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1 Introduction

Future projections of regional climate are of great importance for policy makers and adaptation
planing. However, compared with global climate simulations, predictions of regional climate are
complicated by the consideration of a more complex geography (such as topography and land-
surface classes), and by the necessity of representing more detailed physical processes occurring
over shorter periods of time and over smaller spatial scales.

In general, regional climate projections are derived either directly from one or more general cir-
culation model (GCM) runs, or through additional numerical or statistical downscaling of these
large-scale fields. Numerical downscaling uses higher-resolution regional climate models (RCMs)
over a limited area to refine global GCM simulations. Problems arise if the necessary detailed
geographical information is not available on a suitable scale. Furthermore, changes in geograph-
ical conditions (such as the retreat of glaciers, or a change in sea ice cover and vegetation) may
affect the local climate, making it necessary to include the representation of local feedback mech-
anisms between the atmosphere and other components of the ecosystem. The representation of
these factors is still lacking or at best rudimentary in most RCMs. While adding more detail to re-
gional climate studies, numerical downscaling is sensitive to various errors and biases in the GCM
dynamics that may average out globally, but are present on the regional scale. In an attempt to
minimise GCM errors, statistical downscaling methods correct GCM projections based on local
weather data (Engen-Skaugen, 2007). Thereby, however, it is assumed that certain statistical re-
lationships between observed climate conditions and GCM control runs remain valid as climatic
conditions change, which may not be justified.

The earliest published future climate scenarios for Iceland based on GCM results appeared in
Bergporsson et al. (1987), using results from equilibrium experiments with the GISS climate model
(Hansen et al., 1983, 1984). Differences between the 1 xCO; and 2xCO; equilibrium experiments
were used to estimate greenhouse effects. Interpolated to Stykkishélmur, the warming annually
was about 4°C, but ranging over the course of the year between 4.1-4.3°C from November to
April, and between 3.6-3.8°C from June to September. Thus the wintertime warming exceeded
that during the summer by about half a degree. Adding the calculated warming for the 2xCO,
equilibrium to the observations at Stykkishélmur, resulted in predicted temperatures close to those
at Bergen, Norway during the summer, and to those at Lerwick, Shetland Islands during the winter.
The study also examined projected changes in precipitation and found that on an annual basis
precipitation increased from 704 mm to 809 mm, or by about 15%, without significant seasonal
differences. While this study gave insight into how Icelandic climate might change in response to
increasing CO; levels, it did not address how various climate variables might change specifically
over the course of the 21% Century.

For Iceland, this was first done by J6hannesson et al. (1995), who used statistical downscaling
results previously obtained by Kaas (1993, 1994), as well as results from four different climate
models (with the GFDL CM3 as the primary reference). The study found a warming of 0.3 K
per decade until the middle of the 21" Century, with a wintertime warming rate of 0.35 K per
decade, and a warming rate of 0.25 K per decade in summer. The study also examined precipitation
changes and found a 1.50% per decade increase in precipitation on an annual basis, with a higher
rate of increase during the winter (1.75% per decade) than in summer (1.25% per decade). These
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estimates, together with bounds based on past natural variability, were used for the reports by the
Icelandic Science Committee on Climate Change (Ministry for the Environment, 2000, 2008).

The next published study focusing on climate projections for Iceland was by Jonasson (2004),
who used an auto-regressive model of past climate variability to determine forced warming trends.
The assumed underlying warming trend was based on a literature review of GCM studies and
amounted to 0.23 K per decade until 2020 and 0.28 K per decade after that. The innovative part of
this study was in estimating the probability distribution of warming at 5 year intervals during the
21% Century. For the mid-21% Century, the 90% confidence interval for warming relative to the
1961-90 average in Reykjavik of 4.3°C is 0.6-3.3 K, and 1.4-5.9 K at the end of the century.

As part of the Climate and Energy (CE) project (Fenger, 2007), and its Icelandic counterpart, the
Vedur og Orka (VO) project, various climate change predictions for Iceland were made. The CE
project used an ensemble of six GCMs and RCMs from the PRUDENCE project for four different
emissions scenarios (B1, B2, A2, and A1FI) developed by the Intergovernmental Panel on Climate
Change (IPCC). The GCMs used by the CE project showed more warming during winter than
summer. During winter, the median projected warming from 1961-90 to 2070-99 ranged from
3-6 K, and from 2-3 K during summer (corresponding approximately to 0.3-0.6 K per decade
during winter, and 0.2-0.3 K per decade during summer). The amount of warming was greater for
the high than for the low emissions scenarios, as was the model spread. Furthermore, there was
greater model spread and internal model variability in the wintertime results compared with those
for summer. For the highest emitting scenario, precipitation increased by 10-15% from 1961-90 to
2070-99, and by 5-10% for the lower emitting scenarios (corresponding to approximately 0.5-1%
per decade).

The CE project also examined RCM results for Iceland based on the HIRHAM model (Haugen and
Iversen, 2006). These results showed enhanced warming over the interior of Iceland compared with
the coastal zone, and a tendency for enhanced warming towards the northeast. The warming from
1961-90 to 2070-99 on an annual basis was about 1 K in the southwest of Iceland, but reached
2-3 K in the interior and on the east coast. Of the two emission scenarios used (A2 and B2), the
higher emitting one (A2) produced slightly more warming, but a very similar spatial structure. The
HIRHAM results also showed an increase in precipitation, with more increase in coastal areas in
the north and east of Iceland, but with less increase over the interior.

The HIRHAM results were examined in more detail in the VO project (J6hannesson et al., 2007).
The two scenarios of the HIRHAM runs were averaged to yield one reference scenario. The spatial
average of the reference scenarios for the country as a whole yielded annual average warming
of 2.8 K from 1961-90 to 2070-99 (or 0.25 K per decade), and the corresponding precipitation
increase was 6% (or 0.55% per decade). The change in the seasonal cycle in the HIRHAM results
deviated from the results found by earlier GCM studies. As described above, previous GCM
studies tended to produce more warming during winter than summer, with spring and autumn
warming rates falling in between. However, in the HIRHAM results, warming was largest during
autumn, followed by spring, summer, and winter. Seasonal differences in precipitation change
were such that the largest increase occurred during autumn.

