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1 Introduction

The Rossby Centre which is a part of SMHI pursues advanced climate modelling. The
efforts include the development, evaluation and application of regional climate modelling
in climate and climate change research. This report presents the latest version of the
Rosshy Centre regional atmospheric model, RCA3. Earlier versions of the RCA model
are described by Rummukainen et al. (1998, 2001); Réisanen et al. (2003, 2004) and
Jones et al. (2004).

The present report provides an overview of RCA3 with focus on model improvements
since the earlier version, RCA2 (Bringfelt et al., 2001; Jones et al. 2004). These
improvements have been made both to improve identified shortcomings of RCA2 and to
increase the usefulness of Rossby Centre regional climate simulations in terms of
incorporating additional processes and detail of the regional climate system including a
new land surface scheme. The performance of RCA3 is evaluated with so-called
“perfect” boundary condition experiments (Sass and Christensen 1995; Christensen et al.
1997) in which the model is run using boundary conditions from the ECMWF Reanalysis
experiment ERA40 (Uppala et al. 2005). ERA40 is probably the most comprehensive
account of the state and behaviour of the atmosphere during the last four decades.
Consequently, a measure of RCA3 performance is its convergence to both ERA40 and
concurrent observations of different kinds. However, ERA40 has some limitations that
need to be recognised in this context (ibid). Some of these consider its hydrological cycle
and snow budget, which are not closed in ERA40. In addition, the resolution of ERA40 is
coarse compared to RCA3. The latter can thus generate details that are not present in the
ERA40 data. Thus, even if the performance of RCA3 and the impact of model
improvements are in part measured in terms of the agreement of RCA3 with ERA40,
additional considerations are needed to complete the picture. Appropriate account need to
be made to the fact that regional climate models that do not apply data assimilation have
some freedom to deviate from the exact large-scale state that corresponds to the boundary
conditions. In most instances, a regional climate model is nevertheless expected to have
an asymptotic degree of skill in capturing the evolution of weather already contained in
the forcing model (see, e.g., Giorgi and Mearns, 1999). However, the interior solution in
the regional domain is not always well-constrained, depending on the large-scale
circulation state. In such cases, larger discrepancies might arise, although they should not
persist. This has been referred to as intermittent divergence in phase space (cf. von
Storch, 2005). In any case, the use of regional climate models is not in predicting weather
as such. Instead, they should provide a consistent and comprehensive tool for
understanding the physics and sensitivity of the regional climate system. This implies that
an assessment of the value of a regional climate model should also include its
performance in representing physical processes (for example, budgets and fluxes) and a
wide range of statistics, such as averages, measures of persistence, variability and
extremes.

The present report also documents a new type of regional climate change modelling
application run with RCA3. Previous regional climate model projections and scenarios
have mostly concerned relatively short time periods of 10-30 years, made in so-called



“time-slice” mode. This means running a regional climate model first for the present-day
climate and then for one or several future periods of the middle or end of the 21% century.
An analysis of the differences between the future and the present-day periods then
provides the basis of regional scenarios of climate change. A recent set of four such time
slices made at the Rossby Centre are described by Raisénen et al. (2003, 2004). These
simulations address the periods 1961-1990 and 2071-2100 based on boundary conditions
from two global climate models, both run for two different SRES emission scenarios.
Here, we use RCAS3 in two transient regional climate simulations, each spanning over
140 years from 1961 to 2100. The boundary conditions are taken from one global climate
model that in turn is run for two SRES emission scenarios. Compared to regional time-
slice simulations, the present long simulations offer several advantages: (i) They address
climate change in a continuous fashion over the near, mid and long-term future (cf. such
impact study applications as forestry and ecosystem modelling, as well as tangible
societal adaptation strategies), (ii) offer improved starting points for studying how the
forced climate change might emerge from natural climate variability (cf. regional
detection) and (iii) facilitate the evaluation of pattern-scaling techniques for regional-
scale applications (e.g. Christensen et al. 2001; Rummukainen et al. 2003).

The outline of this report is as follows. In section 2 we first describe the modifications to
RCA and the set-up of the ERA40 and climate change experiments. In section 3, a
description is made of how the regional climate model reproduces the observed climate
when forced by the reanalysis data. The transient climate change experiments are
discussed in section 4. The matter of using these experiments to evaluate a pattern-scaling
method is covered in section 5. Concluding remarks are given in section 6.

2 Method

2.1 Theregional climate model RCA3

RCAZ3 is a regional climate model that includes a description of the atmosphere and its
interaction with the land surface. It includes a land surface model and a lake model,
PROBE (Ljungemyr et al., 1996). RCA3 builds on the previous version RCA2 which is
described in Jones et al. (2004). Chapter 2.1.1 summarizes the main changes in the
atmospheric part of the model as compared to RCA2. In Chapter 2.1.2 an overview of the
new land-surface parameterization is given.

2.1.1 Changes in the atmospheric part of the model

There have been changes in the radiation, turbulence and cloud parameterizations in
RCAS3 compared to earlier versions.

The radiation scheme in RCA2 is a based on the HIRLAM radiation scheme developed
originally by Savijéarvi (1990) and Sass et al. (1994) for NWP purposes. The scheme is
computationally fast but highly simplified with only one wavelength band for the
longwave (LW) region and one for the shortwave (SW) region. It has been modified to
include CO, absorption by Raisanen et al. (2000). The SW cloud albedo and the LW
cloud emissivity in RCA2 are calculated from the cloud condensate amount, with a cloud



mass absorption coefficient depending on height for the emissivity. In RCA3, the cloud
emissivity and cloud albedo are now formally linked to cloud water and ice amounts and
a diagnosed effective radius (calculated separately for liquid and solid water), see details
in Wyser et al. (1999). The separation of cloud water into liquid and frozen components
has been modified so that water is more rapidly put into the ice phase as a function of
decreasing temperature in RCA3 than in RCA2. Therefore the longwave downward
radiation from a given (cold) cloud is reduced relative to the RCA2 formulation. The
cloud droplet number concentration in the microphysics and in the radiation calculations
is allowed to vary depending on the surface type (land, sea, snow-covered land, ice-
covered water) and as a linear function of height over land with decreasing pressure from
a surface land value to an oceanic value at 0.8 times the surface pressure. In order to
reduce an overestimate of clear-sky SW surfaces fluxes found for RCA2, the SW clear-
sky absorption and the aerosol effects have been increased. The empirical formula for
clear-sky cooling beneath clouds has been modified in RCA3 so only clear-sky flux
below the cloud base is considered and not for the whole column as before which leads to
an increased downward longwave radiation beneath clouds.

The turbulence scheme in RCA2 is based on prognostic turbulent Kinetic energy
combined with a diagnostic length scale (Cuxart et al. 2000). The scheme is updated in
RCA3 to have a smoother transition between stable and unstable conditions and to be
more numerically stable (Lenderink and de Rooy 2000, Lenderink and Holtslag 2004).
The new scheme has the same basic philosophy but uses a simpler and faster method to
calculate turbulent mixing lengths and better matches these to near surface lengths given
by similarity theory in the neutral limit. A benefit is also that the calculation of the
surface momentum flux is more numerically stable as is the calculation of the prognostic
turbulence Kinetic energy equation.

Cloud processes in RCA2 and RCA3 are separated into resolved clouds (large or
mesoscale) and sub-grid scale (convective) clouds. The large scale clouds are described
using the scheme of Rasch and Kristjansson (1998). Convective clouds are described
with an entraining and detraining plume model using the approach of Kain and Fritsch
(1993). The treatment of shallow convective clouds, condensate and precipitation has
been radically changed in RCA3 compared to RCA2. The main change is that the RCA3
Kain-Fritsch convection scheme assumes that shallow convection is non-precipitating.
Shallow convective cloud water produced by Kain-Fritsch convection is then detrained
into the environment and a fraction evaporated depending linearly on the local grid box
mean relative humidity. The remaining shallow convective cloud water is assumed to
reside in a diagnosed shallow cumulus cloud fraction that links the cloud amounts to the
liquid and vapour content of the convective plumes and the local relative humidity
(Albrecht, 1981). Microphysical conversion for shallow convective cloud water to
precipitation is then done by the same scheme as for large scale clouds and condensation.
Resulting shallow cumulus clouds and cloud water can then interact with the radiation
fields. The main impact of these changes is reduced precipitation from shallow
convective clouds, a formal shallow convective cloud fraction (not present in RCA2) and
thus shallow convective clouds that contain more water and are more reflective. A more
detailed description of the new parameterizations is given in Jones and Sanchez (2002).



In the formulation of large scale precipitation some changes are made to the auto-
conversion calculation in RCAS3 that acts to reduce the occurrence of weak precipitation,
which was too frequent in RCA2. As mentioned above the diagnostic split of total cloud
water into liquid and ice is also modified in RCAS3.

2.1.2 The land-surface scheme in RCA3

From the atmospheric point of view the land-surface scheme (LSS) in RCA3 has three
tiles with respect to temperature: forest, open land, and snow. The open land tile is
divided into a vegetated and a bare soil part with respect to latent heat flux (surface
resistance). The individual fluxes of heat and momentum from these tiles are weighted to
grid-averaged values at the lowest atmospheric model level according to the fractional
areas of the tiles. Local surface layer equilibrium is assumed over each tile which means
that they have their own aerodynamic resistances. The forest tile is internally divided into
three subtiles: forest canopy, forest floor soil, and snow on forest floor. The motivation
for this division is that these subtiles are closely related to each other via the temperature
and humidity conditions in the canopy air space. All together this gives 3-5 different
surface energy balances depending on if snow is present or not. See Figure 1 for a
principal sketch of the surface scheme. Samuelsson et al. (2006) provides a detailed
description of the RCA3 LSS.

