runoff are clearly the most pronounced aspects of the projected runoff change.

Gravitational potential power of runoff is modelled to be 220 TW h y−1 for the whole country for
the reference period 1961–1990 and 320 TW h y−1for the years 2071–2100, i.e. an increase of 45%.

6.6 Summary and outlook

The WaSiM model has been run with simulated meteorological input from the MM5 model to evaluate
the runoff of Iceland for the period 1961–1990 and to model the runoff during in the future period
2071–2100. Runoff is projected to increase by 25% when the climate has warmed by 2.8◦ C and
annual precipitation has increased by 6%. By far the largest contribution to increased runoff was found
to come from increased melting of glaciers caused by higher temperatures. This meltwater-induced
increase in runoff is temporary, however. Projections of glacier retreat show that Icelandic glaciers
may disappear almost completely within the next 200 years (Aðalgeirsdóttir et al., 2006). A substantial
increase in gravitational potential hydropower is projected for 2071–2100, indicating that there could
be great changes in hydropower production potential associated with future climate change.
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Figure 37: Modelled mean annual and seasonal runoff in Iceland for the water years 1961–1990.
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Figure 38: Projected change in mean annual and seasonal runoff from 1961–1990 to 2071–2100.
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Figure 39: Projected change in mean annual number of days with snow covered ground from 1961–1990 to
2071–2100.

Figure 40: Mean seasonal variation in total runoff for the reference period 1961–1990 (dark gray area) and a
future projection for the period 2071–2100 (curve). a) Runoff from all of Iceland. b) Runoff from non-glaciated
areas (3% larger in area in the future period). c) Runoff from glaciated areas (20% smaller in area in the future
period).
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7 Energy production

7.1 The Icelandic power system

The transmission system and the largest power plants in Iceland are shown in Figure 41. Three curves
on the map show how the country can be divided into different hydrological regions. Hydropower
production in the easternmost region marked as red is commencing at the time of this writing and is
the first of any significant size to be built in that region with its unique hydrology and flow patterns.

Most of the power plants shown are owned and operated by Landsvirkjun (The National Power
Company). Some geothermal plants in the South-West are owned and operated by regional utilities that
are presently planning and building a few hundred megawatts of additional geothermal plants there.
For emergency service there are more than 100 MW of fossil fuel (oil) stations used for emergency
service, most of them quite small. The main transmission system consists of 220 kV high tension
lines connecting the power plants in the South-West to the main load centres around the capital city
Reykjavík and a 132 kV line around the country with a radial to the North-Western peninsula, Vestfirðir.
The three thick curves separating hydrological regimes cross the 132 kV ring where presently there are
possible congestions that can be of significance when coordinating reservoir operations.

7.2 Implications for system planning and component design

Traditionally, hydropower companies base their estimates of power producing capability on the as-
sumption that future runoff is a stationary, stochastic process having the same mean and other statisti-
cal properties as calculated from historical, measured flow series. This assumed stationarity has to be
rejected if the greenhouse effect is accepted as the main underlying cause for current and future global
climate trends. Hence, new methods for estimating future runoff must be devised and the methodology
should take into account an increased risk with different statistical characteristics from that presently
assumed.

As explained in Section 2.2 about the hydrology of Iceland, the flows in Icelandic rivers can be
classified into three categories, direct-runoff, glacial runoff and groundwater flows (cf. Fig. 2). Figure
42 shows the different patterns of inflow into the two largest reservoirs of the Icelandic power system.
The left graph shows the partial inflow to lake Þórisvatn in SW-Iceland where glacial inflows are filtered
out by an upper albeit small reservoir. The inflow is characterised by a considerable groundwater

Figure 41: Key components of the Icelandic power system.
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Figure 42: Different flow regimes. Left: Partial inflow Þórisvatn reservoir in the SW-Iceland. Right: Inflow to
Hálslón reservoir in the E-Iceland.

component and surface flows dominated by snowmelt in late winter and spring. Mid-winter peaks due
to snowmelt are also common. The right hand side graph shows the inflow to the Hálslón reservoir
in E-Iceland with practically no ground water component and with surface flows dominated by glacial
melting in late summer and autumn. Mid-winter snowmelt peaks are small and rare. Although all those
components are present to some extent in all the three regions, glacial flows are most pronounced in
the East and groundwater in the South-West.