Finally, as part of the 2008 report by the Icelandic Science Committee on Climate Change (Min-
istry for the Environment, 2008), climate change predictions for Iceland based on GCM models
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from the CMIP-3 dataset were generated. Three emissions scenarios (B1, A1B, and A2) were
examined for the 21% Century, with 19-23 models for each scenario. The resulting warming rate
depended on the emissions scenario, and ranged from 0.16 K per decade for the scenario with the
lowest emissions (B1), to 0.28 K per decade in the high emitting scenario (A2). In the intermediate
emissions scenario (A1B) the warming rate was 0.23 K per decade.

For each scenario, the individual models produced different results. For the middle of the 21 Cen-
tury, these inter-model differences were of similar magnitude as the differences between scenarios.
The consensus between all simulations suggests a warming of 0-2 K during the first half of the
21 Century, with 1 K being the most likely temperature increase. For the latter part of the century
the scenarios diverged. The CMIP-3 GCM results exhibited greater warming during winter than
summer, with a difference of about half the annual warming (if annual warming was 2 K, then
winter would warm by 1 K more than summer). Precipitation changes until the end of the 21%
Century were found to range from 0.5-0.9% per decade. There is the possibility that precipitation
might increase more during summer than winter, but individual model results varied substantially
in this regard.

Several common threads stand out in regional climate change projections for Iceland. The rate
of 21% Century warming in various GCMs on an annual basis varies from 0.2-0.3 K per decade,
with more warming in winter than in summer. Precipitation is predicted to increase along with air
temperature, with trends ranging between 0.5-1.8% per decade, but without consistent seasonal
differences. Furthermore, the RCM results from the CE project showed enhanced warming in
the interior and towards the northeast of Iceland. These model results, however, showed seasonal
differences in warming rates that were inconsistent with other simulations.

To examine in more detail the various differences in regional climate predictions for Iceland in
the 215 Century, specifically for future changes in surface air temperature (SAT) and total pre-
cipitation (TP), this study analyses several GCM simulations, together with those RCM runs, that
were performed for the joint Climate and Energy Systems (CES) project of the Nordic countries
(http://en.vedur.is/ces), which contributed data to Research Theme 3 (RT3), responsible for re-
gional climate modelling research, of the Ensemble-based Predictions of Climate Changes and
their Impacts (ENSEMBLES) project (van der Linden and Mitchell, 2009), funded by the Euro-
pean Commission under the 6" Framework Programme. Specific topics addressed in this study
include spatial patterns of SAT and TP trends within the proximity of Iceland, such as land-sea
differences and changes with terrain elevation, as well as seasonal differences. Additionally, the
impact of driving GCMs on RCM runs will be investigated.

2 Data and Methodology

Data used in this study are monthly fields of surface (2m) air temperature (SAT) and total precipi-
tation (TP), obtained from global as well as regional climate simulations.

The global data sets are 20" Century control runs, as well as 215 Century forecast runs, submitted
by various institutions to the Intergovernmental Panel on Climate Change (IPCC) for their Forth
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Table 1. General circulation and regional climate models that were considered in this study.

Model Version Model Name, Institute

BCCR BCM 2.0 Bergen Climate Model, Bjerknes Centre for Climate Research, Bergen, Norway

CCCMA CGCM 3.1  Coupl. Glob. Clim. Mod., Canadian Centre for Climate Modelling and Analysis, Victoria
CSIRO MK 3.5 Glob. Clim. Mod., Commonwealth Scient. and Industrial Res. Organisation, Australia
MIROC 3.2 Medres  Model for Interdiscip. Res. on Clim., Division of Climate System Research, Tokyo, Japan
MIUB Echo G Coupled Circulation Model, Meteorological Institute of the University of Bonn, Germany

MPI ECHAMS-13 Global Climate Model, Max Planck Institute for Meteorology, Hamburg, Germany
MRICGCM 2.3.2a  Coupled General Circulation Model, Meteorological Research Institute, Tsukuba, Japan
NCAR CCSM 3.0 Community Clim. Sys. Mod., National Center for Atmospheric Research, Boulder, USA
UKMO HadCM3 Hadley Centre Coupled Model, United Kingdom Meteorological Office, Exeter

UKMO HadGEM1 Hadley Centre Global Environ. Model, United Kingdom Meteorological Office, Exeter

SMHI-RCAO Regional Atmos. Clim. Mod., Swedish Meteorol. and Hydrol. Institute, Norrkoping
MetNo-HIRHAM Regional Atmospheric Climate Model, Norwegian Meteorological Institute, Oslo
DMI-HIRHAMS Regional Atmospheric Climate Model, Danish Meteorological Institute, Copenhagen

Assessment Report (IPCC, 2007). For the purpose of driving the 215 Century runs, the Special Re-
port on Emissions Scenarios (SRES) originally prepared for the Third Assessment Report (IPCC,
2001), but also used in the Forth Assessment Report, defines a range of scenarios for future human
activity and development. The A1B scenario used in this study assumes rapid world wide eco-
nomic growth, a global population reaching 9 billion in 2050 and gradually declining afterwards,
strong social interactions and converging prosperity worldwide, rapid development and spread of
new technologies, and a balanced use of fossil and non-fossil energy sources.

The monthly fields from the various general circulation model (GCM) runs are interpolated onto a
common 2 x2-degree grid within the domain from 10-28°W in longitude, and 62—68°N in latitude,
covering Iceland as the only land mass (see Fig. 1). To evaluate the accuracy of control runs, model
results are compared with mean monthly fields on 1x 1-degree grids obtained from the ERA-40
reanalysis project (Uppala et al., 2005). To that end, the 20™ Century GCM runs are restricted to
the 1958-98 control period, that is covered by all models, as well as the ERA-40 reanalyses.