The soil is divided into five layers with respect to temperature and consists of 2—4
subtiles depending on if snow is present or not. At the bottom (3.0m depth) a no-flux
boundary condition is used.

In total, there are eight prognostic storages of water in the LSS; interception of water on
open land vegetation and on forest canopy, snow water equivalent of open land and forest
snow, liquid water content in both snow storages and two soil moisture storages.

The soil moisture is assumed to be independent of surface coverage which means that we
need only two prognostic soil moisture storages, top and deep soil moisture. The top soil
moisture layer has a depth corresponding to the depth of the two top-most soil layers for
temperature while the depth of the deep layer is 1.0m in mountainous areas and 2.2m
elsewhere. There is no relaxation of soil moisture, thus runoff from the deep layer can be
used as input to a routing scheme.

Diagnostic variables of temperature and humidity at 2m and wind at 10m are calculated
using Monin-Obukhov similarity theory. These diagnostic variables are calculated
individually for each tile and are then area-averaged for larger sub surfaces or for the
whole grid square.
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Figure 1. A principal sketch of the land-surface scheme in RCA3. The LSS is divided into
three main tiles: forest (Arr), open land (Aqp) and snow on open land (As,). The forest
also has a snow subtile (Asrsn). Marked in red are prognostic temperatures: atmospheric
lowest model level (Tam), open land soil surface temperature (Topis), SNOW surface
temperature (Ts), soil temperature below snow (Tsys), forest snow surface temperature
(Ttorsn), forest soil surface temperature (Ttors), Soil temperature below forest snow (Trorsns)
and forest canopy temperature (Trorc). In addition to these temperatures each subbox in
the soil (marked by the dashed lines) has its own prognostic temperature. The different
soil layers with respect to temperature are denoted by zr1—zrs. The canopy air
temperature (Trora) IS @ diagnostic variable. Marked in blue are the water prognostic
variables: specific humidity at the atmospheric lowest model level (gam), open land snow
water equivalent (sn), forest snow water equivalent (snsr), intercepted water on low
vegetation (Wqpiv), intercepted water on forest canopy (Wrorc), Snow liquid water (ws,) and
forest snow liquid water (Wsorsn). In addition to these there are two prognostic soil
moisture variables corresponding to the layers z, and z». The canopy air specific
humidity (qrra) is a diagnostic variable. Each individual tile is connected to the lowest
atmospheric level via their corresponding aerodynamic resistances (ra). For
evapotranspiration calculations a number of surfaces resistances are used (rs).



2.2 Experiment description

Three simulations with RCA3 are described in this report. In the first the present-day
climate (1961-2002) is simulated with forcing conditions taken from a reanalysis
experiment. The results from this experiment are compared to observations in an effort to
evaluate the model behaviour. Secondly, we perform two long transient climate change
experiments in which we take lateral boundary conditions from a global climate model
for the time period 1961-2100. The control period (1961-1990) in this experiment is first
compared to the observed climate and to the reanalysis-driven experiment. Finally, we
investigate the regional climate change signal in the transient experiments.
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Figure 2. Land fraction with coastal regions and lakes shown in blue colours (left), forest
fraction (middle) and orography in metres (right) in the current model setup.

The model setup is common for both experiments. RCA3 has been run on a rotated
latitude-longitude grid with a resolution of 0.44° corresponding to 49 km. The land-sea
mask, the fractions of lakes and forests, and the orography are shown in Figure 2. The
domain covers Europe with 102x111 grid boxes of which the outermost eight on each
side are used as boundary relaxation zones. We have used 24 unequally spaced sigma-
levels in the vertical. The time step used for the calculations is 30 minutes. In the
following results are only shown for the interior model domain (85x95 grid boxes). Each
simulation begins four months prior to the starting date of the time period in question.
These four months of spinup time are not analyzed or discussed in this report. Also in
terms of forcing some parts are identical between the simulations; the land surface is
initiated from HIRLAM climatology (Unden et al., 2002), aerosols are kept constant
throughout the simulations, and the solar constant is held constant at 1370 Wm™. Apart
from these common forcing agents and the changes in greenhouse gases and sea surface
temperatures (SST), as described separately for the different experiments below, we have
not included any other types of external forcing.

The reanalysis-driven experiment covers the time period from January 1961 to August
2002 with lateral boundary data and SSTs taken from the European Centre for Medium
range Weather Forecasts (ECMWF) ERA40 data set (Uppala et al., 2005) every six
hours. The ERA40-data was downloaded on a 2° horizontal resolution and 60 vertical
levels of which we used levels 13-60 covering the vertical domain between the surface
and 10 hPa. The ERA40-data was interpolated both horizontally and vertically to the
RCA grid. In terms of greenhouse gas forcing we have imposed a linear increase with
time in carbon dioxide (CO,) identical to that used for producing the ERA40 dataset (1.5
ppm, per year). Since RCA3 does not include other greenhouse gases explicitly we do
not change their effect with time. This experiment is referred to as RCA3ERA.



In the transient simulations, RCA3 is run for the time period 1961-2100 with lateral
boundary conditions and SSTs updated every six hours from a global climate model
simulation with ECHAM4/OPYC3 (Roeckner et al., 1999) at DKRZ, the Deutsches
Klimarechenzentrum GmbH, and the Max-Planck Institute for Meteorology in Hamburg.
ECHAMA4/OPYC3 is a coupled atmosphere-ocean general circulation model that was run
at T42 spectral resolution corresponding to a horizontal grid spacing of 2.8°. Greenhouse
gases and the radiative effect of sulfur aerosols is accounted for in terms of equivalent
CO, concentrations following the A2 and B2 emission scenarios from the Special Report
on Emission Scenarios (SRES) by the Intergovernmental Panel on Climate Change
(Nakicenovi¢ et al., 2000), see Table 1 for details. The numbers for each year are
interpolated linearly from the decadal values shown in Table 1. These experiments are
referred to as RCA3ECHAM4 (for the control period 1961-1990) and RCASECHAM4B2
and RCA3ECHAMA4AZ2 for the two scenarios respectively.

Table 1. The anthropogenic radiative forcing is taken from table 11.3.11 in IPCC (2001)
and includes the effect of greenhouse gases plus the indirect and direct effects of aerosols
under the SRES B2 and A2 emissions scenarios. The equivalent CO, concentration for a
certain time is calculated using the radiative forcing (4F) by AF=5.35In(CO2/COxr)
where COyrs IS the concentration in 1990 (expression taken from Table 6.2 in IPCC,
2001). Note that other greenhouse gases at their present levels are indirectly accounted
for in the RCAS3 radiation scheme, it is only the CO, concentrations that are changed.
This means that the equivalent CO, concentrations in the Table are lower than the ones
inferred from the greenhouse gas concentrations in the atmosphere.

Year  Radiative forcing Equivalent CO, concentration
(W/m?) (ppm.)
SRES B2 SRES A2

1960 0.39 313 313
1970 0.41 314 314
1980 0.68 331 331
1990 1.03 353 353
2000 1.33 373 373
2010 1.82 409 403
2020 2.36 453 426
2030 2.81 492 470
2040 3.26 536 532
2050 3.70 581 602
2060 4.11 628 702
2070 4.52 678 823
2080 4.92 730 963
2090 5.32 787 1123
2100 5.71 847 1316




In addition to the ERA40-driven simulation with RCA3 an identical simulation in terms
of boundary conditions, forcing, time periods and model grid is undertaken with the
previous model version RCA2 (Jones et al., 2004). This is referred to as RCA2ERA40 in
the following. By comparing these two simulations we explore to what degree changes in
the model have led to an improved agreement with the observed climate.

The results of the model experiments are mostly shown as maps of seasonal averages. In
both the reanalysis driven experiment and the control period of the transient climate
change experiments we compare model results to observations for the time period 1961-
1990 unless otherwise noted. Monthly means for a few areas are used to illustrate the
seasonal cycles. The regions used are shown in Figure 3. Also the simulated interannual
variability of monthly means is investigated both in terms of its magnitude and how well
it correlates to the observed climatology.

Figure 3. Land (red) and ocean (blue) areas that are used in this report. These are
referred to as Sweden, Northern Sweden (green), Finland, North-Western Russia,
Ireland, Western Europe, South-Eastern Europe, Iberian Peninsula, North Atlantic,
Baltic Sea and Southern Mediterranean.

2.3 Observational data sets

Evaluation of the model performance in today’s climate has been done by the aid of
several data sets. These include both gridded climatologies and data from climatological
stations. A compilation of all used data sets can be found in Table 2.



Table 2. Data sets that have been used for model evaluation in this report. *) As a first
order correction these climatologies have been adjusted for differences in elevation
compared to the RCA grid by using a lapse rate of -0.0065 K m™.

