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Abstract A novel downscaling approach of the ERA40

(ECMWF 40-years reanalysis) data set has been taken and

results for comparison with observations in Norway are

shown. The method applies a nudging technique in a

stretched global model, focused in the Norwegian Sea

(67�N, 5�W). The effective resolution is three times the one

of the ERA40, equivalent to about 30 km grid spacing in

the area of focus. Longer waves (\T42) in the downscaled

solution are nudged towards the ERA40 solution, and thus

the large-scale circulation is similar in the two data sets.

The shorter waves are free to evolve, and produce high

intensities of winds and precipitation. The comparison to

observations incorporate numerous station data points of

(1) precipitation (#357), (2) temperature (#98) and (3) wind

(#10), and for the period 1961–1990, the downscaled data

set shows large improvements over ERA40. The daily

precipitation shows considerable reduction in bias (from 50

to 11%), and twofold reduction at the 99.9 percentile (from

-59 to -29%). The daily temperature showed a bias

reduction of about a degree in most areas, and relative large

RMSE reduction (from 7.5 to 5.0�C except winter). The

wind comparison showed a slight improvement in bias, and

significant improvements in RMSE.

1 Introduction

Time series of the atmospheric state have laid down

building blocks in our understanding of the atmosphere and

produced many revelations useful for mankind. For

instance, discovery of physical mechanisms in the atmo-

sphere may help us to a better understanding of the climate

system and consequently improve the basis for decision–

making. Understanding of such mechanisms will be needed

in order to infer impacts of future climates.

The reanalyses from National Centres for Environmen-

tal Prediction (NCEP/NCAR, Kalnay et al. 1996) and

European Centre for Medium Range Forecasts (ECMWF,

Kållberg et al. 2004; hereafter ERA40) are together with

the point observations our best estimate of the atmospheric

state. Both reanalysis datasets extend over several decades

and a vast amount of observations has been assimilated into

the respective model systems. However, to some extent it

deviates from the true, unknown state and the large scales

are best described, simply because they are better sampled

by the observational network and the resolution of the data

assimilation systems. Details on scales of 100 km or less

are insufficiently sampled and subject to significant

uncertainty. In this regard, the shortcomings in the rea-

nalyses have been studied by Caires and Sterl (2003),

Caires et al. (2004), Smith et al. (2001), Jiang et al. (2005)

and Yuan (2004).

Extreme events of wind, temperature and precipitation,

have generally large impacts on human society and bio-

logical life. Droughts, floods and cold spells are examples

of potentially devastating anomalies. Significant statistics

of extremes demand long time series in order to have a

sufficient data foundation. A large data set will give

increased degrees of freedom and thereby narrow confi-

dence intervals. When it comes to data from models, the
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intensity in the data series reflects the spatial and temporal

model resolution, and thus for many purposes the resolu-

tion of the reanalyses is not enough.

There is a large body of literature where reanalyses have

been used to produce datasets with improved representa-

tion of smaller scales. Different regionalization methods,

including high-resolution and variable resolution AGCMs

(Déqué and Piedelievre 1995), nested regional climate

models, or RCMs (Giorgi and Mearns 1999), and statistical

downscaling (Wilby et al. 1998) have been employed.

RCM models are driven by lateral boundary and sea sur-

face conditions from a reanalysis or coupled ocean–

atmosphere GCM projection, while the AGCM only needs

the sea surface conditions as input.

Schmidli et al. (2006) and Schmidli et al. (2007) present

results from a study where precipitation data from statis-

tical downscaling models (SDMs) and RCMs are compared

to ERA40 reanalysis and future (2071–2100) climate. Their

main findings indicate that all models are capable of

reducing the large biases in the precipitation frequency

distribution, intensity and magnitude. Over flat terrain and

in summer, the differences between the RCMs and SDMs

are small, but for difficult situations, e.g. in winter and over

complex terrain, the better RCMs achieve significantly

higher skills than SDMs. Clear differences are also seen

when correlations in year-to-year anomalies are consid-

ered, where SDMs strongly underestimate the magnitude of

the variations.