The business of the hydropower industry is transport of energy from the rivers into storage reser-
voirs, where possible, and finally to the consumer through power plants and transmission facilities.
Components of this system are expensive and their size is often carefully optimised to give the most
economical performance under prevailing hydrological conditions. The most important flow proper-
ties, seasonal fluctuations and frequency are emphasized in Figure 42. The changes caused by global
warming as foreseen now alter the outcome of the optimisation. These changes are more pronounced
where glacial flows are dominant (highly temperature dependent) than for other types of flows, and
thus different components are differently affected.

Looking first at storage reservoirs, the importance of those might be diminished somewhat where
snowmelt is a decisive component, as in the Nordic countries. Shorter snow accumulation period and
more frequent mid-winter warm spells result in more even or regulated inflow into storage reservoirs
and thus lead to a shortening of the release period. Glacial flows on the other hand might with increased
temperature become so much more intense in late summer and autumn that more storage capacity
would actually be needed if the intention would be to harness the additional glacial runoff. Glacial
melting in warm mid-winter spells will for large part continue to percolate into the winter snowpack
on the glacier where it is refrozen instead of causing mid-winter floods.

In the planning and designing of new power plants, tunnels and other waterways that are difficult
to enlarge should be planned for future rather than present flows. The powerhouse may have to be
designed to accommodate larger turbines than presently economical or the layout might be such that
expansions are easily constructed. Considerations for dam safety and spillway design might require
considerable foresight.

Thermal power, fossil and nuclear stations are conveniently built close to industrial centers and
large cities, while hydropower stations may be in remote regions needing a long and strong transmis-
sion network for transport to the market. The same holds true for wind power and wave power when
that becomes economical. Adjustments of the transmission network to accommodate possible changes
in the power production of remote existing plants might create some challenges in the future.

60



Figure 43: Statistical distribution of temperature trends in Iceland from middle of the 20th century and a decade
into the 21th century in ◦ C per century.

7.3 Magnitude of the climate trend

The CE / VO climate change scenario described in Section 3 may be used to make a first assessment
of the magnitude of future river runoff changes at Icelandic power projects. The temperature scenario
indicates from 2.5 to 3◦ C warming in the Icelandic highlands over a hundred and ten year period.
This may be expected to lead to substantial changes in the seasonality and magnitude of surface and
glacial runoff into the storage reservoirs of the power system. This estimated temperature change and
its impacts on glacial runoff in addition to potential precipitation changes need to be accounted for in
simulations of the Icelandic power system for future planning.

According to estimates of global warming, one may expect a comparatively slow human-induced
development of the climate in the latter half of the last century, accelerating in the early half of the
21th century and then gradually decelerating after that. This indicates that within a normal planning
horizon, e.g. planning for the period 2010–2015, and for interpretation of past runoff time-series as
described below, one would generally use lower values for the warming rate than those described in
Section 3 which are intended as averages for the whole period from 1961–1990 to 2071–2100.

The uncertainty of any quantitative estimate of future climate trends is clearly quite large. Indica-
tions of the spread of this estimate can be found in the Stern Review Report (Stern, 2006) and point
to a distribution skewed upwards. The spread of trends for the years say 1950 to 2010 or 2015 is,
however, much smaller than should be expected for the latter part of the century. In the former case,
the period is mostly historical while in the latter case possible countermeasures to reduce greenhouse
gas emissions or failure thereof contribute to additional uncertainty in addition to the uncertainty of the
modelled temperature change.

Figure 43 depicts an estimate of the statistical distribution of warming rates for the Icelandic high-
lands for the period 1950 to 2010 or 2015 based on the above reasoning (hence the choice of the
gamma distribution). It assumes a somewhat lower median warming rate than the CE / VO scenario
and postulates that this warming rate is uncertain by almost a factor of two as indicated by the width of
a 90% confidence interval. Although this distribution could lead to reasonable estimates of the mean
and variance of present climate trends, care should be taken if the intention is to estimate trends for the
next few decades. It would be more appropriate to use the CE / VO scenario for estimation of climate
trends in the near future.

7.4 Runoff series

The runoff series used in Iceland for estimating power production capabilities are constructed us-
ing a series of conceptual hydrological watershed models created and maintained by the engineering
firm Vatnaskil ehf. The models are calibrated using all available measurements of flow, precipitation,
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Figure 44: Possible energy supply in the runoff to power stations in Iceland as measured and adjusted for
climate trends.

groundwater level and temperature. The calibrated models are then used to create flow series from
1950 for simulation purposes (Jóhannsson, 2006a). These models differ from most other hydrological
models in the sense that they contain rather sophisticated 3D sub-models of groundwater flow.