Dataset Variables Resolution Reference
Temporal Horizontal
CRUTS21  Tan ), precipitation, Monthly  0.5° Mitchell et al.
cloud cover (2005)
Willmott 3.02  T,m, precipitation Monthly ~ 0.5° Willmott and
Matsura (1995)
ERA40 Tam ), precipitation, Monthly  1.0° Uppala et al. (2005)
MSLP, wind speed
GPCP 2 Precipitation Monthly  2.5° Adler et al. (2003)
ECA Tomax ) @nd Daily Station Klein Tank et al.
T ® data (2002). See also
2min <http://eca.knmi.nl>.
ISCCP D2 Cloud cover Monthly — 2.5° Rossow and Schiffer
(1999)
Snow Snow water equivalents  Annual Station Raab and Vedin
data (1995)
Snow season  Snow cover Daily or  Station SYNOP
duration higher data
Lake data Temperature Monthly  Station See Figure 3.2.3
data
MESAN Wind gusts Hourly 22 km Héaggmark et al.
(2000)




3 The reanalysis-driven experiment (RCA3ERA)

In this section the 40-year experiment with ERA40 as the driving model is analyzed. We
compare RCA3-results both to the ERAA40-data itself and to different sets of
observations. It is to be expected that the RCA3 results should not be too different from
the ERA40-data since it is forced by those data on the lateral boundaries. But, at the same
time, in the inner parts of the model domain RCAS3 is running in free climate mode, while
the ERA40-data are based on analyses or 6-hr forecasts. Also, several of the
parameterizations differ between RCA3 and the ECMWF-model underlying the ERA40-
data. We also make comparisons to the previous model version, RCA2 (Jones et al.,
2004), which has been extensively used at the Rossby Centre during the last couple of
years (e.g. Rummukainen et al., 2004; Raisdnen et al., 2003; 2004; Kjellstrém, 2004).

3.1 Mean sea level pressure

As expected, the differences in climatological mean sea level pressure (MSLP) between
RCA3 and the forcing ERA40 reanalysis are rather small indicating that RCA3
reproduces the large-scale circulation in the driving reanalysis (Figure 4). There are,
however, some notable differences. In the Mediterranean region the MSLP is higher in
RCA3 than in ERA4O in all seasons, particularly in fall and winter. This is a feature also
noted by Jones et al. (2004) for the earlier model version RCA2. They speculated that
RCA2 does not represent lee cyclogenesis downstream of the Alpine and Pyrenean
mountain chains properly. In winter there is also a negative bias in Eastern Europe of
more than 1 hPa indicating a stronger cyclonic activity over this part of Europe than in
the ERA40 data. Both these biases are basically not changed in RCA3 as compared to
RCA2. It can also be noted that the effect of the lateral boundary conditions is seen also
at the outermost 1-2 gridpoints in the interior model domain for most locations and
seasons as differences between RCA3 and ERA40 are smaller there than in gridpoints
further inwards in the RCA3 model domain. Large differences in high altitude regions are
due to differences in the orography in the two different model grids, with the ERA40
orography being much smoother than in RCAS3.

MAM

EEEEEN |
P00 05 @ O Mo Ve

Figure 4. Difference in MSLP between RCA3 and ERA40. Units are hPa.
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The simulated interannual variability is close to that in the ERA40 data set. Figure 5
shows the correlation between the time series of monthly anomalies (i.e. the monthly
mean value for a particular month minus the climatological average for that particular
month) in ERA40 and RCAS3. The correlations in Sweden are high (higher than 0.9) in all
seasons which is the case also for most other European regions except in south-east
Europe where the degree of correlation is lower in the summer half of the year. It is a
general tendency in all regions that the agreement is best during winter and worst during
summer. This relates to the fact that the lateral boundary conditions have its highest
impact on the interior parts of the model domain in winter while the summer climate is
more locally determined. In both areas shown in Figure 5 (as in the other studied areas)
the RCA3 simulation show an improved agreement with the observed interannual
variability compared to RCA2.
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Figure 5. Taylor diagrams (Taylor, 2001) showing the standard deviation of the
simulated monthly mean anomalies in MSLP normalized by the standard deviation of the
monthly mean anomalies from ERA40 (radial distance to the origin). The diagram also
shows the correlation coefficient between the time series of RCA3 and ERA40 (the angle
from the abscissa as indicated on the outermost circle). ERA40 is indicated with (o) and
RCA3 results for the different seasons with (+). The radial distance between the
observations (ERA40) and the RCA3 results is the RMS error. The starting point of the
lines that ends in the (+) represents the RCA2 simulation. Ideally a model improvement
should lead to an arrow pointing towards the (o).

3.2 Surface temperature

3.2.1 Time mean temperature

In general RCA3 simulates temperatures within +1°C in most regions and seasons with
two major exceptions, both during fall and winter (Figure 6). These exceptions are; a
warm bias in the north-eastern part of the model domain and, a cold bias in the
Mediterranean region. In these areas local biases of 3-4°C can be seen. The biases in the
north-eastern part of the domain are particularly strong compared to CRU during winter.
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The wintertime bias in northern Scandinavia may partly be an artefact since many
stations are located in valleys that tend to be colder than their surroundings in winter
(R&isénen et al., 2003). The bias in Sweden is much smaller compared to ERA40 and the
Willmott dataset which lends some confidence into this statement, Figure 7. But, RCA3
is too warm also in the north-eastern part of the domain, particularly in North-Western
Russia, which can not be explained by an artefact in the CRU data. In that area RCA3
simulates higher temperatures than RCA2 for two reasons: i) the downward longwave
radiation below clouds is higher than in RCA2 and ii) there is less snow in RCA3 (see Ch
3.6). The warm bias in summer in south-eastern Europe as noted for several RCMs
(Christensen et al., 1997) including RCA2 (see Jones et al., 2004) is largely reduced in
RCA3 (Figure 7) due to the decrease in clear-sky downward shortwave radiation. Further
south, in the Mediterranean region, this reduction in downward shortwave radiation in
RCAZ3 leads to a negative temperature bias during fall and winter.

CRU

ERA40

[ | |
MDA NONAYD X

Figure 6. Seasonal mean difference in T,y between RCA3ERA40 and observations as
indicated to the left. The differences are based on grid box T, in RCA3. Units are °C.

The big lakes in northern Europe (Lake Ladoga and Lake Onega in Russia and Lake
Vénern in Sweden) also stand out in the lowermost panels of Figure 6, being warmer
(colder) in RCAS3 in fall and winter (spring and summer) than in ERA40 which does not
include a description of lakes. The thermal inertia of the lakes in RCA3 leads to a lag in
the seasonal cycle which is more in line with the observed seasonal cycle of the
temperature climate of these lakes (Figure 8), indicating the benefit of having a lake
model coupled to the atmospheric model.
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Figure 7. Monthly mean anomalies in T,, for RCA3, RCA2, ERA40 and Wilmott as
compared to CRU. Units are °C.
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Figure 8. Average seasonal cycle of surface temperature in Ladoga and Véanern. RCA3
(black) and ERA40 (blue) are averages over the time period 1961-1990. Observations
(green) from Ladoga are at 0.1 m depth in the northern part of the lake for the time
period 1958-1988 (Long Standing Data of Conditions and Resources of Inland Surface
Waters, 1 (5)(1986) Publ. House Hydrometeoizdat, Leningrad, 688 pp. (In Russian). The
observations from Vanern are surface temperatures at Mergrundet for the time period
1981-1985 (Statistiska Centralbyran, Naturmiljon i siffror, 1987). Units are °C.
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In most areas the interannual variability is captured better in ERA40 than in RCA3
(Figure 9). This is a result of the data assimilation that lies behind the ERA40 data. Still,
the correspondence between RCA3 and CRU is quite good with correlation coefficients
of about or more than 0.9 for most areas and seasons and an interannual variability that
lies within £20% of the observed one. The interannual variability is in general smaller in
RCA3 than in RCA2 in continental areas which leads to an improvement particularly in
southern and central Europe during summer, Figure 9.
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Figure 9. As Figure 5 but for T, instead of MSLP. The reference data set is from CRU
(o), model simulations from RCA2 and RCA3 (line and +) and ERA40 (*).

3.2.2 Diurnal temperature range

The diurnal temperature ranges for the observations and models are shown in Figure 10.
For CRU, RCA3 and RCA2 the annual mean diurnal temperature range is defined as the
average difference between the daily maximum and minimum temperature while for
ERA4OQ it is calculated as the average of daily maximum difference between six hourly
instantaneous temperature values. Thereby the ERA40 should give smaller diurnal range
than the other three. Also differences in gridcell size may contribute. In general CRU
gives a larger diurnal range than the models. One contribution to this difference is that
CRU data is based on open land observations while the model results are given as grid
averaged temperature including water and forest. From land-surface perspective RCA3
should give larger diurnal range than RCAZ2 since the land surface scheme in RCA3 is
more responsive to changes in energy fluxes than the land surface scheme in RCA2.
However, this effect is only seen in the southernmost part of the domain while in other
areas the results show the opposite situation.

The generally reduced diurnal range in RCA3 compared to RCA2 is mainly explained by
more cloud water which tends to increase downward long-wave radiation, making the
temperature drop less during night time, and to decreased clear-sky downward short-
wave radiation, making the daily maximum temperature lower. The increase of cloud
water is most pronounced in the northern half of the domain during the spring, summer
and fall. Compared to ERA4Q there is a larger fraction of low clouds and more cloud
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water in RCA3 during summer which leads to a smaller diurnal temperature range in
RCA3 compared to ERA40. The larger diurnal temperature range in the south in RCA3
compared to ERA40 is in better agreement with CRU and is explained by a
corresponding smaller amount of clouds in that part of the model domain.