To decrease the uncertainty of future climate scenarios for Iceland, the full set of 22 GCM runs
was reduced to those ten models, that performed best for SAT during the 1958-98 control period,
compared with the ERA-40 reanalyses. The performance of individual GCMs was measured by
determining the root-mean-squared deviations from ERA-40 reanalyses of annual spatial mean
values of SAT within the study domain. This selection procedure resulted in the ensemble of ten
GCMs that are listed in Table 1. Given this reduced set of GCMs, the 21% Century IPCC forecast
runs are restricted to the 2004-99 period, that is covered by all models.

In addition to the GCM runs, higher-resolution monthly fields of SAT and TP were obtained from
those regional climate model (RCM) runs, that were recommended following the May 2009 CES
staff meeting in Copenhagen (Kjellstom, 2009). As indicated in Table 1, these are the MetNo-
HIRHAM, downscaling the HadCM3; and the DMI-HIRHAMS and SMHI-RCAOQO, downscaling
ECHAMS-r3. For the latter, a special run over an extended Arctic domain was used (Koenigk
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et al., 2011), rather than those that were provided to the ENSEMBLES project. Both driving
GCMs are included in the reduced IPCC ensemble. Consistent with the GCM runs, also for the
driving models of the RCM runs, the IPCC A1B emissions scenario was used. The monthly RCM
fields are interpolated onto a common 0.25x0.25-degree grid within the same domain as the GCM
fields.

Three 30-year climatological reference periods are used in this study: a 20" Century control period
from 1961-90, as well as two future reference periods from 2021-50 and from 2070-99, respec-
tively. Due to limited data availability, for the SMHI-RCAO run, the 20" Century control period
is restricted to the 20-year period 1971-90, and the second 215 Century reference period is limited
to the years of 2070-80. For the MetNo-HIRHAM runs, no data are available during the second
21% Century reference period.

3 Spatial Variability of Climate Trends

This section discusses the spatial patterns of long-term trends of surface air temperature and total
precipitation, such as land-sea differences and changes with terrain elevation.

3.1 Surface Air Temperature

Surface air temperature (SAT), as well as its changes over time, generally depend on surface type
and terrain elevation. Specifically for the study domain, based on the climate simulations consid-
ered here, this is shown in Fig. 1. In the GCM ensemble mean field of SAT during the 1961-90
control period, the terrain of Iceland is recognised only by a weak wave pattern imposed on the
larger-scale northwest to southeast gradient, resulting in about 2 K lower mean annual values over
the land than over the surrounding ocean. By contrast, mean SAT fields in the RCM simula-
tions show spatial patterns that are directly related to their respective model terrain (see Fig. 5
for the RCM orographies). As such, the spatial distribution of mean SAT is more realistic in the
HIRHAMS simulations than in the RCAO (see Fig. 2 for a comparison with the mean SAT field
based on climate station data). However, all RCMs have mean annual SAT values that are consis-
tent with long-term data records at the appropriate elevation of their model orography. As shown
in Fig. 3 for the RCMs, the variability of SAT with ground elevation shows significant differences
between the cold and warm season, with a marked change in the (pseudo-) vertical profile at around
300 mASL. Comparing summer and winter vertical profiles, the amplitude of the seasonal cycle
in SAT increases from an average of 8 K near the coast to an average of 13 K between 300-600 m
above mean sea level (mASL), and decreases gradually again at higher elevations. According to
the K&ppen classification scheme, this is indicative of the transition from a maritime to a continen-
tal subarctic climate at about an elevation of 300 mASL. The large increase in SAT from winter
to summer at that level leads to decreasing lapse rates during the warm season at lower elevations,
and increasing lapse rates above. The exact values are given in Table 2. Additionally, it can be
seen from Fig. 3, that the spread of SAT values at each elevation, which is due to the northwest
to southeast gradient over the surrounding ocean, decreases with height, especially in summer.
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Table 2. Linear rates of decrease in SAT with terrain elevation (in Kelvin per kilometre)
during the winter (DJF) and summer (JJA) months, over low (< 300 mASL) and high (> 300
mASL) terrain.

Winter Low Summer Low Winter High Summer High

SMHI-RCAO 12.1 1.7 5.2 5.3
MetNo-HIRHAM 23.0 -0.4 5.6 6.6
DMI-HIRHAMS 18.2 5.2 6.3 10.0

Correspondingly, as shown in Fig. 4, the largest seasonal cycle of SAT occurs in the low-lying in-
terior of the island according to the RCM simulations. Additionally, despite the lower 1 x 1-degree
resolution, a similar pattern is found in the reanalysis fields.

Referring again to Fig. 1, impacts of the terrain on linear trends of GCM ensemble mean SAT
during the first half of the 21%* Century are small. However, the RCMs predict an enhanced SAT
increase during this period over the low-lying land area, compared with the surrounding ocean,
especially the two HIRHAM runs. A more detailed analysis of linear 2004—50 SAT trends as a
function of terrain elevation is given in Fig. 5. In the SMHI-RCAO and MetNo-HIRHAM runs,
SAT trends increase with height up to about 600 m. Above that elevation and to the top of the
terrain, trends remain constant in the SMHI-RCAO, but decrease slightly in the MetNo-HIRHAM.
In the DMI-HIRHAMS, warming rates over the ocean and at low elevations are significantly higher,
but decrease with height. However, these results are affected by what appears to be a spurious
spatial SAT pattern east of Iceland (see Fig. 1). The DMI-HIRHAMS results must therefore be
interpreted with care in that regard, as will be discussed further below.

Comparing Figs. 1 and 6, these differences between the two HIRHAM runs, are largely due to
different warming rates in their respective driving GCMs. However, even with the same driving
GCM, the RCM responses may vary greatly.