Figure 44 shows the energy that could be extracted from the runoff series with unlimited market
and the current installed power capacity in the present power stations. Three cases are shown, that
is a baseline case using the 1950–2004 runoff series generated using historical data as an input into
the conceptual hydrological models and two cases with assumed seasonal warming trend of 50% and
100%, respectively, of the CE / VO scenario (Jóhannsson, 2006b). More precisely, the historical tem-
perature records from 1950–2004, that are used as input into the hydrological models, are de-trended
with respect to the year 2010 by adding a 60 year warming trend to the year 1950, a 59 year warming
trend to the year 1951, etc., and a 6 year warming trend to the year 2004. The results are 55 years
of runoff that can be considered approximately stationary with respect to the planning year 2010. As
seen in the figure, there is a positive trend in runoff for the baseline case and that trend is statistically
significant. For the two warming cases, the smaller warming trend of 1.25◦ C per century results in
runoff series with a positive trend while the larger warming trend of 2.5◦ C per century results in runoff
series with negative trend, neither trend is statistically significant. Based on these results, the expected
seasonal warming rate for de-trending of historical time series in the Icelandic highlands for short term
future planning should be in the range 1.25 and 2.5◦ C per century.

7.5 Risk analysis

In order to determine the load that can be scheduled for the power system in 2010 without an unac-
ceptable risk we fix the load and use simulations to estimate the expected generation costs for different
climatic trends from 1950 to 2010. The same procedure may then be repeated for a different load
scenario etc. Figure 45 shows the results for a load scenario that is quite a bit higher than presently es-
timated for three possible of climatic trends. For each assumed trend, the 55 years of costs are ordered
from highest to lowest obtaining a series of cost curves as shown in the figure. In the baseline case
of no trend adjustment being made, very high costs are obtained, but very low if the seasonal trends
corresponding to the full amplitude of the CE / VO scenario are assumed (annual average 2.5◦ C per
century). The cost curves can then be added or weighted using the frequency function of Figure 43
to obtain a risk curve for estimation of optimum load based on different company-dependent specific
criteria.

Alternatively, it is possible using conventional methods to calculate the power production capability
attributable to each hypothetical climate trend to obtain a curve as shown in Figure 46. Based on
Landsvirkjun’s underlying assumptions and criteria, the preliminary risk analysis resulting in the curve
shown Figure 46, would result in Landsvirkjun accepting power production capability for the year
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Figure 45: Generation costs obtained for a given load scenario for three possible climate trends from 1950 to
2010.

Figure 46: Power production capability as function of climatic trend.

2010 based on an assumed trend of 1,56◦ C per century (close to the mode of the gamma distribution
in Figure 43).

7.6 Concluding remarks

Assuming future flows as stationary and ergodic extension of measured runoff series is no longer a
probable scenario in a warming climate. For future planning, the use of uncorrected historical time-
series may not be realistic and there is a need for developing mechanisms for adjustment of historical
time-series based on historical and future trends in climate. Methods for sophisticated risk analysis
accounting for climate change need be explored and extensively used.

Projections of future climate need to be utilised to develop business strategies for decisions on
future hydropower development and for estimation of the impact on the existing hydropower installa-
tions. It has been demonstrated here how historical time series can be adjusted to make them suitable
for use to support decisions about installations that will operate in a future climate. The uncertainty of
such adjustments is closely related to the uncertainty of future climate scenarios.

Large-scale collaboration of the Nordic countries involving scientific institutions and companies
and hydropower companies (as done in the CE project) results in procedures that are widely accepted.
Such collaboration is further enhanced in the joint case studies that have been carried out for all coun-
tries involved, where the regional impact caused by potential climate change is estimated in a consistent
manner and compared across the regions/countries. This also makes it possible to test the proposed
procedures in different types of business environments and for different types of hydropower installa-
tions.
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8 Summary and conclusions

Future climate change is likely to have pronounced effects on the hydrology and hydro-resources of
Iceland. Some of the changes in the climate and hydrology of the country that have recently taken place
are likely to be partly due to global greenhouse-induced climate change. The most conspicuous changes
in this connection are a warming of more than 1◦ C over the last 20–30 years and an accelerating retreat
of glacier margins since around the year 2000. Significant trends in precipitation have, on the other
hand, not been observed. These changes are already impacting the design and operating environment
of many constructions, such as hydropower plants, buildings in coastal areas, bridges and roads, and
various institutes and government bodies are beginning to take them into account in practical design
and operating decisions.

