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Abstract 
We have used the atmospheric component of the European Centre for Medium-Range Weather 
Forecasts (ECMWF) IFS model to calculate optimal forcing sensitivity perturbations which are 
constant over a chosen time interval. Optimal initial state sensitivity perturbations are computed for 
comparison. The perturbations are optimal in a tangent-linear sense and with respect to triggering 
onset of a northern hemispheric flow pattern denoted “cold-ocean-warm-land” (COWL), as 
identified by Corti et al. (1999). The flow pattern is extended from pure 500hPa geopotential height 
anomalies to three-dimensions and the full set of meteorological variables. Results are presented for 
six extended winters. 

The forcing perturbations are more able to trigger onset of the pattern than initial 
perturbations. Furthermore, there are significant differences between the forcing and initial state 
patterns and between the cases with high and low sensitivity. An external forcing that persistently 
projects onto forcing sensitivity patterns during high sensitivity, will efficiently perturb the 
preferred occurrence of quasi-permanent flow regimes. To the extent that the forcing sensitivities 
are persistent, there are potential implications for the perception of why regional climate response 
patterns bear little resemblance with the external forcing patterns producing the response. In this 
connection limitations of regional climate predictability in bounded domains are discussed, since 
optimal forcing perturbations are found to be less remotely controlled than optimal initial state 
perturbations. The results in this paper confirm results with a simple quasi-geostrophic model 
(Iversen et al., 2003). We also investigate sensitivities of the results w.r.t. the influence of model 
cycle, adjoint resolution, regime anomaly amplitude, and the number of iterations in the sensitivity 
calculations.  
�
1 Introduction  

Since the atmosphere is a chaotic system according to the definition of Lorenz (1993) (pp. 3-

6), a deterministic forecast depends critically on its initial conditions. Since initial data are only 
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approximately known, the quality of the forecast is thus in practice limited by the divergence of 

neighbouring state trajectories in the climate system’s phase space (Lorenz, 1963). Of the same 

reason, model inaccuracies produce forecast errors that significantly reduce predictability (e.g., 

Orrell et al., 2001; Barkmeijer et al., 2003). Similarly, the influence of small external forcing 

perturbations may considerably influence the state developments. (Corti and Palmer, 1997; Iversen 

et al. 2003; Jung and Barkmeijer, 2006).  

It is a matter of some debate to what extent quasi-persistent flow regimes are well defined in 

the earth system, or in single compartments such as the atmosphere. Nevertheless, it is possible 

according to some statistics to identify a certain number of regional patterns that are quasi-

recurrent, despite showing slightly different characteristics between each occurrence (e.g., Jung et 

al., 2005). In the extratropical atmosphere, blocking is a well documented regional phenomenon 

(Rex, 1950; Blackmon, 1976; Lejenäs and Økland, 1983; Kanestrøm et al. 1985). Some regimes are 

also associated with teleconnection patterns (Wallace and Gutzler, 1981) such as the Pacific- North-

Atlantic pattern (PNA), the North-Atlantic Oscillation (NAO), and the cold-ocean-warm-land 

pattern (COWL, Wallace et al. 1996). The extent to which these patterns can be regarded as 

hemispheric is particularly controversial. For example, little covariance between Atlantic and 

Pacific blocking has been revealed (e.g., Lejenäs and Økland, 1983). Nevertheless, we discuss 

mechanisms for triggering transitions to and from the hemispheric-scale COWL-pattern as 

identified by Corti et al. (1999).  

According to the non-linear paradigm of Palmer (1999), considerable changes in the 

probability density function (pdf) for atmospheric state variables can result from by small forcing 

perturbations to which the atmosphere is sensitive. The sensitivity to a forcing perturbation is 

comparatively low most of the time, when the system behaves like being quasi-permanent, or 

during predictable transitions (Palmer, 1996). The forcing sensitivity is high during unpredictable 

transitions, and during these intermittent occurrences of high-sensitive and unpredictable 

transitions, small forcing perturbations may alter the selection of subsequent flow regimes 

(Oortwijn and Barkmeijer, 1995; Corti and Palmer, 1997; Iversen et al. 2003; Jung and Barkmeijer, 

2006). A small external forcing perturbation which is persistent during situations with high forcing 

sensitivity may thus change the pdf for climate states. Since the properties of flow-regimes are 

determined by other factors than the external forcing perturbation, the response may differ 

considerably from the forcing perturbation.  

The time used for transitions between quasi-persistent flow regimes is typically much 

shorter than the average residence time of the flow regimes. For instance, a switch between zonal 

flows and blocking in the mid-latitude atmosphere may occur during a few days. For coupled flow 
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regimes like ENSO the time-scale may be weeks to a few months (Moore and Kleeman, 1999). In 

this paper we seek forcing perturbations, and for comparison, perturbations of the initial state, that 

efficiently influence northern hemispheric winter-time atmospheric flows by changing the 

occurrence of the COWL-pattern. Based on previous results, we assume four days as a time range 

for these extratropical flow switches. This short time-range limits the potential influence of remote 

forcing patterns. On the other hand, the assumptions of linearity within the adjoint technique (e.g., 

Errico, 1997), are not violated. 