The main difference between the HadCM3 and the ECHAMS runs resides mostly in the location
and timing of the largest SAT increase, rather than in the regional average of warming rate. Over
the land and immediately to the north of Iceland, the HadCM3 is several degrees colder during
the 1961-90 control period than the ECHAMS (as well as the reduced IPCC ensemble mean).
Subsequently, the largest SAT increase from the control period to the 2021-50 reference period, as
well as the largest 2004-50 linear trends in the HadCM3 occur in that region. In contrast to that,
in the ECHAMS, consistent with the reduced IPCC ensemble mean, the largest warming within
the proximity of Iceland occurs along the southeast coast of Greenland in connection with sea ice
reduction there. While these trends are physically motivated and consistent with past observed
SAT trends based on the ERA-40 reanalyses (see Fig. 7), there is also a large SAT increase within
a limited region to the northeast of Iceland, which is neither physically motivated nor consistent
with past trends. Overall, however, SAT within the study domain, and its long-term changes there,
are more realistically portrayed by the ECHAMS than in the HadCM3, although not as well as by
the reduced IPCC ensemble mean. Further differences between the HadCM3 and ECHAMS exist
in the timing of SAT increase, with the HadCM3 predicting larger warming during the second half
of the 20th Century, relative to that during the first half of the 215 Century, than the ECHAMS.
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These differences between the HadCM3 and the ECHAMS simulations are also reflected in the
corresponding RCM runs. Therefore, the MetNo-HIRHAM run, downscaling the HadCM3, is
about 2-5 degrees colder over the northern part of Iceland during the control period than that of
the DMI-HIRHAMS, downscaling the ECHAMS. For both RCMs, the largest warming in the
driving GCM is outside the model domain. However, in the case of the DMI-HIRHAMS, the large
warming in the ECHAMS to the northeast of Iceland is amplified by the RCM. Consequently, the
overall warming rates over the ocean and at low elevations, especially in the northeast of Iceland,
are significantly larger in the DMI-HIRHAMS than in any of the other RCMs, including the SMHI-
RCAO, which is forced by the same GCM. This implies that the dependence of warming rate on
terrain elevation, as depicted by the DMI-HIRHAMS, must be considered with care.

Similarly, differences in the timing of SAT increase between the RCM simulations are carried
over from their driving GCMs, with the MetNo-HIRHAM experiencing larger warming during the
second half of the 20th Century, relative to that during the first half of the 21% Century, than the
DMI-HIRHAMS.

As shown in Fig. 8, the degree to which GCM trends are reproduced depends on the RCM. As
noted above, the strong amplification by the DMI-HIRHAMS of the spurious warming to the east
of Iceland in the ECHAMS is absent in the SMHI-RCAO. Similarly, in the MetNo-HIRHAM the
suspicious enhancement of warming in the HadCM3 to the north of Iceland is reduced.

3.2 Total Precipitation

As with surface air temperature (SAT), total precipitation (TP) depends on surface type and terrain
elevation (see Fig. 9). Similarly to SAT, the terrain of Iceland only induces a weak wave pattern
in the larger-scale northeast to southwest gradient in the GCM ensemble mean field of TP during
the 1961-90 control period, resulting in about 0.5 mm day~! lower mean annual values over the
land than over the surrounding ocean. By contrast, mean TP fields in the RCM simulations show
spatial patterns that are directly related to their respective model terrain (see again Fig. 5 for the
RCM orographies). As such, the spatial distribution of mean TP is more realistic in the HIRHAM
simulations than in the RCAO (see again Fig. 2 for a comparison with the mean TP field based
on climate station data). Of the two HIRHAM runs, the one conducted by MetNo based on the
HadCM3 is significantly closer to the observed TP field during the control period. As shown in
Fig. 10, in the DMI-HIRHAMS, in contrast with the reanalyses and the other RCMs, the Icelandic
Low is to the southeast of Iceland and more intense. The prevailing surface winds, therefore,
have a northeasterly direction across the study domain, compared with easterly or southeasterly
directions as found in the reanalyses and the other RCMs. These special wind conditions result
in enhanced precipitation over the eastern part of Iceland, compared with observations and the
MetNo-HIRHAM run.

Contrary to SAT, in the RCMs, the rate of change of TP with ground elevation does not show
consistent differences between the cold and warm season, with a larger variability at each elevation,
to the extent that the calculation of meaningful (pseudo-) vertical profiles is not possible (see again
Fig. 3).

Referring again to Fig. 9, impacts of the terrain on linear trends of GCM ensemble mean TP
15



during the first half of the 21% Century are small. Moreover, in contrast to SAT, also the RCMs,
with the exception of the DMI-HIRHAMS, do not predict significantly different TP trends during
this period over the low-lying land area, compared with the surrounding ocean. In the case of the
DMI-HIRHAMS, there is a dipole pattern across Iceland, with increasing TP in the northeast, and
decreasing TP in the southwest.

A more detailed analysis of linear 2004-50 TP trends as a function of terrain elevation is given in
Fig. 11. In the SMHI-RCAO, contrary to the HIRHAMS runs, TP trends decrease with height. In
the MetNo-HIRHAM, TP is predicted to decrease below 1 km elevation, with an increase above
that level. In the DMI-HIRHAMS, TP trends over the land are positive above an elevation of 400 m.
Thus it appears that no definite conclusions can be drawn regarding the variation of precipitation
trends with elevation based on these simulations.