The main results of the VO research project as described in the preceding sections may be sum-
marised as follows.

Time-series

• The climate of Iceland has warmed by approximately 1.5◦ C since the latter part of the 19th

century (based on a 10-year weighted running average of temperature time-series). It is likely
that part of this warming is due to global warming. Warming during the last 20–30 years has
been very rapid, much more rapid than is expected from scenarios of global warming or regional
scenarios for the northern N-Atlantic region. The recent, rapid warming is likely to be partly
related to a natural variation associated with a rebound from the cool 1970s and 1980s.

• Precipitation records since around 1900 are characterised by substantial decadal variations but
precipitation does not show a distinct long-term trend.

• Discharge is characterised by substantial decadal variations, but trends turn out to be strongly
dependent on the study period. An increase in the discharge of glacial rivers has recently taken
place and there is a tendency for increased summer discharge in some non-glacial rivers.

Precipitation modelling

• New precipitation maps of Iceland have been made based on meteorological simulations and
hydrological and glaciological observations. The area-averaged, mean annual precipitation in
Iceland in the reference period 1961–1990 is found to be in the range 1650–1800 mm y−1.

• The simulated area-averaged, annual precipitation time-series is characterised by similar decadal
variations as observed precipitation and does not show a distinct long-term trend.

• Distributed data sets of daily precipitation on 1× 1 km and 8× 8 km grids for the period 1958–
2006 have been generated and may be used for detailed runoff modelling of any watershed in
Iceland.

Climate change

• A climate change scenario for Iceland was defined based on a downscaling of coupled, global
atmosphere–ocean simulations using the A2 and B2 emission scenarios.

• The temperature scenario specifies a 2.8◦ C annual average warming from 1961–1990 to 2071–
2100, with the highest warming in the spring and fall.
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• The precipitation scenario specifies a modest increase in annual precipitation of less than 10% on
average for the whole of Iceland between 1961–1990 to 2071–2100. The change in precipitation
varies from one part of the country to another and between seasons.

• The climate change scenario is only one out of a large number of possible scenarios which could
be defined on the basis of the many global simulations and downscalings that are available.
The statistical uncertainty of this scenario has not been explicitly assessed but it is considered a
reasonable projection of the long-term climate development in Iceland over the next 100 years.
Needless to say, there is a large uncertainty associated with the scenario.

Glacier modelling

• Coupled mass balance/dynamic models of Langjökull, Hofsjökull and S-Vatnajökull indicate
that the volume of the ice caps will be reduced by more than half within the next 100 years and
that glaciers and ice caps in Iceland will essentially disappear in 100–200 years from now.

• Around 2030, annual average runoff from the areas currently covered by these ice caps is pro-
jected to have increased by approximately 1.5–2.5 mw.e. y−1 with respect to the runoff around the
year 1990.

• The runoff increase reaches a comparatively flat maximum between 2025 and 2075 when the
increasing contribution from the negative mass balance is nearly balanced by the counteracting
effect due to the diminishing area of the ice caps.

• The response of the ice caps depends considerably on their altitude distribution. The downwast-
ing of the lower and thinner Langjökull is projected to be more rapid than for the higher and
thicker Hofsjökull and S-Vatnajökull.

Runoff modelling

• A distributed runoff model forced by a meteorological model was calibrated and used to create
a new runoff map for all of Iceland for the reference period 1961–1990. The average, annual
runoff for this period was estimated to be 4770 m3 s−1 or 1460 mm y−1. Average, annual evapo-
transpiration was simulated as 280 mm y−1.

• Runoff is projected to increase by approximately 25% on average between 1961–1900 and 2071–
2100, mainly due to increased melting of glaciers.

• The seasonality of runoff and flood characteristics are projected to change. There will in general
be more autumn and winter runoff, and spring floods will be earlier and most likely smaller in
amplitude.

• Subglacial watercourses and therefore outlet locations of glacial rivers are likely to change as a
consequence of the thinning of ice caps and the retreat of glacier margins.

• A substantial increase in gravitational potential hydropower is projected.