Both Jacob et al. (2007) and Fowler et al. (2007) report

from the European project PRUDENCE (Christensen et al.

2002) where nine different RCMs and one variable reso-

lution AGCM are used to produce present-day climate and

climate-change simulations for Europe. The AGCM is the

same model as used in our study but with lower vertical

resolution (31 vs. 60 levels) and stretching factor (2.5 vs.

3).

The analysis in Jacob et al. (2007) focuses on temper-

ature and precipitation and reports that the large-scale

circulation of the driving global climate model (GCM) are

reproduced in the RCM results except for some locations

where large differences between regional biases in surface

temperature and precipitation occur.

Fowler et al. (2007) investigates how the formulations of

global and regional climate models contribute to the sce-

nario uncertainty. When looking at changes to precipitation

extremes over Europe by 2070–2100 under the SRES A2

emissions scenario, they find that all RCMs project

increases in the amount of extreme precipitation for most

of Europe. The changes are strongly influenced by the

driving GCM, but moderated by the RCM, which also

influences the spatial pattern.

The rest of this paper is organized as follows: Sect. 2

describes the method used for the downscaling. In Sect. 3,

comparisons of wind, precipitation and temperature from

the downscaling, ERA40 dataset and observations are

found. With Sect. 4, we conclude the paper.

2 Method

2.1 The nudging technique

To date, in most regional dynamical downscaling studies

performed, the forcing is administered exclusively at the

lateral boundaries of regional models. The boundary relax-

ation scheme effectively damps small-scale discrepancies

that accumulate in the vicinity of the outflow boundaries, but

it does not necessarily handle larger scales correctly, and the

long waves may reflect and interfere within the domain. The

problem of only imposing the large scales on the boundaries

has become more apparent as experiences with regional

climate models have grown during the last decade. In a

predictability study, Vukicevic and Errico (1990) showed

that most of the error growth in a regional model occurred in

wavelengths longer than 2,000 km. Extreme events are often

related to both the occurrence of a certain large-scale cir-

culation pattern, long-range transport of water vapor and to

an enhancement of the event due to local effects like

topography or convection. To incorporate these local fea-

tures in a physically consistent way with the large-scale

circulation pattern, we propose to use selective spectral

nudging (Waldron et al. 1996) in a global model with a

stretched grid configuration. The nudging will provide large-

scale flow consistent with the large-scale reanalysis circu-

lation, but let the model freely develop small-scale features

related to topography and local scale circulation patterns.

The approach has been used in several regional models (von

Storch et al. 2000; Weisse and Feser 2003; Meinke et al.

2004; Miguez-Macho et al. 2004) were it has been shown to

give added value and eliminate the sensitivity of regionally

downscaled precipitation patterns to the choice of model

domain and grid geometry (Miguez-Macho et al. 2005).

The nudging technique is simply a Newtonian relaxa-

tion, where part of the model solution is nudged toward the

reanalysis values every time step. The Arpege/IFS system

is well suited for doing the spectral nudging since it shares

the same dynamical core and vertical coordinate system as

the ERA40 reanalysis. To reduce errors related to vertical

interpolations, the model is run with the same vertical

levels as the ERA40 (60 levels). The reanalysis is available

in spectral space on its original resolution every 6 h, and

are linearly interpolated to the stretched grid configuration

and to models time step (10 min). Thus, in the continuous

integration the interpolated reanalysis values are gradually

assimilated into the model. The nudging is done in spectral

space where the spectral coefficients, corresponding to
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particular wave lengths, are nudged with given amplitude

up to wave number T42, and the relaxation time decrease

towards zero at T51. For larger wave numbers, the solu-

tions are free to develop.

oX

ot
¼ oXMODEL

ot
þ 1

s
XREANALYSIS � XMODELð Þ ð1Þ

where s is the relaxation time and X the prognostic vari-

able. In the current experiment, we apply nudging for

divergence (s = 48 h), vorticity (s = 6 h), temperature

(s = 24 h), ln of the surface pressure (s = 24 h) and sur-

face temperature (s = 48 h) equally for the whole model

domain. The nudging approach is the same as the suc-

cessful one taken in Guldberg et al. (2005).