RCA3 4 RCA2

2 4 6 81012 14
Figure 10. 30-year annual mean diurnal temperature range in CRU, ERA40, RCA3 and
RCAZ2. Units are °C.
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Figure 11. The area averaged seasonal cycles of the diurnal temperature range in
Sweden and South-East Europe. The line colours represent CRU (blue), ERA40 (green),
RCA3 (red) and RCA2 (black), respectively. The line types represent daily max — daily
min (full), except for ERA40 which is based on 6 hourly output (for RCA and ERA40
grid-averaged temperatures are used), diurnal range based on 3 hourly model output of
grid-averaged temperature (dash-dotted), diurnal range based on 3 hourly model output
of open-land temperature (dashed) and diurnal range based on 3 hourly model output of
forest temperature (dotted), respectively. Units are °C.

From the seasonal cycles of the diurnal temperature range as shown in Figure 11 it is
clear that a diurnal cycle based on the difference between maximum and minimum daily
temperatures generally is larger than a cycle based on less frequent output. For RCA3 it is
also seen that the open-land diurnal range is larger than the forest diurnal range. Note that
in a forest dominated landscape, as in Sweden, the 3 hourly open-land temperatures give
larger diurnal range than the difference between maximum and minimum daily grid-
averaged temperatures.
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3.2.3 Daily maximum and minimum temperatures

This section focuses on the seasonal variation of two selected extreme percentiles of daily
minimum and maximum temperature. These are the 5™ and the 95™ percentiles computed
for each season. In essence, these percentiles can be interpreted as the values that will be
exceeded on average four to five times each three-month season. For the 5" percentile the
exceedance is in negative direction, i.e. towards colder temperatures and for the 95"
percentile the exceedance is towards warmer temperatures.

T.mmax 5™ percentile

T,mmax 95" percentile

-40 -30 -20 -10 O 10 20 30 40 50

Figure 12. Seasonal variation of gridcell average Tomax. The upper row shows the 5"
percentile (extremely low), and the bottom row shows the 95" percentile (extremely
high). Units are °C.

Figure 12 shows the seasonal cycle of daily Tomax in RCA3. The annual amplitude in the
5" percentile is about 40°C (-30 to +10) in northern Scandinavia and 25°C (-5 to +20) in
the European Mediterranean region. For the 95" percentile the annual cycle has an
amplitude of about 20°C (0 to +20) in the north and 25°C (+10 to +35) in the European
Mediterranean region. In Figure 13 the corresponding maps for gridcell average daily
minimum are shown. The annual cycle in the 5th percentile is about 45°C (-40 to +5) in
northern Scandinavia and about 20°C (0 to +20) in the European Mediterranean region.
For the 95" percentile the annual cycle has an amplitude of about 20°C (-25 to 0) in the
north and about 10°C (+5 to +15) in the European Mediterranean region.

Evaluation of how well these results are capable to reproduce the observed climate

requires datasets of maximum and minimum temperatures with daily resolution.
Presently, no gridded time-series datasets of comparable temporal resolution are

16



available. We therefore use the ECA dataset (see Table 2) that comprises quality
controlled station observation time-series. We use the ’blended dataset’ in which data
from closely located stations occasionally have been merged to form one long time-
series. Only station series with less than 300 missing observations were accepted. In total
126 stations were used, of which 91 series were complete and 9 series had more than 31
observations (one month) observations missing. The verification of the simulated gridcell
average is done with respect to observations at a specific location within the gridcell.

T2min 5" percentile

T2min 95" percentile

40 -30 -20 -0 O 10 20 30 40 50
Figure 13. Same as Figure 12 but for daily Topin. Units are °C.

RCA3 simulation underestimates the 95" percentile Tomax (ot conditions) by some 0 to
6°C, with the exception of the Mediterranean region where instead the 95" percentile is
overestimated by 0 to 6°C at man%/ stations during spring, summer and fall (Figure 14).
During spring and summer the 95" percentile is overestimated at three coastal stations in
Scandinavia probably because of local conditions near the coast. Similarly, during winter
the warm conditions are slightly (0 to 2°C) overestimated at six inland stations in the
northeast. The general underestimation of the 95" percentile Tomax during the summer
half year is mainly related to an overestimation in the cloud water content and the
excessive downward longwave radiation in north and central Europe (cf. section 3.4 and
3.2.2). Now turning to the 5 percentile, the picture is more complex. The broad picture
is that the model overestimates daily Tomax during the coldest days in all seasons but the
summer. The overestimate is most pronounced in the northeast during autumn and winter.
Exception to the general overestimate is southern Scandinavia, Germany, and the British
Isles during winter and spring. Typically, the error is within £6°C, but for a few scattered
stations the error can be larger, especially during the autumn and winter.
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Figure 14. Verification of gridcell average daily maximum 2 metre temperature in the
reanalysis run (cf. Figure 12) versus station observations. The maps show the difference
RCA3 minus observations selected ECA stations. The top row shows the seasonal 5"
percentile based on the period 1961-1990, and the bottom row shows the corresponding
95™ percentile. Units are °C.

The extreme percentiles of Tonin Shows an almost opposite pattern (Figure 15) in the 95
percentile (warm conditions) compared to that of Tomax. Here the model overestimates the
temperature except for in the Mediterranean and south-eastern European region. The
errors are typically modest, in the range -2 to +4 °C, with slightly larger negative values
for a cluster of stations in SE Europe. And, again, the pattern is more complex and the
errors are larger in the 5™ percentile. In the north-eastern part of the region the model
consistently overestimates the very low temperatures, more so during autumn and winter.
Again, these errors are reflecting the errors in cloud water and downward longwave
radiation (cf. section 3.4).

By combining the low 5™ percentile of daily minimum temperature with the 95"
percentile of daily maximum temperature we define for the purpose of this report an
annual temperature span as a measure of continentality. As it is the annual difference
between very warm daily maximum and very cold daily minimum conditions this
temperature interval will be exceeded (in positive or negative direction) only during
about 10 days per years. According to the RCA3 simulation, this annual span (Figure 16)
is about 35 to 45°C in the north-eastern regions, and even larger along the eastern
boundary, and in southern Europe it is about 20 to 25°C. Over the oceans this span is
substantially lower due to the thermal inertia of the oceans, 5 to 15°C in the NE Atlantic
region and 10 to 20°C over the North Sea and over the Mediterranean. Over some
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oceanic regions, north of Iceland, the Gulf of Bothnia and the White Sea where there may
be a seasonal sea-ice cover, the annual span approaches that of the adjacent land areas.
While the overall pattern of the simulated continentality index closely resembles that of
the observations, the point observations generally show an annual span that is about 5°C
wider.
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Figure 15. Same as Figure 14 but for Tomin in the reanalysis run (cf. Figure 13) versus
station observations. Units are °C.

Figure 16. The
continentality index is
for the purpose of this
report defined to be the
difference between the
summer-time (JJA) 95"
percentile of Tomax and
winter-time (DJF) 5"
4 percentile  of  Tomin.
.. Units are °C.
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3.3 Precipitation

RCA3

ERA40

GPCP

CRU

Figure 17. Seasonal mean precipitation in RCA3, ERA40, GPCP and CRU. Units are
mm per 3 months.

The geographical distribution of precipitation and its seasonal cycle is simulated in a
realistic way in RCA3 (Figures 17 and 18). The higher resolution in RCA3 as compared
to the ECMWF model used for producing the ERA40 data is clearly seen in some areas
like the Atlantic coast of Norway where RCA3 shows more precipitation over land than
ERA40 which, due to its smoother orography has more precipitation to the west over the
sea. Also, the geographical distribution of precipitation over the British Isles is much
better captured in RCA3 compared to ERA40 in all seasons. In all high-altitude areas
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RCAZ3 simulates more precipitation than in ERA40 and CRU. The fact that CRU is lower
may partly be explained by the well-known problem of undercatch in precipitation
observations, see for instance Rubel and Hantel (2001).
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Figure 18. Seasonal cycle of precipitation in eight regions. Units are mm / month.

The seasonal cycles in Figure 18 clearly reveal that ERA40 underestimates precipitation
over large parts of Europe. This underestimation has been attributed to too little
precipitation in connection to extratropical cyclonic systems (Hagemann et al., 2005) and
the problem is much smaller in the southern Mediterranean. RCAS3 tends to overestimate
precipitation in northern Europe during summer and underestimate it in the south-east. It
should be noted that RCA3 shows a better agreement to the observations in South-
Eastern Europe during summer than RCA2. This improvement is probably contributing to
the smaller temperature bias in this region in RCA3 (cf. section 3.2). This is the only
notable differences between the two model versions in terms of total precipitation. Over
the Southern Mediterranean RCA3 underestimates precipitation compared both to
ERA40 and the GPCP climatology. Part of this difference may be attributed to the bias in
mean sea level pressure discussed in section 3.1 although the largest differences in
precipitation over the Mediterranean Sea are not in the same regions or seasons as the
largest differences in MSLP.
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The interannual variability in RCA3 is similar to that in ERA40 indicating that the data
assimilation can not alone outweigh the better agreement of RCA due to the higher
resolution (Figure 19). The changes in going from RCA2 to RCA3 are mostly pointing in
the right direction but they are small and no systematic improvement is seen between the
regions and seasons.
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Figure 19. Aé figure 5 but for precipitation instead of MSLP. The reference data set is
from CRU (o), model simulations from RCA2 and RCA3 (line and +) and ERA40 (*).