  Numerical weather prediction (NWP) models for the atmosphere produce reliable weather 

forecasts several days in advance. The skill of these models has been substantially improved during 

the last decades (Simmons and Hollingsworth, 2002), including a reduction in systematic errors 

(Jung, 2005; Uppala et al., 2005). Although the models are still not perfect replicas of the 

atmosphere, e.g. the resolution of these models still introduces uncertainties (e.g., Palmer, 2005), 

we can regard them as reliable laboratories in the search for optimal forcing sensitivity patterns. In 

this study we have used a recent version of the atmospheric model component of the ECMWF IFS. 

This paper is a preliminary follow-up of a similar study by Iversen et al. (2003) who used a 3-level 

quasi-geostrophic model.  

 

2 The COWL pattern

Our interest in the COWL-pattern is inspired by Corti et al. (1999). Using de-trended 

monthly mean anomalies of the 500hPa geopotential heights fields from the reanalysis data from the 

US National Centre for Environmental Prediction (NCEP), they identified four different winter 

time, northern hemispheric flow regimes for the extratropics. Flow regimes can be associated with 

statistically significant local maxima of the pdf for points (i.e. states) in the phase space, whilst in 

the physical space they appear as recurrent anomaly deviations from climate averages. Anomalies 

for the COWL regime, as calculated by Corti et al. (1999), are presented in Figure 1a. COWL is 

clearly correlated with flows with a positive NAO index. The COWL regime has been extended to 

the full variable set of the European Centre for Medium-Range Weather Forecasts (ECMWF) 

Integrated Forecast System (IFS) model. From Figure 1b we clearly see that there is a positive 

temperature anomaly near the surface over land and a negative over ocean, hence the name. The 

amplitude of the temperature anomalies also decrease with height.  

Corti et al. (1999) showed that a significant change in the occurrence of COWL took place 

during the later 40-50 years of the 20th century. An important question is to what extent this change 

in COWL occurrence is the result of internal chaotic variability of the climate system, or if the 
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increased greenhouse gas forcing over the time period has been crucial. This study will not address 

this question to its full depth. Our aim is to investigate whether there are patterns of forcing 

perturbations in the atmosphere that optimally may trigger the COWL pattern over a few (four) 

days. If such forcing patterns have common components which are persistent for sensitive cases, 

actual forcing perturbations that project onto these components will produce a systematic change in 

COWL occurrence. The source of such forcing perturbations can, however, not be identified from 

the method. They may stem from mass, momentum, or energy exchange through the upper and 

lower boundaries, and may even involve internal processes in the atmosphere itself, for example 

those that are poorly resolved in the model. The method does not estimate any optimal forcing 

perturbation amplitude. Only the spatial pattern is estimated.     

3 Forcing Sensitivity

Consider the set of prognostic equations employed in atmospheric NWP models on state-

vector form in the phase space:   

(1)              ),(x
x

G
dt

d =

 

where x=xt is the (atmospheric) state vector at time t, and G  is a nonlinear function including 

internal and external forcing terms, which is not an explicit function of time (the system is 

autonomous).  In ECMWF IFS the state vector encompasses vorticity, divergence, temperature, the 

logarithm of surface pressure, and specific humidity. Using a tangent-linear version of (1) we can 

approximate the evolution of small perturbations tεεεεεεεε = to a trajectory c
tx , a control integration, 

which fulfils (1) and initial conditions 0x :  

(2)           ,fG +≈ Ldt

d

 

where LG  is the Jacobian of G  for which values for derivatives are calculated by inserting the 

values c
tx  along the trajectory, and f  is a small perturbation of the model’s tendencies, i.e, a forcing 

perturbation. The solution of (2) is given by: 

 

(3)        ,),(),0(
0

0 �+=
T

T dsTsT fMM
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where [0,T ] is the optimisation time interval, 0  is the initial state perturbation, and M denotes the 

propagator of the tangent-linear equation (2). M  depends on x, i.e., the growth of the perturbations 

is flow-dependent (e.g., Palmer, 1993), We employ a diabatic version of the tangent-linear 

propagator with linearized physics. Perturbations in humidity are not taken into account.  

We either perturb the initial conditions, i.e., 0=f , in which case (3) reduces to 

 

(4)        ,),0( 0M TT =

 

or we perturb the forcing with a constant ff = , i.e., 00 = , and we have 

(5)        ,),0(~ fM TT =  

 

where �=
T

dsTsT
0

),(),0(~ MM . A constant forcing ensures that model perturbations are not biased 

towards early parts of the tangent-linear integration, for which forcing has a relatively long time to 

grow.  