Comparing Figs. 9 and 12, these differences between the two HIRHAMS runs, are largely due to
different TP trends in their respective driving GCMs. In connection with the large warming that
is predicted by the ECHAMS within a limited region to the east of Iceland, there is also a large
increase in TP in the same area over the first half of the 21%* Century. This is inconsistent with past
TP trends derived from the ERA-40 reanalyses, despite the fact that the mean TP field during the
1961-90 control period in the ECHAMS was very close to the mean reanalysis field, and closer
than in the HadCM3 (see again Fig. 7). However, just as with the large SAT increase, the large
TP trends at the eastern edge of the study domain are neither physically motivated nor consistent
with past trends, and are therefore most likely a model artefact. As with SAT, this artificially large
increase in TP is reproduced by the DMI-HIRHAMS. However, the HadCM3, and in fact the re-
duced IPCC ensemble mean, are likely to have shortcomings as well, with regard to the spatial
distribution of TP trends within the study domain. This is suggested by the inconsistency between
predicted TP trends during the first half of the 215t Century, and those found in the ERA-40 reanal-
yses, leading up to the beginning of the 21% Century. In fact, the reduced IPCC ensemble mean
suggests a shift in the region of the largest increase in TP from south of Iceland, as demonstrated
by the reanalyses for the second half of the 20th Century, to the north for the following 50 years.
Both the GCM as well as RCM predictions of the spatial pattern of TP change within the study do-
main are therefore highly uncertain, and likely to reflect mostly natural variability of precipitation
in the area.

As shown in Fig. 13, similarly to the spatial distribution of SAT trends, the SMHI-RCAO and the
MetNo-HIRHAM have a tendency to reduce the magnitude of extrema in the respective GCM
fields of TP, whereas the spatial patterns in the ECHAMS are further enhanced by the DMI-
HIRHAMS.

4 Long-Term Trends of Annual Mean Values

In this section, the variability and long-term trends of annual and regional mean values of surface
air temperature and total precipitation are analysed.

For the GCM runs, a distinction is made between ocean and land areas, based on whether a grid
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Table 3. Number of grid points of interpolated fields within the study domain for the differ-
ent models in different zones.

Ocean Land Low Terrain High Terrain Entire Domain

IPCC GCMs 32 8 - - 40

SMHI-RCAO 1461 364 102 262 1825
MetNo-HIRHAM 1465 314 78 236 1779
DMI-HIRHAMS 1487 301 78 223 1788

point is outside or within the actual boundaries of Iceland. For the RCM runs, the land area is ad-
ditionally divided into low terrain up to 300 metres above mean sea level (mASL), and high terrain
above 300 mASL. To determine the elevation at each grid point, the respective model orography
(rather than real terrain elevation) was used. The numbers of grid points in each zone are given in
Table 3.

4.1 Surface Air Temperature

A graphic representation of the evolution of annual mean values of surface air temperature (SAT)
over the entire land area of Iceland is given in Fig. 14. Due to the elevated terrain, mean SAT in the
RCM runs is lower than in most of the GCM runs within in the reduced IPCC ensemble considered
here. However, the RCM mean values are similar to each other at the beginning of the 21%* Century,
and converge further as time progresses. During the control period, the ensemble mean, as well
as the SMHI-RCAO and the DMI-HIRHAMS are close to the ERA-40 reanalyses, with only the
MetNo-HIRHAM, reproducing the cold bias of the HadCM3, being significantly colder.

As shown in Fig. 15, taking into account all RCM simulations included in the RT2B transient
experiments of the ENSEMBLES project (see http: //ensemblesrt3.dmi.dk), results in somewhat
larger SAT trends from about 1970 onwards, due to the low ensemble mean SAT values during the
1961-90 control period.

The exact values of linear SAT trends, determined by least-squares regression, are given in Table 4.
Based on a standard t-test, all these trends are significantly different from zero on the 99.9%
confidence level. As seen before, based on the reduced IPCC ensemble mean, differences in linear
SAT trends over the ocean and the land are small, being 0.30 and 0.31 K per decade, respectively,
for the 2004-50 period. In the RCMs, land-sea differences are larger, with an average SAT trend
for the 2004-50 period of 0.27 K per decade over the ocean, and 0.31 K per decade over the land.
Although, on average, SAT trends over the ocean are somewhat smaller in the RCMs than in the
GCMs, the ensemble mean warming rates in the RCMs and GCMs over the land are identical. As
discussed previously, the DMI-HIRHAMS results are suspect with regard to spatial variability of
SAT trends. However, from the other two RCM simulations, relative enhancement of warming
between the surrounding sea area and the Icelandic highlands can be determined. It is found that,
according to the SMHI-RCAQO, this enhancement is 24%, and 46% for the MetNo-HIRHAM. A
conservative enhancement of the reduced IPCC ensemble mean warming rate would therefore
result in 0.37 K per decade for the Icelandic elevated terrain.
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Table 4. Linear trends of surface air temperature in Kelvin per decade between specific
years in different zones (ocean / land / low terrain / high terrain).

2004-50 2004-80 2004-99
IPCC GCM Mean  0.30/0.31/ - / - 0287029/ - / - 0237024/ - [ -
SMHI-RCAO 0.17/0.19/0.18/0.21 0.17/0.21/0.20/0.24 -

MetNo-HIRHAM 0.24/0.32/0.29/0.35
DMI-HIRHAMS 0.40/0.43/0.44/0.43 0.31/0.36/0.37/0.35 0.29/0.34/0.35/0.33

Table 5. Average linear trends of surface air temperature in Kelvin per decade with ran-
domised beginning and end years in different zones (ocean / land / low terrain / high ter-
rain). Actual beginning and end years vary between +5 years relative to those given.

2009-45 2009-75 2009-94
IPCC GCM Mean  0.28/0.31/ - / - 0287030/ - / - 0257027/ - [ -
SMHI-RCAO 0.13/0.18/0.17/0.19 0.18/0.24/0.22/0.25 -

MetNo-HIRHAM 0.24/0.32/0.30/0.33
DMI-HIRHAMS 0.49/0.55/0.58/0.55 0.35/0.40/0.43/0.40 0.32/0.38/0.40/0.37

To eliminate biases in SAT trends, that might be the result of the specific beginning and end dates
used in these regression analyses, linear SAT trend values were also calculated for 1000 time-
series with randomised beginning and end years within a 10-year range centred around the fixed
beginning and end years. This analysis was repeated 10 times, and the mean values of each set of
randomised trends, as well as their standard deviations, are given in Tables 5 and 6, respectively, up
to that precision at which all of the 10 realisations result in the same mean value. With the excep-
tion of the DMI-HIRHAMS, differences between linear trends with either specific or randomised
beginning and end years are small. However, in the DMI-HIRHAMS, the specific years chosen,
especially for the 2004-50 period, result in linear SAT trends, which are significantly lower com-
pared with similar beginning and end years. Consequently, for the 2004-50 period, the average
RCM warming rates of 0.29 K per decade over the ocean, and 0.35 K per decade over the land are
somewhat larger than for the reduced IPCC ensemble mean.