3.4 Clouds

Observed and simulated cloud cover is shown in Figures 20 and 21. In general, there is a
north-south gradient in total cloud cover with, on annual basis, more than 70% cloud
coverage in parts of northern Europe down to 30-40% south of the Mediterranean region.
Another prominent feature is the seasonal cycle with a minimum during summer in most
parts of the area except for the North Atlantic where the minimum occurs during spring.
RCA3 captures these main features of the observed regional cloud cover. Notable biases
are; 1) an overestimation of the cloud cover in large parts of northern Europe during
summer and, ii) an underestimate in north-western Russia and Finland, and over the
British Isles when compared to ERA40 and CRU. In large parts of northern Europe
RCAS3 shows better agreement with CRU and ERA40 compared to ISCCP which shows a
weaker seasonal cycle. Despite of the biases, deviations between RCA3 and the
observations within single regions are in general less than 10% (absolute difference) for
all months.

Generally, RCA3 simulates more clouds in high altitude regions by more than 20%
compared to ERA40 and the observational data sets. The fact that there are more clouds
in high altitude locations in RCA3 than in ERA40 can partly be explained by the higher
elevation of the surface in RCA3 due to the higher resolution. This leads to a stronger
adiabatic cooling of air that is lifted in mountainous regions and thereby more
condensation. We also note that there is a large negative bias in the outermost 3-4
gridboxes compared to all other datasets. This is a result of how the relaxation to the
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lateral boundary conditions is done in RCA3. As there is no relaxation of cloud water or
cloud ice towards the boundaries (these are set to zero there) the model has too little
moisture in the boundary zone.

RCA3

ERA40

CRU

ISCCP
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Figure 20. Seasonal mean total cloud cover from RCA3ERA40, ERA40, CRU and
ISCCP. Units are %.

Owing to the changes in parameterizations (Section 2.1.1) the total cloud cover is
substantially reduced in RCA3 compared to RCA2 in northern Europe. This reduction
leads to a better agreement with both ERA40 and CRU as illustrated for Sweden and the
Baltic Sea region in (Figure 21). Despite of the smaller total cloud fraction the clouds in
RCA3 contain more cloud water than the clouds in RCA2 during the summer half of the
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year (not shown). The cloud water has increased in RCA3 due to reduced amount of
excessive drizzle. This has strong implications for near-surface temperatures (see Section
3.2).
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Figure 21. Seasonal cycle of total cloud cover. Units are %.

The differences between the two model versions in southern Europe are small and RCA3
captures the pronounced seasonal cycle with maximum in winter and minimum in
summer. In most of the model domain the differences between RCA3 and ERA40 are
smaller than the differences between RCA3 and the two observational data sets. Further it
can be noted that the two observational data sets do not fully agree with each other. The
most prominent difference between them is in the north-eastern part of the model domain
where the bias in RCA3 differs in sign depending on which observational data set that is
used.

3.5 Wind

3.5.1 Mean wind speed
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Figure 22. he annual mean 10 m level wind speed according to RCA3 and the
corresponding differences between RCA3/RCA2 and ERA40. Units are m s,
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The contrast in wind speed between land and sea is obvious from the simulated wind
speed shown in the RCA3 simulations in Figure 22. The agreement between RCA3 and
ERA40 analysed wind speed is generally quite good. However, a couple of regions show
significant differences. RCA3 gives higher wind speed over the Scandinavian mountain
range than ERA40. One reason for such differences in mountainous areas is that wind
observations are sparse and that their representativness is questionable since observations
are mostly taken in valleys. Also, in ERA40, to induce enough drag, which is needed to
get the large scale flow correctly simulated, quite a large orographic roughness is used
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over mountains (P. Kallberg, personal communication). The high roughness makes low
level wind speeds too low which shows up as a positive bias in the RCA3-ERA40
difference plot. In coastal areas, especially around the Baltic, RCA3 seems to
underestimate the wind speed compared to ERA40. The reason for this is not clear but it
is probably connected to how the prognostic roughness length over sea in RCA3 depends
on e.g. stability. As RCA3, RCA2 shows higher wind speed over mountainous areas than
ERA40. The wind speeds in RCA3 are generally lower compared to RCA2 in all areas
and all seasons. ERA40 and RCAS there is a tendency for overestimation of the wind
speed in the Mediterranean area in RCA2.

3.5.2 Gusty wind speed
RCA3 RCA3-MESAN

Maximum daily gusts

Maximum monthly gusts

L
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Figure 23. The winter (DJF) maximum daily gusts (top) and maximum monthly gusts
(bottom) (m s™) as mean values over the period 1999-2004 according to RCA3 and the
difference between RCA3 and MESAN. Units are m s™.

From a risk and infrastructure perspective it is really the extreme wind speeds that are of
most importance. Although those are occurring for very short periods of time, the damage
they cause can be severe. The reason for their high damage potential is that the energy in
the wind increases with the power three of the wind speed. A parameterisation of these
gusty wind speeds has been implemented in RCA3 by Nordstrom (2005). The
parameterisation is based on the wind gust estimate (WGE) method by Brasseur (2001).
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The WGE method calculates which model level that contributes to gusty wind speed
close to the surface based on the relationship between the turbulent kinetic energy and the
static stability in the boundary layer. In Figure 23 the estimated gusty wind speed from
RCAZ3 is compared to observed gusty wind speed from the operational mesoscale analysis
system MESAN, developed at SMHI (Haggmark et al., 2000). We only had access to
observations of gusty wind speeds over Sweden why the rest of the domain has been
excluded in the comparison between RCA3 and MESAN as shown in the right column of
the figure. Note that RCA3 results have been interpolated to the MESAN grid, which has
twice as high horizontal resolution as RCA3. Thus, small scale patterns show up in the
difference plots which RCA3 cannot resolve. The agreement between RCA3 and
observations is quite satisfactory for both the maximum daily gusts and for the maximum
monthly gusts although there is a tendency for underestimated gusty wind speeds around
the big lakes in Southern Sweden.

3.6 Snow

3.6.1 Snow water equivalent

10 25 50 100 150 200300 500
Figure 24. The average yearly maximum water content of the snow pack according to
ERA40, RCA3 and RCA2 respectively. Units are mm.

The relatively coarse horizontal resolution of ERA40, and consequently a quite smooth
orography, acts to distribute the snow more evenly than the higher resolved models
RCA2 and RCA3 (Figure 24). This effect is most obvious in the west-east gradient of the
water content of the snow, the snow-water equivalent (SWE), in northern Scandinavia.
RCA3 and RCA2 give much more snow in the mountainous terrain than east of the
mountains. RCAS3 tends to give less snow in Finland and in Northwest Russia compared
to ERA40 and RCA2. The reason for the difference with ERA40 and RCA2 is mainly the
warm bias in RCAS3 in that area. The warm winter bias makes the snow fall fraction of
the total precipitation smaller in RCA3 and leads to a more rapid melting of snow on the
ground. Also the total amount of precipitation is slightly smaller in RCA3 compare to
RCA2 during winter (cf. Figure 18). Direct observations of SWE at a number of SYNOP
stations in Sweden generally correspond well with the simulated values in RCA3 and
RCA2, especially for south and mid Sweden for RCA3, as seen from Figure 25. Close to
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the Scandinavian mountain range the snow accumulation becomes very sensitive to local
conditions with respect to the orography which means that good agreements between
observations and simulated values cannot be expected due to the horizontal resolution of
the models.
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3.6.2 Duration of snow cover

Observed duration of snow as shown on the left hand side of Figure 26 is based on
SYNOP observations. An observer reports snow as long as half of the observed area is
covered with snow. The duration of snow cover, as estimated from the model results, is
based on the simulated snow cover fraction. At the start of the snow season very thin
layers of snow, covering large areas, often exist. For numerical reasons such thin snow
layers cannot be allowed in a model simulation. Thus, the simulated snow cover initially
increases slower in the model than in the reality. Therefore, when calculating the duration
of snow cover based on simulated snow cover fraction this has to be accounted for, but
exactly how this should be done is far from obvious. Here, the definition used for the
total number of days with snow cover is the sum of snow cover during the first and last
half of the year summed together. The number of days during the first half of the year is
counted as the number of days with simulated snow cover exceeding 50%. The number
of days during the second half of the year is counted as the number of days with
simulated snow cover exceeding 10%. The resulting simulated length of the snow season
is shown on the right hand side of Figure 26. For northern Sweden the agreement with the
observed snow season is acceptable for both model versions although with a slight
overestimation of the length in RCA2. For southern Sweden RCA2 clearly overestimates
the length of the snow season while RCA3 tends to underestimate it.
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Figure 26. The average annual duration of the snow season according to SYNOP
observations and as estimated from simulated snow fraction in RCA3 and RCA2. Units

are days.
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4  The transient climate change experiment
4.1 Control climate versus observed climate (RCA3SECHAM4)