Energy production

• The use of uncorrected historical time-series may not be a realistic procedure for future planning
in the energy sector. There is a need for developing mechanisms for adjustment of historical
time-series based on historical and future trends in climate.
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• Projections of future climate need to be utilised in decisions about future hydropower develop-
ment and for estimation of the impact on the existing hydropower installations.

Hydropower is the most important renewable source of electricity in Iceland and it is the renewable
energy source most strongly affected by climate. The results from the CE and VO projects show that
this impact can be quite strong. Global warming will shorten the winter season, make it less stable and
lengthen the ablation season on glaciers and ice caps. This leads to a more evenly distributed river flow
the year around, a profitable situation for the industry.

There is also potential for increased hydropower production as the highest modelled increase in
river flow is simulated in highland areas that are most important for hydropower. This implies that the
projected hydrological changes may be expected to have practical implications for the design and op-
eration of many hydropower plants, and also for other use of water, especially from glaciated highland
areas.

One negative side is that the new annual rhythm in runoff indicated in the simulations will put more
stress on spillways. They will probably have to be operated more often in winter as the unstable winter
climate will generate more frequent sudden inflows when reservoirs may be full. This will also have
an impact on the infrastructure with more frequent flooding problems downstream of the reservoirs.
These areas are normally adapted to the present-day climate with stable winters and without high flows
from autumn to spring.

In summary, the power industry will have to develop a new strategy characterised by flexibility
because it must be possible to adapt the operation and even the design of power plants as climate change
leads to changes in the discharge and seasonality and other hydrological characteristics. Continued
research on climate change is essential to address the added uncertainty with which the industry is
faced due to this situation and in order to supply the necessary information for proper adaptation to the
evolving climate.
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9 Suggestions for further research

Collaborative, Nordic research of the effect of climate change on renewable energy resources will
continue in the “Climate and Energy Systems” (CES) project in the years 2007–2010 as mentioned in
the introduction. This new research project will focus on changes in the period 20–40 years from now
(i.e. in the period ca. 2030–2050). There will be less emphasis on changes with respect to a baseline
period such at 1961–1990 than in the earlier CE project. Transient simulations will be carried out based
on several alternative climate change scenarios spanning a range of possible future changes. Changes
will be reported with respect to earlier periods such as 1961–1990, 1971–2000 or 1981–2000 with due
respect to the fact that human-induced climate changes were probably already having a considerable
effect on the climate during those periods.

The CES project will be complemented with national research projects in each participating coun-
try. The following paragraphs suggest focus points for research to be carried out in Iceland as a part of
the new CES project and national projects in this field.

Time-series Time-series analyses will focus on the following points.

• The database of Nordic streamflow data will be updated with data until 2005.

• Variability in regional index series (P, T , Q)—monthly, seasonal and annual.

• Variability in extreme rainfall and flood frequency and intensity.

• Application of Bayesian techniques in flood frequency analysis.

• Variability in drought.

• Extreme value analysis, also linked to dam safety.

• Comparison of the last 10–15 years with the reference period (1961–1990) and scenarios.

• Studies of cyclic behaviour (P, T , Q).

• Adjustment methods for input to Energy Systems Analysis.

• Uncertainty assessment.

• A distributed data set of daily temperature on a 1× 1 km grid will derived from observations for
the period 1949–2007.

Precipitation modelling The development of high-resolution, distributed precipitation models for
Iceland will be continued.

• The LT model will be modified to run with 6-hourly time-resolution and time-varying parame-
terisation. The use of higher resolution ECMWF weather forecast analyses as input fields after
2002 will be further tested.

• The LT and MM5 models will be validated with precipitation observations from meteorlogical
stations, and hydrological and glaciological data. Glaciological mass-balance data from other
glaciers than Langjökull, Hofsjökull and Vatnajökull are imporant in this connection as they
have not been used in the calibration of the models and therefore constitute an independent test
of the model realism.
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Climate change New and more diversified climate scenarios with shorter time horizon than in the
earlier CE project will be used. The scenarios will be defined by dynamical downscaling of several
global atmospheric simulations for the N-Atlantic region. The scenarios will cover several alternative
emission scenarios.

The results obtained in the CE and VO projects underline the large spatial as well as a temporal
variability of the climate. This is in particular true for precipitation, but it is also true for winds and
temperature. Moving towards even higher spatial resolutions in describing past and future climate
is therefore a very feasible option for future research. Dynamic and semi-dynamic downscaling of
climate simulations should be undertaken for selected areas where a large spatial variability can be
expected.