Additionally, the tabulated values of SAT differences between the 1961-90 control period and
either the 2021-50 or the 2070-99 reference period are given in Table 7. The relatively small
changes in mean SAT values from the control to the first reference period, compared with the
linear trends over the 2004-50 period, in the SMHI-RCAO and to some extent also in the DMI-
HIRHAMS, are due to the comparatively high annual mean values during the control period (see
again Fig. 14).
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Table 6. Standard deviations of randomised linear trends of surface air temperature in
Kelvin per decade x 1072 in different zones (ocean / land / low terrain / high terrain).

2009-45 2009-75 2009-94
IPCC GCM Mean 2.8/127/7-1- 05/05/-1- 1.2/12/- /-
SMHI-RCAO 35/3.6/35/3.7 1.1/1.3/13/1.3 -

MetNo-HIRHAM 1.8/4.7/3.3/5.2 — -
DMI-HIRHAMS 82/104/10.7/10.2 19/23/24/22 1.1/14/14/1.4

Table 7. Changes in surface air temperature from the 1961-90 control period to the 2021—
50 reference period (ATy) or the 2070-99 reference period (AT ) in different zones (ocean /
land / low terrain / high terrain).

ATy AT,
IPCCGCM Mean  1.3/1.3/- /- 24/26/- /-
SMHI-RCAO 0/03/02/04 06/12/1.0/13

MetNo-HIRHAM 1.8/2.1/2.0/2.1 -
DMI-HIRHAMS 1.0/1.0/1.0/1.0 22/2.6/2.6/2.6

4.2 Total Precipitation

Referring again to Fig. 14, the annual mean values of total precipitation (TP) over the entire land
area of Iceland in the ERA-40 reanalyses, as well as the RCM runs, fluctuate strongly from one
year to the next. In fact, based on a standard t-test, linear TP trends in reanalyses and RCM
runs, determined by least-squares regression, are significantly different from zero only well below
the 90% confidence level. The resulting linear trends are therefore omitted from this analysis.
However, the long-term TP trends for the reduced IPCC ensemble mean are significant on the
99.9% level, and are given in Table 8, both for specific as well as randomised beginning and
end dates, as described in the previous section. Also given in parentheses are the shorter-term TP
trends, which are significant on the 95% confidence level. Over the longer periods, linear TP trends
over the ocean are robust with respect to changing beginning and end years. Over the land, there
is a 10% difference between trends with either specific or randomised beginning and end years.

Additionally, the tabulated values of TP differences between the 1961-90 control period and either
the 2021-50 or the 2070-99 reference period are given in Table 9.

Finally, the ratios of linear trends of TP over SAT for statistically significant TP trends between
specific beginning and end dates are given in Table 10. Differences between trend ratios with
specific or randomised beginning and end years over the longer periods are small. As the length of
the time period increases, the increase in TP per degree warming over the land relative to the ocean
gets larger. Therefore, towards the end of the 21% Century over the land, there is a proportionally
larger increase in TP compared with SAT than during the first half of the Century.
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Table 8. Linear trends of total precipitation in percent of the 1961-90 average per decade
between specific years in different zones (ocean / land) based on the IPCC GCM mean.

2004-50 2004-80  2004-99

Specific Years (0.8)/(0.8) 0.8/1.0 0.7/1.0
Randomised Years (1.0)/(1.0) 0.8/1.1 07/1.1
Standard Deviation 0.30/0.32 0.08/0.11 0.06/0.06

Table 9. Changes in total precipitation from the 1961-90 control period to the 2021-50
reference period (AP)) or the 2070-99 reference period (AP») in different zones (ocean /
land / low terrain / high terrain), in units of percent of the 1961-90 average.

APy AP,

IPCCGCM Mean 44/39/- /- 8.1/10.0/- /-
SMHI-RCAO 02/1.1/28/04 52/58/9.8/4.3
MetNo-HIRHAM 4.3/4.3/4.3/4.3 -
DMI-HIRHAMS 24/28/24/3.0 19/7.6/6.2/8.1

Table 10. Ratios of linear trends of total precipitation over surface air temperature in
percent of the 1961-90 average per Kelvin of surface air warming between specific years
in different zones (ocean / land) based on the IPCC GCM mean.

2004-50 2004-80 2004-99

Specific Years 277126 29/34 3.0/42
Randomised Years 3.6/32 29/37 28/4.1

5 Seasonal Differences in Climate Trends

The seasonal cycle for Iceland of surface air temperature (SAT) and total precipitation (TP) based
on monthly mean values over the land area is graphically represented in Fig. 16. Although the
absolute values differ somewhat between the reduced IPCC ensemble mean and the three RCM
runs, the timing of the maximum and minimum values is similar. Maximum SAT values occur
in July or August, with minimum values in January or February. Maximum TP values occur in
October or November, while minimum values are found in May or June.

However, as shown in Fig. 17, there are no consistent seasonal differences between the GCM
ensemble mean and the individual RCM runs in changes of mean monthly SAT and TP values
from the 1961-90 control period to either the 2021-50 or the 2070-99 reference period. However,
for SAT, the consensus is such that greater warming is predicted for the cold than for the warm
season, whereby the difference between the largest warming in February and the smallest warming
in June doubles from 0.8 K between the control and the first reference period, to 1.6 K between
the control and the second reference period. Based on the differences between the control and
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the second reference period, the SMHI-RCAO also shows increased warming from November
through January, while the DMI-HIRHAMS over that same period predicts a somewhat enhanced
SAT increase in January, compared with the rest of the year. Over shorter periods and for TP, there
is no well defined seasonal cycle in mean monthly changes.