The quality of the lateral boundary conditions is crucial to the regional climate model. In
the case of downscaling results from ECHAMA4/OPYC3 over Europe, Raisdnen et al.
(2003) investigated its impacts on the control climate as simulated in RCAO which builds
on the previous atmospheric model version RCA2 (Jones et al., 2004). They found that
many aspects of the climate were captured in those simulations indicating that the global
model did perform well in the region. Nevertheless, some biases were reported. For
instance, biases in the sea-level pressure during much of the year indicated too cyclonic
time-mean conditions in the middle of the domain. This is illustrated here in Figure 27
showing the average seasonal cycle of the north-south pressure gradient between Portugal
and Iceland and the east-west pressure gradient between the Faeroe Islands and Aland in
the Baltic Sea. It is clearly seen that in the winter months (here November to February)
the north-south pressure gradient is stronger in RCA3ECHAM4 as compared to
RCA3ERA indicating a too strong zonality in ECHAMA4. During the period January to
April the east-west gradient is too weak indicating a too weak meridional circulation in
the Scandinavian region. Rdisanen et al. (2003) also found that RCAO simulated, in
general, too cloudy and rainy conditions in northern Europe while the climate in
southernmost Europe was too cold. In this section, we look into some more aspects of the
control climate in ECHAM4 and investigate if the new model version RCA3 offers any
improvements over RCAO given the same boundary conditions.
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Figure 27. 30-year (1961-1990) monthly mean pressure gradients (full lines). The
interannual variability is indicated as plus/minus one standard deviation by the shaded
blue area for RCA3ERA and by the dashed lines for RCASECHAMA4. Units are hPa.
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The sea surface temperatures (SSTs) from the driving global model have a too small
seasonal cycle in large parts of the model domain used in this work influencing the
European area. The SSTs are too high during winter and too low during summer,
particularly in the North Sea area and in the Black Sea (Figure 28). In the far north, north
of Scandinavia the opposite is true with an overestimation of the seasonal cycle in SSTs.
The figure also reveals that the SSTs are too low both during winter and summer in the
Baltic Sea. Since we run RCA3 standalone without the coupled regional ocean model
RCO in the Baltic Sea, as in the previously documented experiments with RCAO
(Réisénen et al., 2003) we may therefore expect some differences in the near-surface
climate in the Baltic Sea area.

February August

-5 -5

Figure 28. Monthly mean bias in the ECHAM4/OPYC3 sea surface temperature durihg
the control period 1961-1990 compared to the gridded climatology by Smith and
Reynolds (2004). Units are °C.

The temperature bias in RCA3SECHAM4 compared to CRU is shown in Figure 29. A
general feature of the temperature biases are that they are larger when RCAS3 is forced by
ECHAMA4 than when it is forced by ERA40 (cf. section 3.2), a result from biases in the
global model. The too zonal conditions during winter (cf. Figure 27) are reflected in a
warm bias in most of central, eastern and northern Europe. Also, the warm bias in south-
eastern Europe during summer is more pronounced here than in the RCA3ERA40
simulations indicating the importance of the lateral boundary conditions also during
summer. Some of the above mentioned errors in SSTs are reflected in the simulated air
temperature. Local maxima in air temperature bias are found close to the coasts
surrounding the North Sea both in summer and winter.

Also for precipitation the biases compared to observations are larger in RCABECHAMA4
when compared to RCA3ERA for all seasons. This is true both for the positive bias in the
north and the negative bias in the south, Figure 30. As for the RCA3ERA simulation the
relative biases are very large over North Africa due to the small rainfall amounts.
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Figure 29. Seasonal average bias in T,y (grid box average) in RCASECHAM4 compared
to CRU. Units are °C.
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Figure 30. Seasonal average bias in precipitation in RCABECHAM4 compared to CRU.
Differences are given in %.

The seasonal bias with respect to both the reanalysis run and the selected ECA stations of
extremely warm daily maximum (minimum) temperatures during summer (winter) are
shown in Figure 31. In the difference maps RCA3ECHAM4 minus RCA3ERA the
anomalous impact of the too weak seasonal cycle in the SST is clearly evident,
particularly over the Baltic, in southern Scandinavia and over the Black Sea. The
apparent strong anomaly in the coastal regions of the Mediterranean in Tymax MAM and
JJA is an effect of the coarser grid resolution of the land-sea mask in the forcing SST
fields. The extreme daily maximum temperatures are mainly overestimated in south-
eastern Europe during the summer and autumn. During winter, the extremely cold daily
minimum temperatures are generally warmer by up to 6°C in the control climate of the
transient run compared to the ERA40 run, with the exception of the north-eastern corner,
where there is a negative bias. This negative bias remains for all seasons except the
summer. For other land regions the bias is small. Compared with the ECA station data the
biases in the control climate (RCA3ECHAM4) are typically larger than for the biases in
RCA3ERA (cf. Figures 14 and 15).
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Figure 31. Seasonal biases in the 95™ percentile of Toma and in the 5™ percentile of Tamin.
The upper rows show the seasonal differences due to lateral boundary conditions,
RCA3ECHAM4 minus RCA3ERA. The lower rows show the seasonal biases with respect
to the ECA station observations (RCA3ECHAM4 minus ECA stations data). Units are °C.
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4.2 Transient climate change (1990-2100)

In this section the simulated climate change signals, defined as differences in climate
between 30-year periods and the control period (1961-1990) are described. We present
results in the form of climate change maps for four 30-year periods covering the period
1981-2100. The first of these periods is partly overlapping the control period. In addition
to showing climate change in the form of maps we show time series of area average
changes for certain regions. These time series are compared to the control climate and in
particular we address the question as to whether the difference between periods is
statistically significant. Prior to presenting the results we first describe the method used
for determining statistical significance.

The climate shows a high degree of natural variability. This makes it difficult to detect
climate change since the signal needs to exceed the noise level caused by the natural
variability. To do this we apply the method described by Ré&isanen et al. (2003) on annual
or seasonal mean differences between a certain time period and the control period. In
short this means that we use a t-test, in which the error variance of the simulated change
has been adjusted for serial correlation as outlined below. The test is used to determine if
the null hypothesis “there is no difference between the means of the two periods” can be
rejected or not. The t statistics can be calculated as

AX
- N (aX) @

In which 4X is the simulated mean change in variable X between the control period and a
period in the scenario simulation. V(4X) is the pooled variance of the the two periods.

V(AX)y =2V, V) @)

Here Vy; and Vi are the interannual variances of X within the two time periods and n is
equal to 30 (i.e. the number of years in each of the periods). The error variance is
adjusted for autocorrelation following Zwiers and von Storch (1995) by replacing (2)
with

V(AX):iJ_FE
1

V(AX), ©)

Where r; is the pooled lag-1 autocorrelation estimated from the simulations. As discussed
in Raisénen et al. (2003) the estimate is kept conservative by setting r; to zero where the
number derived directly from the data is negative. This means that the t statistics will be
smaller than what it would have been for negative numbers of r;. For the samples used
here (n=30), the t statistics are almost normally distributed. This means that there is a
probability of about 5% to get |t| > 2 by pure chance. We can therefore reject the null
hypothesis at the 95% significance level if t is larger than 2.
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Figure 32. Changes in seasonal and annual mean sea level pressure (differences from
the control period 1961-1990) in RCA3BECHAMA4AZ2. Units are hPa.
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The sea level pressure in the regional climate model is in essence determined by the
lateral boundary conditions given from the driving global model. In the
ECHAM4/OPYC3 simulations used here there is a strong decrease with time in pressure
in the northern half of the domain and an increase in the south as discussed in R&isanen et
al. (2004). These changes lead to an increase in the north-south pressure gradient in
northern Europe particularly during the winter half of the year, Figure 32. The annual
average increases more or less linearly between the four 30-year periods shown in the
figure. For the different seasons there are exceptions from this linear increase with time.
For instance, the change in MSLP during winter over the Atlantic including the North
Sea is stronger between 1981-2010 and 2011-2040 compared to between 2011-2040 and
2041-2070 and the change in spring is stronger between 2011-2040 and 2041-2070
compared to between 2041-2070 and 2071-2100. The pattern of change that evolves with
time is not fully established already in the first, partly overlapping, 30-year time period.
But, the main characteristics, with increasing pressure in the south and decreasing
pressure in the north are seen already in this period. The same is true also for the B2
simulation which shows similar changes as in the A2 simulation in all areas and seasons.
However, the details of the temporal evolution between the two simulations differ due to
the large interannual variability as indicated in Figure 33.
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Figure 33. Evolution of the mean winter (NDJF) north-south pressure-gradient between
Portugal and Iceland in RCASECHAM4A2 and RCA3ECHAM4B2. The red line shows
the gradient in each year, the blue line the 10-year running mean, and the black line the
30-year running mean. In the 30-year running mean periods that are at the 95% level
statistically different from the control period are denoted by filled circles. Units are hPa.

The change in the N-S pressure gradient becomes statistically significant already in the
partly overlapping period 1971-2000. After about 2040 there is a reduction in the
pressure gradient but it remains well above its present levels throughout the A2
simulation. In the B2 simulation there is an even stronger increase during the first
decades after which there is stabilization at the higher level before a “dip” in the last few
decades. It can be noted that even though there are statistically significant climate change
signals in the indexes there is a large degree of overlap between the distributions of
seasonal means. These time series clearly show the very large interannual and
interdecadal variability that are characteristic for the European climate.
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4.2.2 Surface air temperature
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Figure 34. Changes in seasonal and annual mean surface air temperature (differences
from the control period 1961-1990) in RCASBECHAMA4A2. Units are °C.
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The pattern of temperature increase shows a pronounced land-sea contrast due to the
thermal inertia of the oceans that warms more slowly than land areas (Figure 34). In the
European continent the clear seasonal cycle, with largest increase in winter in the north-
eastern part of the domain and in the southern part of the domain during summer, is seen
already in the first 30-year period with mean changes in these areas exceeding 1°C. The
large increases in these regions and seasons are due to feedback mechanisms from
decreasing snow cover in winter and decreasing soil moisture content during summer as
discussed by Raisanen et al. (2004) and Kjellstrom (2004).
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Figure 35. Change in seasonal and area averaged 2m-temperature in the transient
simulations. Periods that are at the 95% level statistically different from the control
period are denoted by a full line. Units are °C.