• To provide a coherent and consistent analysis, of a new generation of regional climate scenarios
for the Nordic region, expressed in terms of ranges and conditional probabilities for the period
of 2010–2050. Both climate change signals and climate variability will be addressed.

• Together with numerical efforts, there is an increasing need for observations at high spatial
resolutions, particularly for precipitation and winds in complex terrain and vertical profiles of
winds and temperatures.

• Further assessment of the natural variability of the elements of climate and the interaction of
atmospheric processes at different spatial scales is needed.

• There is a need for the development of indices linking output from climate simulations to extreme
events that may occur as a consequence of a complex combination of more than one meteorolog-
ical parameter. Such events include for instance extremes in runoff, avalanches, mud flows and
atmospheric icing. These efforts should be undertaken as a part of the exploitation of available
regional downscaling of outputs from general circulation models.

Glacier studies The work will be concerned with modelling of glacier mass balance and ice flow
dynamics in order to determine the response of glaciers and ice caps to climate change as specified by
the climate scenarios defined in CES.

• Mass balance data sets collected in the CWE and CE projects will be extended to form the basis
of the glacier mass-balance modelling. A special effort will be made to collect existing data on
mass balance of Mýrdalsjökull, Drangajökull, glaciers in Tröllaskagi, as well as older data from
Vatnajökull from before 1991.

• Degree-day mass-balance models with distributed precipitation will be calibrated for Vatnajök-
ull, Hofsjökull and Langjökull. These models will be used to produce estimates of winter pre-
cipitation at stake locations on the ice caps, corrected to take liquid precipitation and/or winter
ablation into account.

• An attempt will be made to develop a 2D glacier model that represents the role of sliding and
surges (using subglacial water pressure) for the long-term geometry and dynamics of the surge-
type outlet glaciers of N- and W-Vatnajökull.

• Dynamic 2D model simulations will be made for Vatnajökull, Hofsjökull and Langjökull. The
effect of ice divide migration on runoff changes from the ice caps will be specially studied.

• Modelled changes in glaciated area and changes in the area distribution of the ice surface will be
given to the hydrological modelling group as input for runoff modelling.

• Melt model parameters determined in the glacier modelling will also be reported to the hydro-
logical modelling group for consideration in the calibration of hydrological models.
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Runoff modelling The distributed WaSiM runoff model for Iceland, which was set up in the CE
project, will be further developed.

• The groundwater module of the model will be configured and calibrated so that the arbitrary
scaling of precipitation that is used in the current model configuration can be abandoned (cf.
Section 6).

• Several transient runoff simulations until 2050 will be made based on different climate change
scenarios.

• The orographic precipitation models of Iceland, that were developed as a part of the CE project,
and possibly a distributed temperature data set derived from observations, will be used as an
input for a new calibration of the WaSiM model.

• A special study of changes in seasonal and diurnal runoff variations from the Hofsjökull ice cap
will be made with a hydrid radiation–degree-day mass-balance model.

Energy systems

• Bridge the gap between scientists and corporate planners. That is, how can the scientific results
be transfered to end users?

• Utilise prediction of future climate scenarios to develop business strategies for decisions on
future hydropower development and for estimation of the impacts on the existing hydropower
installations.

• Create joint case studies where the procedures and the results developed are put to use in a
collaboration between hydropower companies involved in the project.
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A The LT orographic precipitation model

The LT model (Smith and Barstad, 2004; Barstad and Smith, 2005) can be summarised by the following
transfer function representing the Fourier transform of the distribution of precipitation rate

P̂(k, l) =
Cwiσĥ(k, l)

(1− imHw)(1+ iστc)(1+ iστ f )
. (A1)

In (A1), the air is assumed to be saturated with vapour, Cw is a coefficient depending on surface humid-
ity and lapse rate and relating condensation rate to vertical motion, ĥ(k, l) is the Fourier transform of
the terrain elevation, k and l are the horizontal components of the wavenumber, i =

√
−1, σ = Uk +V l

is the intrinsic frequency with U and V the eastward and northward components of the regionally av-
eraged horizontal wind-vector, τc is the conversion time from cloud water to hydrometeors and τ f the
fallout time of hydrometeors to the ground, Hw is the thickness of the moist layer and m is the vertical
wave number,

m = {[N
2

m−σ2

σ2 ](k2 + l2)}1/2 , (A2)

with Nm the moist buoyancy frequency. The precipitation field, P, in x,y space is then retrieved using
an inverse Fourier transform

P(x,y) = max(
Z Z

P̂(k, l)ei(kx+ly)dkdl +P∞,0) , (A3)

where P∞ represents the background precipitation field in the large-scale weather system. The trunca-
tion of negative precipitation values in (A3) that may be generated by the model in downslope regions
simulates the effect of lee-side evaporation.