The use of a global model prevents problems related to

the treatment of lateral boundaries and ensures that the

source of water vapor is inside the model domain. Also the

problems of moisture spin up will be eliminated because

the model is allowed to evolve without any re-initialization

throughout the experiment. The stretched grid configura-

tion has a sensitivity to the cumulus parameterization in the

tropics (more precipitation for higher resolutions), but for

the relevant area our set-up has similar resolution as the

standard so additional tuning is not necessary. Further

notices on resolution sensitivities may be found in Lorant

and Royer (2001).

2.2 Comparison of meteorological parameters

We have chosen to compare our downscaling results to

daily precipitation, temperature and wind for the period

1961–1990. These variables are the ones measured most

widely and frequently in Norway, and thus provide the

largest body of data for comparison.

In relation to the comparison of 10 m wind, we gener-

ally find the observations to have a very local

representation, typically dominated by local valley flows or

winds in small fjords systems. These will naturally not be a

good comparison for the modeled wind. An exception is

the coastal wind stations that typically have much

improved representativity. We have identified ten stations

somewhat evenly distributed along the coast. From expe-

rience, these stations are believed to have relatively high

representativety (Pers. com. K. Harstveit, met.no) with

homogeneous timeseries. These wind stations are: Lyngøy,

Lindesnes, Obrestad, Flesland, Vigra, Ørlandet, Bodø,

Andøya, Makkaur and Vardø, see Fig. 1 for geographical

reference.

The precipitation stations––totally 357––are categorized

in 13 different precipitation regions in Norway, see Fig. 3.

These regions have been established through experience

and investigations at the national meteorological institute

(Hanssen-Bauer et al. 1997). We define wet days as those

where precipitation amounts are above 0.1 mm in both the

compared datasets, and in our comparisons, we only apply

wet days.

For 2 m temperatures, we have applied a constant lapse

rate of 6 K/km in order to adjust for terrain height differ-

ences between the model systems and observations.

Assuming a constant lapse rate and thereby neglecting

temperature effects from boundary layers etc. is far from

perfect, but to first order, it will give a more fair compar-

ison. Temperature stations have also been categorized in

six temperature regions in Norway, similarly defined based

on experience, (Hanssen-Bauer and Førland 1998). The six

regions are––from south to north: Østlandet (southeastern

area), Vestlandet (southwestern coast), Trøndelag (mid

area), Nordland/Troms (northern coastal area), Finn-

marksvidda (northern inner area) and Varanger

(northeastern coast). For this parameter, there are totally 98

stations taken into consideration.

3 Results

In this paper, we center our attention of the information

added to the reference dataset (ERA40; e4) by our down-

scaling simulation (nudged Arpege; arpN). From the

Fig. 1 The terrain in the two systems. Upper: ERA40 (e4) and lower:

Arpege (arpN). The counter interval is 100 m, starting at 100 m

elevation. The stations used for wind comparison are indicated in the

upper panel; Lyngøy (Ly), Lindesnes (Li), Obrestad (Ob), Flesland

(Fl), Vigra (Vi), Ørlandet (Ør), Bodø (Bo), Andøya (An), Makkaur

(Ma) and Vardø (Va), see Sect. 2.2
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improved resolution in arpN, we first of all expect terrain

features such as orographic precipitation and coastal jets to

be more pronounced. Figure 1 indicates the terrain reso-

lution for the two systems, and the tallest mountain in arpN

is about double the one in e4. Phenomena on the open

waters will typically be better resolved giving sharper

gradients in fronts etc. and thus higher winds. A more

detailed coastline will also give rise to differences.