The temperature increases rapidly in the simulations in all areas and seasons as shown for
South-Eastern Europe and Sweden in Figure 35. The simulated climate change signals
are statistically significant already after a few years of the simulations. The differences
between the A2 and B2 simulations are rather small during the first decades and it is not
until the last few decades when differences become clear. In Sweden the changes are
largest in winter and spring while in South-East Europe the largest changes are seen in
winter and summer. These patterns are seen throughout the simulations although in
relative terms the wintertime changes in South-Eastern Europe gets smaller by the end of
the A2 simulation when much of the snow has disappeared.
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Compared to the simulations with RCAO, as described in Raisanen et al. (2003), the
present simulations give similar climate change signals for 2071-2100. Despite this fact,
there is a tendency that the maximum climate change signals in the last 30-year period
are smaller than in the previous simulation with RCAOQO. This is true both for the
maximum increase in winter in the north-eastern part of Europe and for the maximum
increase in summer in southern Europe, in both these areas the maximum increase is
lower by about 2°C in this simulation. These smaller changes are probably a result of
weaker surface feedback mechanisms in RCA3. In winter there is less snow that can
vanish in RCA3 than in RCA2 and in summer RCAZ3 is less sensitive to soil drying than
RCA2 due to the new land surface scheme. Therefore, the climate change response gets
smaller in both seasons. The temperature change over the Baltic Sea is higher in this
experiment as compared to the RCAQO simulations. This is a result of the too low SSTs in
the ECHAMA4/OPY C3 control experiment as discussed above (Section 4.1).
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Figure 36. Change in winter Tomi, extremes in RCABECHAM4A2. Units are °C.

Previous studies of the temperature extremes (Kjellstrom, 2004; Kjellstrom et al., 2006;
Ferro et al., 2005; Beniston, 2004; Schér et al., 2004) indicate that the two tails of the
temperature frequency distribution may respond differently to an increasing mean
temperature. From Figure 36 it is evident that the winter 5™ percentile of Tamin Shows a
stronger climate change signal compared to the 95" percentile. Conversely, during
summer the situation is reversed, the 95" percentiles of Tamax Show a stronger increase
compared to the 5™ percentile (Figure 37).
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Figure 37. Change in summer Tamax €xtremes in RCASECHAM4A2. Units are °C.

The question then arises whether these changes are an effect of the changing mean
temperature (i.e. a shift of location), or whether there is also a change in the variation or
even a more complex change in the shape of the distribution. Ferro et al. (2005) suggest a
simple non-parametric statistical approach towards analyzing the influence of changes of
these three factors (Figure 38).
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Figure 38. Different changes to a frequency distribution contribute towards changing a
percentile value. In this example, the crosses indicate the position of the 95" percentile. A
change in location of a reference distribution (black) only shifts the position of the
distribution (blue). If the spread (variation) also increases the percentile value increases
more (red). Finally, a more complex shape change of the distribution (green) further
influences the percentile. The left graph shows a smooth change of the skewness that,
while keeping the same mean and variance as the red curve, places the peak close to the
black reference curve. The right graph shows the effect of a change to the extremes only,
while keeping the mean and variance the same as for the red curve.
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Following Ferro et al. (2005) we denote the p™ percentile for the reference period as X,
and the corresponding percentile during the future period as §/p . As a measure of location
we use the medians, m, =Xy, and m, = ¥,,. And for scale we use the interquartile range

S, = X5 —X,5 and s, = Y. — V,;. As a measure of shape (asymmetry) we use the Yule-

X

Kendall skewness a, = (%5 — 2%, + X5 )/ S, -

Now, if there is no change to the frequency distribution of temperatures the difference in
the p™ percentile

d= yp - )A(p
is expected to be approximately zero and substantial non-zero values could indicate a
shift in the location parameter of the distribution. Such a shift of location could be
diagnosed by the location-adjusted percentile difference

d = 9;) _J\my +()A(p _mx)}'
Given a location shift only, this quantity should be approximately zero. If substantial
non-zero values remain this could be caused by a change of the scale parameter. Then the
location- and scale-adjusted percentile difference

~ X, —m,
dLS:yp— m, +s, 5

is expected to be close to zero under the hypothesis of change only of the location and
scale parameters. If substantial non-zero values still remain there is a more complex
change in the shape of the frequency distribution.

A more precise and quantitative interpretation of what constitutes a substantial change
would involve statistical hypothesis testing. For the measures d, d. and d.s such tests are
currently under development (Ferro et al., 2005) and here we thus only make a subjective
interpretation of map patterns of the three measures. A simple numeric summary of the
range of values found in each map is presented in Table 3. If the minimum and maximum
values are reasonably close to zero the measure can be subjectively assumed to be
insignificant, meaning that the corresponding location-adjustment or location- and scale-
adjustment explains the difference in percentile values. This summary does however
present the range of values and not the spatial extent or spatial coherence, and thus the
subjective significance of the variations in the measures. From Table 3 it is obvious that
there is a strong asymmetry towards positive d values in all maps. This is obviously what
one could expect when there is an overall increase in average temperature. However,
maps of d. show more complex and varied patterns suggesting that the effect of a change
in the scale parameter is more complex. Focussing on wintertime temperature extremes
(Figure 39) the strongest effect is found in the north-eastern part of the domain. Further,
the d. measure suggests that in the same region there is a positive change in the 5"
percentile and a negative change in the 95" percentile after adjusting for the average
temperature increase (location shift). Also, after adjusting both for change in location and
in scale there remains a consistent pattern in the 5™ percentile and, more weakly, in the
95™ percentile. This suggests a more complex climate change signal than just a change in
the average conditions. Specific for the region with this consistent pattern in the extreme
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temperature percentiles is the strong reduction in snow cover (cf. section 4.2.5). The
reduced snow cover leads to a strong reduction in albedo and an increase in heat fluxes
from the ground. Both these processes lead to higher temperatures influencing
particularly the cold end of the probability distribution of temperatures as previously
shown by Kjellstrom (2004). Similar patterns are found in the maps of the spring
temperature extremes. For the other seasons, with the possible exception of the autumn,
much of the climate change signal in the extreme temperatures depends relatively linearly
of the seasonal mean climate change signal.

Table 3. Minimum and maximum values of the three measures d, d_ and d.s for each
variable, season and percentile in RCASBECHAM4A2. Values in bold indicate that
according to a subjective interpretation there were ‘substantial’ and spatially coherent
patterns in the maps.

. Unadjusted Location adjusted Location and
Variable )
. change change (d.) scale adjusted
and Percentile (@ chanae (d
season . ) Ange (dus)
min max min max min max
T2max
DIF 5 1.9 20.4 -3.8 13.6 -5.9 10.2
95 0.6 95 -9.3 5.0 -7.0 5.0
5 1.7 18.0 -3.6 14.0 -4.4 275
MAM 95 0.7 10.5 -7.2 49 -9.8 8.6
JIA 5 1.4 10.8 -4.1 4.7 -4.4 1.7
95 -1.9 12.3 -3.9 3.4 -2.9 2.0
5 2.0 12.7 -3.4 6.3 -25 3.9
SON 95 0.1 9.7 -3.7 5.0 -4.2 4.0
T2min
DIE 5 1.4 24.3 -3.3 16.5 -6.3 9.1
95 1.2 11.1 -94 2.4 -5.9 4.2
5 0.6 22.0 -3.8 15.7 -8.1 10.5
MAM 95 1.4 8.5 -6.4 25 -2.2 49
A 5 1.6 9.3 -4.0 4.8 -4.3 2.1
95 -2.0 10.9 -4.1 35 -2.6 1.9
5 1.6 13.6 -5.2 9.2 -4.2 8.4
SON g5 0.1 89  -38 36 42 2.9
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Figure 39. Decomposition of the climate change signal 2071-2100 minus 1961-1990 for
winter temperature extremes in RCA3BECHAM4A2. Units are °C.

4.2.3 Precipitation

Precipitation increases in the north and decreases in the south in the mean, Figure 40. The
border line between increase and decrease moves southwards in winter and northwards in
summer. Land areas in the Mediterranean region are projected to get less precipitation in
all seasons while the northern parts of Scandinavia are projected to get increases all year
round. These projected changes are in line with earlier findings (Christensen and
Christensen, 2006; Réisénen et al., 2004; Cubasch et al., 2001). The very large changes
in the Mediterranean regions including northern Africa is a result of the very low
precipitation in the control climate leading to large relative differences. Again, as for
pressure and temperature, the climate change signal generally gets stronger with time.
But, in accordance with the pressure changes, the precipitation change for winter in the
North Sea region between 1981-2010 and 2011-2040 is larger than the corresponding
change between 2011-2040 and 2041-2070 showing the importance of the fast change in
the mean westerlies in the first periods compared to the latter ones. Also in spring, the
effects of the changes in circulation can be seen, with larger change between 2011-2040
and 2041-2070 as compared to between 2041-2070 and 2071-2100.
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Figure 40. Changes in seasonal and annual mean precipitation (differences from the

control period 1961

%.