To test the representativeness of the three main RCMs that were chosen for this study, a similar
analysis was performed including all RCMs that contributed continuous monthly data over the
1951-2100 period to the RT2B transient experiments of the ENSEMBLES project, both with 25
and 50 km resolution (see http: //ensemblesrt3.dmi.dk). All of these RCM runs were forced by
GCM simulations based on the [IPCC A1B emissions scenario.

The results, separated by driving GCM, are shown in Fig. 18. Most RCMs predict less warming
over Iceland in the summer months from June to August than during the rest of the year. However,
as with the spatial distribution of SAT trends, the driving GCMs also have a dominant impact on the
seasonal cycle of warming rate. Therefore, the time of year with the largest warming depends on
the underlying GCM simulations. Those RCMs that are downscaling HadCM3, predict the largest
SAT increase to occur between January and March, whereas most RCMs that are downscaling
ECHAMS, predict the greatest warming to occur in November, with a secondary maximum in
February or March.

6 Conclusions

It was demonstrated by comparison between GCM fields on a 2 x2-degree grid, ERA-40 reanalyses
on a 1 x 1-degree grid, RCM simulations on a 0.25 x0.25-degree grid, and high-density observa-
tions, that a spatial resolution better than 1° in longitude and latitude is essential for an accurate
representation of surface air temperature (SAT) and total precipitation (TP) over the complex ter-
rain of Iceland. A comparison between the SMHI-RCAO and the two versions of HIRHAM shows
that a higher resolution is only useful for a more accurate simulation of surface variables, if the
terrain on the resolved scale is realistically represented. Furthermore, a comparison between the
MetNo-HIRHAM and the DMI-HIRHAMS shows that, even with appropriate terrain, for a realistic
spatial distribution of TP also the large-scale wind conditions need to be accurately represented.

In addition to the general problems associated with climate predictions on any spatial scale, re-
gional climate predictions for Iceland are further complicated by its location between the large ice
sheet of Greenland to the northwest and the warm surface waters of the North Atlantic Current to
the southeast. Within that region, the possibility of land and sea ice melting, together with potential
changes in the ocean circulation, lead to strong responses in most of the GCMs with regard to SAT
and TP over the course of the 21% Century. However, comparing different GCM simulations, there
are large uncertainties in the magnitude and the timing of these events.

As shown here, both for the spatial distribution and the seasonal cycle of SAT and TP trends, RCM
simulations are strongly influenced by their driving GCMs. Even if during the control period the
RCM field is significantly improved compared with the large-scale GCM field, and in fact highly
accurate compared with observations, during the subsequent forecast runs, the RCMs strongly
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depend on their driving GCMs, such that changes over time are dominated by the larger-scale
climate trends in the GCM. At low elevations and over the ocean, RCMs therefore provide little
independent information beyond the GCM results. Moreover, they carry over the largest errors
from the global simulations.

These results show the limitations of pure dynamical downscaling. At least over the first half of 21%
Century, the reliability of RCM results may be increased if constraints from the past climatology
are taken into account. In this way, the impact of climate trends in GCMs, that are inconsistent
with recent past trends, might be minimised. Examples of these are the large warming and increase
in precipitation in the ECHAMS in a region northeast of Iceland, or the reversal of the north-south
gradient across the island in TP trends in the majority of GCMs considered here.

However, assuming that the IPCC A1B emissions scenario used in this study is realistic, there are
already several predictions that can be made with a high degree of certainty, based on the future
climate scenarios available at the moment. For example, it is clear from both the GCM and RCM
ensemble means, that SAT is likely to increase at a rate close to 0.3 K per decade until 2050, both
over the land and nearby surrounding ocean, with superimposed decadal variations determined by
natural climate variability. More precisely, it seems likely that the warming rate over land will be
in the approximate range of 0.2-0.4 K per decade, with a somewhat smaller trend of 0.15-0.30
K per decade over the ocean. If, as assumed in the A1B scenario, global population and CO,
emissions decrease after 2050, the reduced IPCC ensemble used in this study predicts that SAT
will increase at a reduced rate of about 0.2 K per decade in the second half of the 21% Century.
With TP, inter-annual fluctuations and inter-model differences are significantly larger than for SAT.
However, based on the reduced IPCC ensemble, it is likely that TP will increase at a rate of about
1% of the 1961-90 average per decade throughout the 21% Century, with somewhat lower trends
over the ocean than over the land area.
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Figure 1. Mean annual surface air temperature (SAT) in degrees centigrade during the
1961-90 control period (left column), differences in degrees between the control period
and the 2021-50 reference period (centre column), and linear trends in degrees per decade
within the 2004-50 period (right column), for the IPCC GCM ensemble mean (top row),
the SMHI-RCAO (second row from top), the MetNo-HIRHAM (second row from bottom),
and the DMI-HIRHAMS (bottom row). The dashed lines indicate the study domain.
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Figure 2. Mean annual surface air temperature (left panel) and total precipitation (right
panel) during the 1961-90 control period. Maps were retrieved on 20 April 2010 from the
Icelandic Meteorological Office; available online at:

http: //andvari.vedur.is | vedurfar /vedurfarsmyndir/ EV_DTO /ann.html,  originally pub-
lished by Bjornsson et al. (2007); and

hitp: //www.vedur.is |vedur [vedurfar/kort/medalurkoma_arsins, originally published by
Crochet et al. (2007).
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Figure 3. Dependence on terrain elevation of surface air temperature ((a) and (b)) and
total precipitation ((c) and (d)) in the RCMs (SMHI-RCAO, red; MetNo-HIRHAM, cyan;
DMI-HIRHAMS, blue) during the 1961-90 control period in winter (DJF; (a) and (c)) and
summer (JJA; (b) and (d)).
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Figure 6. Mean annual surface air temperature (SAT) in degrees centigrade during the
1961-90 control period (left column), differences in degrees between the control period
and the 2021-50 reference period (centre column), and linear trends in degrees per decade
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ECHAMS5-r3 (bottom row). The dashed lines indicate the study domain.