The basis for the results and discussions in this study

will be the three parameters mentioned in the previous

section. The main emphasis is placed on extremes of pre-

cipitation and to some extent wind as these parameters

obviously have a large direct impact on human and bio-

logical life. We will first make use of point measurements

in the comparison, and then indicate how the geographical

details look for the new downscaled data set.

3.1 Precipitation: point measurements

In the simulation of precipitation, arpN does a good job

compared to e4 dataset. Figure 2 shows fitted gamma

probability density function (PDF) based on all 357 pre-

cipitation stations, and we see that the arpN dataset has a

significantly improved precipitation amount. The figures in

Table 1 indicates that the percentage errors are much

improved for higher percentile values.

In order for us to see more of the regional performance

of the downscaling, we now turn to the defined precipita-

tion regions (RR-region) in Norway as indicated on Fig. 3.

We first look at the false alarm rate (FAR) for arpN which

is about 30–40% in most regions and the hit rate (H) which

is about 75%. The two regions 7 and 12 which both are

rather dry deviate from this picture having H *65% and

FAR *44%. Furthermore, from Table 2 showing percen-

tile for various RR-regions, and we see that the model has

an underestimation of about 15–20% in most regions, less

in dryer regions. For extreme precipitation events (99.9%),

the underestimation is typically large, around 30% for

regions with a strong orographic precipitation component

(i.e. 4, 5, 6 and 8). Looking at the number of wet days in

arpN, it varies at about 135% for the various regions, a

35% overestimation. In comparison, e4 has about 150% as

the highest values (dry regions). We may conclude that the

arpN simulation has similar deficiencies as other GCM

model results (e.g. Mavromatis and Jones 1999), raining

too often and too little, however this type of errors is sig-

nificantly reduced compared to e4.

3.2 Precipitation: geographical distribution

In Fig. 3, we present the median (50 percentile) precipi-

tation in Norway as it is produced by arpN. The

mountainous regions facing west receive the largest

amounts of precipitation. The pattern formed by the strong

precipitation gradient between the windward and the lee

side of the mountains is very similar to the gridded

observational dataset from met.no (Tveito et al. 2005, not

shown). Dry areas like 7 and 12 are nicely reproduced.

Extreme precipitation (99.9%) is shown in Fig. 3b). This

level is equivalent to about the strongest precipitation day

in 3 years. From Table 2, we see the underestimation at

this level is about 30%. To achieve a simple bias correction

for Fig. 3b), we make use of the information in Table 2.

The simple correction is done by multiplying by the inverse

of the simulated fraction. For 31% underestimation at an

area (region 3 in Table 2) of about 40 mm/day (from

Fig. 2), this is: 40(mm/day)/(100%-31%) = 58 (mm/day).

Thus for region 3, we expect the 99.9 percentiletile of daily

precipitation to be more like 58 mm rather than the

depicted value, 40 mm. For many purposes, a more

sophisticated adjustment scheme would be justified.

Fig. 2 Normalized frequency distribution of all precipitation stations

(#357) that are included in the comparison. A gamma function fitted

to the data, (gray): observations, (solid): e4 and (broken): arpN

Table 1 The relative error for model versus observations in % for

different percentiles

Percentile (%) Daily precipitation

e4 arpN

50 -53.1 -11.6

95 -45.3 -20.3

99 -51.4 -24.6

99.9 -58.4 -29.1

All precipitation stations are considered. Negative sign indicates

underestimation by the model at given percentile. arpN is the nudged

simulation and e4 is the ERA40 reference simulation
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When comparing the geographical distribution in the

two data sets (not shown), we find that arpN has improved

precipitation amounts at the 50% percentile level in

the southwestern coast and mid part of Norway. For the

northern part, there is much less of a difference. This is due

to lesser precipitation in this area, and thus lesser chance

for large deviations. For higher percentiles (e.g. 99.9), there

is still a large difference in the south and much less in the

north.