1990) in RCASECHAMA4A2. Units are

Compared to the RCAO simulations the changes are very similar in all regions. There is a
, probably a result of the larger

tendency for more precipitation over the Baltic Sea

includes all of the Mediterranean Sea

increase in SST. Also, since the model domain now
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the full extent of the large change in the south-eastern part during winter and summer is
seen.
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Figure 41. Change in seasonal and area averaged precipitation in the transient
simulations. Periods that are at the 95% level statistically different from the control
period are denoted with a full line. Units are %.

Figure 41 illustrates the decadal variability in the simulated precipitation in two regions.
The almost linear trend in winter in Sweden is notable in both simulations while the
corresponding trends in spring and fall are very different with a rapid increase in
RCA3ECHAMA4B2 before it levels off while the reverse is true in RCASECHAMA4A2. In
South-eastern Europe the evolution is even more complex with changes that can be
significant in several decades before it gets smaller and sometimes even changes sign.
With this kind of evolution it is hard to distinguish between a long-term trend and
shorter-term “natural” variability. In this area the strongest trend is the drying in spring
and summer which is common to both simulations and to a lesser degree the increasing

precipitation during winter.

4.2.4 Surface winds

The increase in the north-south pressures gradient in northern Europe is reflected in the
wind speed that increases there during fall, winter and spring, Figures 42 and 43. The
changes are particularly strong over the northern parts of the Baltic Sea. The large
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increase in SSTs together with a strong reduction in sea ice in that part of the Baltic Sea
leads to changes in stability in the lowermost atmosphere which in turns leads to higher
wind speed close to the surface (cf. Raisénen et al., 2003 and Meier et al., 2006). The
other major change is the decrease in wind speed in central parts of the model domain
which can be attributed to the increasing pressure in this area (cf. Figure 32).
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Figure 42. Changes in seasonal and annual mean wind speed (differences from the
control period 1961-1990) in RCABECHAMA4AZ2. Units are %.

It should be emphasized that these changes in wind speed are to a great extent depending
on the changes in MSLP as inherited from the GCM. With another GCM the results may
become significantly different as previously shown with RCAO (e.g. Réisénen et al.,
2004; Pryor et al., 2005). While differences between different GCMs clearly has a
profound impact on the magnitude (and even the sign) of the changes in the wind climate
also “natural” interdecadal variability plays a role. An example of this can be seen in
Figure 43 showing the very rapid increase in wind speed, both in the Baltic Sea area and
in Ireland, in the first decades of the simulation followed by a stagnation period when
changes are small. In the B2 simulation the behaviour is different with a rapid, but
steadier trend over the first decades of the simulation.
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Figure 43. Change in seasonal and area averaged wind speed in the transient
simulations. Periods that are at the 95% level statistically different from the control
period are denoted by full lines. Units are %.

4.2.5 Snow climate

Also the snow cover undergoes dramatic changes during the transient climate
simulations. Figure 44 shows the decrease in water content of the snow cover during
winter and spring which are the seasons when snow cover large parts of Scandinavia, the
Baltic countries and north-western Russia. The largest changes are found in north-eastern
Europe in a zone that moves to the northeast with time. This migration is consistent with
the migration in the snow fraction. The impact of these changes on extreme temperatures
has been discussed in section 4.2.2.

The changes with time are negative in all regions and seasons. It is evident that the effect
of increasing temperatures is more important than increasing winter precipitation even as
far north as in Northern Sweden and in Finland (Figure 45). The decreases in snow cover
are statistically significant in all regions and seasons already at an early stage in the
simulations. The relative decrease is quickest in fall and spring in most regions while the
decrease in winter is somewhat slower.
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Figure 44. Changes in the snow water content in winter and spring (differences from the
control period 1961-1990) in RCABECHAMA4A2. Units are %.
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Figure 45. Change in seasonal and area averaged snow water equivalents in the
transient simulations. Periods that are at the 95% level statistically different from the
control period are denoted by full lines. Units are %.

47



5 Evaluating the method of pattern-scaling in time

The long simulations covering 140 years allow us to evaluate the method of pattern-
scaling in time that has been used in previous work (e.g. Christensen et al., 2001 and
Rummukainen et al., 2003). The idea of the method is to retrieve information on regional
climate change in time periods that have not been dynamically downscaled by use of the
global mean temperature increase (AT) in combination with the simulated climate change
signal for another time period. The climate change signal of a variable (4X) in a time
period (e.g. 2011-2040) w.r.t a reference period (e.g. 1961-1990) can be obtained by use
of imformation from a period that has been simulated by the RCM (e.g. 2071-2100):

4X2011-2040 = 4X2071-2100 * (ATGLOB 2011-2040 / ATGLOB 2071-2100)

Inherent to this approach is that the the variable X changes linearly in time with respect to
the global mean temperature. In Figure 46 we show how the monthly mean temperature
and precipitation averaged over Sweden derived with the pattern-scaling method for two
different time periods compare with those calculated by the model explicitly. In most
months the correspondence between the two methods is good with only small differences.
But, particularly for October/November and February/March there are some notable
differences for the first 30-year period. Both temperature and precipitation change
calculated by the pattern-scaling method are much smaller than that calculated explicitly
by the model since these variables increases faster in the early part of the simulation. The
reason for these differences is related to the fast changes in circulation as discussed in
section 4.2.1. But, since the differences are larger in fall and late winter than in early
winter it can be suspected that the reduction of the snow cover over Sweden with its
subsequent feedback on temperature also plays a role (cf. Section 4.1.5). Later on in the
simulation the difference between the pattern-scaling method and the actual temperature
change as calculated by the model is much smaller.
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Figure 46. Seasonal cycle of temperature (left) and precipitation (right) change
calculated as area averages over Sweden. The full lines are model output while the
dashed lines are results from the pattern-scaling method described in the text. Units are

°C and % respectively.
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6 Conclusions

This report documents the most recent version of the Rossby Centre regional climate
model, RCAS3, including among other changes a new land surface parameterization.

Given so called “perfect boundary conditions” from ERA40, RCAS3 is found to reproduce
observed seasonal mean features of near surface temperature, precipitation, wind, snow
conditions, mean sea level pressure and clouds in today’s climate. Seasonal mean
temperature errors are generally within +1°C except during winter when two major biases
are identified; a positive bias in the north-eastern parts of the model domain, and a
negative bias in the Mediterranean region. The positive bias is related to too much
longwave radiation reaching the surface. The negative bias in the south is related to too
little clear-sky shortwave radiation reaching the surface. During most of the year RCA3
simulates excessive amounts of cloud water, particularly in northern Europe. These
biases; in cloud water content, downward longwave radiation, and clear-sky downward
shortwave radiation all contributes to underestimations in the diurnal temperature range
and the annual temperature range in many areas in the model. In many areas precipitation
biases are smaller than in the corresponding reanalysis data used as boundary conditions
showing the benefit of a higher horizontal resolution. Compared to the observational
climatologies RCA3 tends to overestimate precipitation in northern Europe during
summer and underestimate it in the south-east. A parameterisation of wind gusts is
evaluated against a climatology for Sweden showing encouragingly good results.

In general, RCA3 shows equally good, or better, correspondence to climatologies as
compared to the previous model versions. Among other things there are improvements in
the representation of the interannual variability in Mean Sea Level Pressure during all
seasons. However, there remains a bias in the pressure pattern over the Mediterranean
Sea during winter when the MSLP is too high, indicating a problem in cyclone formation
in that area. The seasonal mean temperature errors in RCA3 are smaller than in earlier
model versions for most areas with the exception of North-Western Russia as mentioned
above. The large summertime bias in south-eastern Europe as reported in RCA2 (and
other RCMs) has been substantially improved. This is also the area and season where the
only notable difference in the precipitation climate compared to RCA2 is found. RCA3
simulates more precipitation in better agreement to observations. Also the snow climate,
evaluated against Swedish observations, shows an improvement compared to the
previous model version.

The model is then applied in two 140-year transient climate change experiments taking
boundary data from the ECHAMA4/OPYC3 GCM. These simulations were performed for
the time period 1961-2100 with observed forcing conditions until 1990 and following the
SRES A2 and B2 emission scenarios after that. The climate change experiments show
very similar results for the time period 2071-2100 as to what was simulated with RCAO
forced by the same boundary conditions. This includes the large temperature increases in
the northeast during winter and in southern Europe during summer. However, there are
some differences between the simulations as some of the main surface feedback
processes seem weaker in RCA3. This is shown to dampen the maximum temperature
increases.
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The major improvement in the present experiment setup as compared to previous time
slice experiments is the fact that the model is now operated in a transient mode covering
also the period between the control period and the previous time slices. This allows us to
investigate the evolution of climate change. From these experiments we conclude that
many of the changes appear to be rather linear with time. This applies particularly for
annual averages and averages over larger areas. On the contrary, some changes do not
follow a linear trend with time. Examples of this include rapid changes in snow cover in
the transition seasons and changes in precipitation that changes sign with time. While
many of the changes are statistically significant compared to the interannual variability in
the control climate it is not always easy to judge whether it is indeed a trend or if it is the
matter of natural variability.

As an example we show how the results from the transient climate change experiments
can be used to evaluate an often used method for pattern-scaling in time in which scaling
is done with respect to the change in global mean temperature. As expected, we show that
the method works well in many aspects but fails when it comes to the changes that are
non-linear and occurs at a different rate compared the change in global mean temperature.
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