The input parameters to the model are U , V , P∞, the regionally averaged surface temperature, the
terrain elevation h(x,y), τc, τ f and Nm. The main limitations are that the model is not suitable when
unstable atmospheric conditions prevail and it is not capable to deal with flow blockings.

This model has been used by Crochet et al. (2007) with input meteorological information from
ERA-40 (Uppala et al., 2005) to estimate the detailed spatial distribution of precipitation in Iceland
over the period 1958–2002. The LT model was run with a 6h time step to produce 6-hourly precipita-
tion with a 1-km horizontal resolution, that was then accumulated over a day or longer. As the model
development assumes saturated conditions, it is run only when the relative humidity (RH) is greater
or equal to 90%. This calculation has recently been extended to 2006 using input information from
the available ECMWF analyses. As the ECMWF NWP model has changed from 2002 to 2006 and
its horizontal resolution is getting finer, its capacity to simulate orographic precipitation has improved.
The background precipitation used as input of the LT model may in fact already contain some oro-
graphic precipitation that needs to be identified and removed before running the LT model so that it is
not “counted twice”. In order to deal with this matter and define an homogeneous procedure for the
entire period 1958–2006, the following procedure was used.

i) The orographic component that may be present in the background precipitation is identified by
running the LT model with orography (hNWP) corresponding to the NWP model to be downscaled

P̂NWP(k, l) =
CwiσĥNWP(k, l)

(1− imHw)(1+ iστc)(1+ iστ f )
, (A4)

PNWP(x,y)=
{

max(
R R

P̂NWP(k, l)ei(kx+ly)dkdl,0) if RH ≥ 90% and P∞(x,y) > 0
0 if RH < 90% or RH ≥ 90% and P∞(x,y) = 0

(A5)

82



ii) The identified orographic precipitation (if any) already present in the background precipitation
field is removed

P′∞ = max(P∞−PNWP,0) . (A6)

iii) The LT model precipitation is computed using the new background precipitation field

P(x,y) =
{

max(
R R

P̂(k, l)ei(kx+ly)dkdl +P′∞,0) if RH ≥ 90% and P∞(x,y) > 0
P∞(x,y) if RH < 90% or RH ≥ 90% and P∞(x,y) = 0

(A7)
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B Daily validation of simulated precipitation

Figure B1: 1991-11-27: LT-model (left), MM5-model (right). The wind direction was from S.

Figure B2: 1992-10-12: LT-model (left), MM5-model (right). The wind direction was from SW.
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Figure B3: 1993-08-30: LT-model (left), MM5-model (right). The wind direction was from SE.

Figure B4: 1994-07-30: LT-model (left), MM5-model (right). The wind direction was from E.
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Figure B5: 1995-01-16: LT-model (left), MM5-model (right). A deep cyclon was off the north coast. The
strongest wind was from N in NW-Iceland.

Figure B6: 1995-10-26: LT-model (left), MM5-model (right). The wind direction was from N.

86



Figure B7: POD/FAR for the six validation days: LT-model (black), MM5-model (red).
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C R2 and R2log coefficients for measured and simulated discharge

Table C1: The fit of water balance, R2 and R2log at the watershed gauges used for calibration of the WaSiM
watershed model. Qmeas is the measured discharge [m3 s−1] during years when measured data exist for the whole
year within the specific period. Qcalc is the calculated discharge during the same period. Difference between the
two data sets is shown in percentages and R2 and R2log are the Nash–Sutcliffe coefficients of fit for each gauge
and period specified. Data are from Jónsdóttir (in press).