28

1

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2



5 0.8
0 0.6
_5 5'3' 0.4
-10 0.2
-15 0
30 25 -20 -15 -10 -5 0
70
7
68l - —— - 35 6
¢ — 5
667 T 5o
\ AN 5 4
\ 25 E
64 E 3
\
2
62 - = - = - 2
1.5 1
60 4
-30 -25 -20 -15 -10 -5 0 -30 -25 -20 -15 -10 -5 0
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Figure 8. Differences between the RCM and underlying GCM simulations of mean annual
surface air temperature (SAT): mean fields in degrees centigrade during the 1961-90 con-
trol period (left column), differences in degrees between the control period and the 2021-50
reference period (centre column), and linear trends in degrees per decade within the 2004—
50 period (right column), for the SMHI-RCAO (top row), the MetNo-HIRHAM (middle
row), and the DMI-HIRHAMYS (bottom row). The dashed lines indicate the study domain.
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Figure 9. Mean annual total precipitation (TP) in millimetres per day during the 1961—
90 control period (left column), differences in percent of the control period between the
control period and the 2021-50 reference period (centre column), and linear trends in
percent of the control period per decade within the 2004-50 period (right column), for the
IPCC GCM ensemble mean (top row), the SMHI-RCAO (second row from top), the MetNo-
HIRHAM (second row from bottom), and the DMI-HIRHAMS (bottom row). The dashed
lines indicate the study domain.
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Figure 10. Mean annual air pressure at mean sea level in hectopascals during the 1961—
90 control period, for the reanalyses and the RCMs. The dashed lines indicate the study
domain.
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Figure 11. Dependence on terrain elevation of linear trends of total precipitation within
the 2004-50 period in (b) the SMHI-RCAO, (d) the MetNo-HIRHAM, and (f) the DMI-
HIRHAMS, together with the corresponding model orographies in (a), (c), and (e), respec-
tively. The blue dots indicate mean values over the ocean within the domains shown on
the left. The blue lines indicate mean values at the given elevation, whereas the red lines
indicate mean values at or above the given elevation. As discussed in Section 4, the DMI-
HIRHAMS results must be seen as suspect in that regard.
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Figure 12. Mean annual total precipitation (TP) in millimetres per day during the 1961-90
control period (left column), differences in percent of the control period between the control
period and the 2021-50 reference period (centre column), and linear trends in percent of
the control period per decade within the 200450 period (right column), for the the UKMO
HadCM3 (top row), and the MPI ECHAMS-r3 (bottom row). The dashed lines indicate the
study domain.
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Figure 13. Differences between the RCM and underlying GCM simulations of mean annual
total precipitation (TP): mean fields in millimetres per day during the 1961-90 control
period (left column), differences in millimetres per day between the control period and
the 2021-50 reference period (centre column), and linear trends in millimetres per day
per decade within the 2004-50 period (right column), for the SMHI-RCAO (top row), the
MetNo-HIRHAM (middle row), and the DMI-HIRHAMYS (bottom row). The dashed lines
indicate the study domain.
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Figure 14. Mean annual values of surface air temperature and total precipitation, averaged
over the land area of Iceland, for the reanalyses, the GCM ensemble mean, and the RCMs.
The blue lines indicate the 25th and 75th percentile of the GCM ensemble spread based on
a normal distribution.
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Figure 15. Mean annual values of surface air temperature over Iceland based on 24 RCMs
included in the ENSEMBLES project.
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Figure 16. Mean seasonal cycle during the 1961-90 control period (solid lines), the 2021—
50 reference period (dashed lines), and the 2070-99 reference period (dash-dotted lines),
for the IPCC ensemble mean (red lines), the SMHI-RCAO (cyan lines), the MetNo-HIRHAM
(green lines), and the DMI-HIRHAMYS (magenta lines).
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Figure 17. Changes in the mean seasonal cycle from the 1961-90 control to the 2021-50
reference period (solid lines), as well as changes from the control to the 2070-99 reference
period (dashed lines), for the reduced IPCC ensemble mean (red lines), the SMHI-RCAO
(cyan lines), the MetNo-HIRHAM (green lines), and the DMI-HIRHAMYS (magenta lines).

39



Warming °C

© 4
< <
[¢]
s
2
~ 4 £ i
£ o
©
=

—— METO-HC_HadCM3Q16_A18
METO-HC_HadCM3Q3_A1B
CAIRCA3_A1B_HadCM3Q16

o —— ETHZ-CLM_SCN_HadCM3Q0_CRU o

METO-HC_HadRM3Q0_A1B_HadCM3Q0

—— METO-HC_HadRM3Q16_A1B_HadCM3Q16

—— METO-HC_HadRM3Q3_A1B_HadCM3Q3

—— METO-HC_HadRM3Q0_A1B_HadCM3Q0

—— METO-HC_HadRM3Q16_A1B_HadCM3Q16

—— ICTP-REGCM3_A1B_ECHAMS5_r3
KNMI-RACMO2_A1B_ECHAMS5—r1
KNMI-RACMO2_A1B_ECHAM5-r2

— KNMI-RACMO2_A1B_ECHAM5-13

KNMI-RACMO2_A1B_ECHAM5-13
MPI-M-REMO_SCN_ECHAMS.

— SMHIRCA_A1B_ECHAM5-13

—— SMHIRCA_A1B_ECHAM5-13

—— SMHIRCA_CTR_ECHAMS

—— SMHIRCA_CTR_ECHAMS

-2

Month Month

Figure 18. Warming by month from the 1991-2000 to the 2091-2100 period in ENSEM-
BLES RCMs using either the HadCM3 (left) or the ECHAMS (right) as driving GCM.
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