3.3 Temperature

The adjusted 2 m temperature (Sect. 2.2) is very well

simulated. Figure 4 shows the fitted normal PDF for non-

coastal stations. From the figure, we see that arpN distri-

bution is close to the observed one. In a similar figure, but

only for coastal stations (not shown), the arpN distribution

Fig. 3 a Mean precipitation as simulated by the arpN and b map of

the 99.9 percentile. Precipitation regions are indicated

Table 2 Similar to Table 1, but arpN is compared to observations in

precipitation regions (indicated in Fig. 3)

RR-regions Wet days (%) 50% 95% 99% 99.9%

1 138.8 -20.5 -23.1 -19.6 -15.2

2 147.0 -13.0 -17.6 -18.5 -17.2

3 139.5 -28.4 -28.7 -30.6 -31.0

4 126.4 -22.3 -22.8 -24.6 -27.0

5 127.7 -14.7 -16.6 -17.6 -18.7

6 125.7 -13.0 -24.5 -28.1 -33.2

7 156.4 3.4 -7.4 -7.1 -8.9

8 138.1 -10.7 -19.7 -25.3 -34.7

9 131.3 -4.3 -4.5 -10.0 -6.1

10 121.5 -10.1 -13.5 -17.7 -26.1

11 136.1 2.9 -3.1 -16.6 -37.3

12 147.0 6.6 -15.9 -18.1 -17.6

13 132.2 29.8 42.8 17.7 -7.4

Overall 135.0 -11.6 -20.3 -24.6 -29.1

Over/under estimation is indicated by (±) for different percentiles

Fig. 4 Fitted normal distribution of daily temperature for non-coastal

temperature stations in Norway for (gray): observation, (solid):

ERA40 and (broken): arpN
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overlies the one of the observations, but e4 is still biased

similarly as in Fig. 4. From Table 3 showing bias and

RMSE, we see that the bias has improved by a degree in

most temperature regions for most seasons. The low

RMSEs indicate good synchronic match. An exception is

the winter season, where the extreme temperatures are

poorest simulated. However, for region 2 (southwestern

coast), the RMSE for winter is rather low. This may be

explained by this region’s marine character, inhibiting low

temperatures.

3.4 Wind: point measurements

The overall best improvements comparing to the reference,

may be on the coastal wind stations. Low and moderate

winds (\12–15 m/s) are very well simulated, while e4

winds have a rather poor representation. A demonstrative

example is seen on Fig. 5 showing scatter plot for Lista

light house, at the south tip of Norway. We found the

moderate winds to greatly improve. Figure6 shows a

Weibull fitted distribution for the three datasets. For low

and moderate values, arpN over-exaggerates a little, while

for higher values, arpN perform well. This is manifested by

values in Table 4 showing over- and underestimation at 90

percentile and 99.9 percentile level. For instance, arpN has

a 10–15% underestimation at the higher level (99.9 per-

centile). Furthermore, the winter season has the largest

RMSE. This may be explained by larger amplitudes in the

winter data, and thus a bigger chance for errors at large

values, favoring a larger RMSE. Verification of inland

stations shows much lower skill (not shown), and as

mentioned earlier, this is due to terrain features dominated

by small scales.