Station Period Qmeas Qcalc Difference R2 R2log
10 1963–2001 10.9 10.5 -4% 0.62 0.58
12 1963–2001 6.9 7.2 3% 0.41 0.31
16 1963–2001 2.4 2.4 -2% 0.45 0.46
19 1963–2001 3.0 2.9 -5% 0.54 0.56
26 1965–2001 13.5 13.4 -1% 0.43 0.15
32 1971–2001 42.3 40.6 -4% 0.07 -0.03
38 1964–2001 2.3 2.3 0% 0.60 0.70
43 1963–2001 65.4 63.5 -3% 0.29 0.23
45 1963–2001 10.3 10.8 5% 0.54 0.46
48 1996–2001 21.9 21.5 -2% 0.16 0.12
50 1963–1997 84.7 83.2 -2% 0.52 0.59
51 1963–2001 10.1 10.0 -1% 0.62 0.5
54 1963–1989 42.1 42.8 2% 0.47 0.46
59 1973–2001 50.8 51.5 1% 0.26 0.25
60 1963–2001 20.4 20.2 -1% 0.39 0.44
66 1963–2001 79.4 75.4 -5% 0.18 -0.01
70 1963–2001 109 104 -5% 0.52 0.48
71 1981–2001 42.8 40.3 -6% 0.67 0.68
81 1963–2001 1.5 1.4 -1% 0.43 0.10
83 1963–2002 3.4 3.3 -2% 0.60 0.62

87+68 1964–2001 149 166 12% 0.42 0.46
96 1963–2001 83.1 84.8 2% 0.57 0.60

102 1963–2001 187 188 1% 0.75 0.73
104 1966–1983 2.6 2.4 -5% 0.58 0.61
105 1971–2001 37.0 38.1 3% 0.13 0.10
108 1963–1998 38.1 38.0 0% -1.01 -1.41
109 1963–2001 34.1 33.9 -1% 0.68 0.67
110 1963–2001 157 178 13% 0.64 0.65
116 1963–2001 19.8 20.6 4% -0.69 -0.60
128 1971–2001 22.4 22.8 2% 0.58 0.56
135 1966–2001 0.8 0.8 3% 0.62 0.69
144 1971–2001 38.7 38.6 0% 0.70 0.70
145 1971–2001 21.8 22.0 1% 0.54 0.61
146 1969–2001 5.3 5.4 2% 0.52 0.51
148 1963–2001 8.2 8.4 1% 0.59 0.60
150 1968–2001 26.6 28.1 6% 0.72 0.72
162 1984–2001 86.2 83.6 -3% 0.80 0.70
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Station Period Qmeas Qcalc Difference R2 R2log
164 1971–2001 118 116 -2% 0.78 0.76
167 1984–2001 23.1 21.8 -6% 0.42 0.67
185 1971–2001 2.1 2.3 6% 0.15 -0.36
198 1976–2001 15.5 16.1 4% 0.51 0.53
200 1976–2001 39.6 38.3 -3% 0.51 0.53
204 1976–2001 7.8 7.86 1% 0.62 0.61
205 1991–2003 15.9 15.9 0% 0.65 0.71
221 1981–2001 25.1 23.3 -7% 0.61 0.60
231 1984–2001 34.4 33.1 -4% 0.34 0.37
232 1984–2001 7.4 7.24 -2% 0.33 0.60
233 1985–2001 45.1 40.3 -11% 0.31 0.50
235 1985–2001 84.9 87.8 -3% 0.64 0.64
237 1986–2002 13.7 13 -5% 0.67 0.60
238 1988–2001 49.8 50.8 2% 0.46 0.56
254 1991–2004 3.9 4.2 8% 0.48 0.63
265 1991–2004 19.9 20.2 2% 0.66 0.71
266 1997–2002 5.2 3.96 -24% 0.71 0.70
269 1998–2004 3.0 2.83 -5% 0.41 0.27
271 1971–2001 108 110 2% 0.33 0.30
276 1991–1997 14.4 14.5 1% 0.56 0.63
278 1992–2004 1 1.1 10% 0.50 0.56
332 1997–2002 7.7 7.74 1% 0.29 0.17
365 1998–2004 3.7 3.62 -1% 0.61 0.56
366 1997–2004 3.6 4.06 12% 0.03 -0.40
411 2000–2004 17.8 17.6 -1% 0.46 0.65
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D Runoff maps

Figure D1: Projected mean annual and seasonal runoff in Iceland 2071–2100.
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Figure D2: Projected change in mean annual evaporation from 1961–1990 to 2071–2100.

Figure D3: Mean annual number of days with snow covered ground. Left: Modelled for the reference
period 1961–1990. Right: Projected for the period 2071–2100.
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