We have briefly looked at wind direction for the selected

coastal stations, and find that the direction of southerly

winds is improved in the new dataset (not shown), whereas

northerly winds show no clear improvements. This may be

explained by the increased terrain resolution giving a more

Table 3 Temperature bias and RMSE for different temperature

regions (see Sect. 2.2) in Norway, categorized in various seasons

T-reg. Bias arpN Bias e4

DJF MAM JJA SON DJF MAM JJA SON

1 1.0 0.54 0.72 0.41 1.84 1.86 1.98 1.48

2 0.75 0.34 0.65 0.32 1.78 1.78 1.93 1.47

3 0.93 0.45 0.66 0.37 1.82 1.84 1.93 1.46

4 0.96 0.45 0.59 0.32 1.81 1.84 1.89 1.45

5 0.95 0.46 0.65 0.35 1.87 1.87 1.89 1.45

6 0.96 0.48 0.63 0.35 1.83 1.85 1.89 1.43

T-reg. RMSE arpN RMSE e4

DJF MAM JJA SON DJF MAM JJA SON

1 14.7 5.1 3.9 6.9 16.4 7.5 7.1 8.3

2 13.8 5.0 3.9 6.7 15.5 7.1 6.9 8.1

3 14.5 5.0 3.8 7.1 16.4 7.3 6.9 8.5

4 15.1 5.4 3.8 6.7 16.5 7.6 6.6 8.1

5 14.7 4.9 3.7 7.2 16.7 7.3 6.7 8.5

6 14.4 4.9 3.7 7.1 16.2 7.1 6.7 8.4

Fig. 5 Scatterplot of daily wind for light house station Lista at the

south tip of Norway. Dark dots are ArpN and light dots are e4. The

‘glitches’ in the dataset is due to assignment to wind class (manual

observations)

Fig. 6 Fitted Weibull distribution for daily wind observations (gray),

arpN (solid) and e4(dashed) for selected coastal station, whole year

Table 4 Statistical measures for wind divided into four seasons for

selected coastal stations

Measure arpN e4

DJF MAM JJA SON DJF MAM JJA SON

Bias 0.45 0.19 0.14 0.42 -0.26 -0.31 -0.35 -0.11

RMSE 7.82 4.93 3.45 5.51 9.06 5.54 3.98 6.42

90 (%) 0 2 2 -1 -8 -7 -10 -9

99.9 (%) -10 -9 -11 -15 -21 -19 -22 -23

The lower two rows indicate the under-/overestimation in % for 90

percentile and 99.9 percentile
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correct dynamical response for the relative stronger

southerly winds.

3.5 Wind: geographical distribution

The highest mean wind values in arpN are found over the

ocean in a band from the northern part of the British Isles

to the south tip of Svalbard, see Fig. 7. This band seems to

be linked to the track of low pressure system entering the

Barents Sea (Sorteberg and Walsh 2008). Both the mean

and the 99.9 percentile indicate enhanced offshore winds

associated with the terrain in southern Norway. Jets

appearing as a response to the terrain along the southern

Norway coastline have been studied by Barstad and Grønås

(2005, 2006). Judging from comparison of e4 and ArpN

(both the mean and 99.9 percentile; not shown), it is evi-

dent that the terrain effects––first of all showing up as

coastal wind enhancements––are the most pronounced

difference. Differences due to slightly different land masks

in the two model systems are also present.

4 Remarks and conclusions

This paper describes the results from dynamical down-

scaling of the ERA40 dataset over Norway. The

downscaling has been carried out by using a stretched

global model with up to three times the resolution of the

original ERA40. The longest waves of the ERA40 solution

(longer than T42) have been nudged on to the downscaling,

and consequently the results are synchronized with ERA40

and observations. The following atmospheric parameters

have been compared for the period 1961–1990: daily

precipitation, daily 10 m wind and daily 2 m temperature.

The results show that precipitation has significantly

improved over ERA40, and that the underestimation of

precipitation is about 15–25% at the 50 percentile level and

a little more (*25%) for higher values (99.9 percentile).

For 2 m temperature the bias in the new simulation is

improved by 1�C, but still a degree warmer than observed.

The wind varies a lot over land and few if any stations are

representative for an area comparable to the model grid. At

the coast where stations typically are more representative,

we see an improvement in the simulations. However

observed strong winds (above 15–20 m/s) are still too weak

in the simulation. From the 10 m wind field, detailed

coastal jets appear, and from the precipitation field,

detailed dry spots in the interior of the southern Norway

massif are reproduced.
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