 We want to find perturbations 0  of the initial state, or f  of the model tendency (i.e. 

forcing), that produce state changes at final time Tεεεε  which is as close as possible to the flow pattern 

γγγγ , e.g., the COWL pattern. By close, we mean that the phase-space distance measured by Total 

Energy (TE) should ideally be zero. We approximate Tεεεε  by the tangent linear evolution given by 

(4) and (5) in the respective cases. We therefore want to minimize the cost-function 

 

(6)            ,)(),()( TE2
1

0 >−−<= PPJ TT  

 

where P  is a projection operator (Buizza, 1994) which localizes the area in the extratropical 

northern hemisphere. Here TE>< ..,..  is the total energy inner product with associated total energy 

norm 
2

TETE, yyy =><  for any y  (Ehrendorfer et al., 1999). When 0  is perturbed with 0 , the 

cost function changes with the amount: 

 

 (7a)                      ),(),()()( TE00
**

TE00 >−<=>−<=−+= MPPMPPJJJ 0 TT  
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or alternatively when f is perturbed with f : 

 

(7b)                        ),~(~),()()( **
TETE ffMPPMPPfJffJJ >−<=>−<=−+= TT  

 

The adjoint *P  to the linear operator P  with respect to the TE inner product, satisfies by definition 

for any y and z: TETE ><=>< zy,PPz,y * . We have also employed the adjoints of M  and M~ . 

Equation (7) together with either (4) or (5), are used to express T  in terms of 0  or fδδδδ , the 

initial state perturbation or the forcing perturbation, respectively. Given that TE00 , >∇<≈ JJ  or 

TEf , >∇<≈ fJJ  in the respective cases, the gradients can be expressed as follows: 

 

         )(  0
**

0 MPPMJ −=∇ (8a) 

for the initial state perturbation, and in the case of forcing perturbation: 

  

    .~(~  **
f )fMPPMJ −=∇          (8b) 

yM* is the result of integrating the adjoint to the tangent-linear model (2) backwards in time from 

the state vector y . The calculation of fM*~  is slightly more cumbersome, but Barkmeijer et al. 

(2003) designed an algorithm which uses the adjoint to the tangent-linear model (2) and requires the 

same computational costs as for the calculation of yM* .  

Eqs. (8) define the basis for an iterative procedure to minimize J. The iteration starts by 

letting 00
00 == and 00 == ff  in eqs. (8a) and (8b), respectively, yielding [ ]      **0

0 PPMJ −=∇  

and [ ] PPMJ **0
f

~−=∇ . We now define the initial sensitivity index and forcing sensitivity index 

as 

 

[ ]
||||

|||| 0
0

γγγγ
J∇

                   (9a) 

and 

[ ]
||||T

|||| 0
f

γγγγ
J∇

.                    (9b) 
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Since M~  has dimension time and M  is dimensionless, we have divided by the length T of the 

optimalisation interval, which in this study is 4 days. We step forward in the iteration by requiring 

that the norms TE00 , >< νν  and TE, >< νν ff  are constants, so that for 1,2,...=ν  ν−νν += 0
1

00 δεδεδεδε  

and ν−νν += fff δδδδ1 , where )( 1
0

**
00 MPPM −α= −ννδδδδ , )~(~ 1**

f fMPPMf −α= −ννδδδδ , and 0α  

and fα are suitable constants. Under the fixed-norm constraint, these perturbations are optimal in 

the sense that they produce the largest reduction in the cost function for each iteration. That is ν
0δεδεδεδε  

and νfδδδδ  are scaled versions of the gradients in eqs. (8a) and (8b), respectively.  

 Klinker et al. (1998) designed the iteration procedure for initial state sensitivities 0  and 

γγγγ equal to a short-term (e.g., two days) forecast error. Barkmeijer et al. (2003) extended the method 

to forcing sensitivities of the same kind of forecast errors. The resulting perturbations are called 

key-analysis or key-tendency errors. We apply the methods to atmospheric flow regime patterns. 

Usually, only a few iterations are necessary. As shown by Klinker et al. (1998) three iterations yield 

a best fit to the observations for adiabatic (Buizza, 1993) computations. According to Jung et al. 

(2003) in order to take into account the slower convergence of the algorithm, six iterations appear to 

be a reasonable choice for diabatic computations, which are also used here. Once the optimal 

perturbations have been determined, we carry out nonlinear (sensitivity) forecasts by either adding 

the forcing perturbations to the model G  in (1) or adding the initial perturbations to c
0x , creating a 

perturbed nonlinear trajectory tx . In cases when tangent-linearity is a poor approximation to the full 

model integration, another iterative procedure can be used, in which the non-linear control forecast 

is redefined in steps following Oortwijn and Barkmeijer (1995). This can be necessary when the 

norm of the pattern γγγγ  is large, but this has not been the case in our experiments. 

The initial state and forcing sensitivities both depend on the selected regime, the target area 

defined by P, and on the state of the atmosphere (the trajectory). Details of the adjoint model also 

influence on the results, e.g., horizontal resolution. Also, since the adjoints in (8) depend on the 

norm, so will the sensitivities. The TE-norm gives a reasonably complete picture of the differences 

between atmospheric states (e.g., Orrell et al., 2001).  
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4 Experimental design

The model used in this study is the sensitivity suite of the ECMWF IFS model (atmosphere 

only). The experiments are mainly carried out with model cycle 28r1, used operationally from 09 

March 2004 to 29 June 2004, but also cycle 29r2, used operationally from 28 June 2005 to 01 

February 2006, has been used for comparison. The model is a global spectral model with 60 levels 

in the vertical. The projection operator P defines a targeted domain in the northern hemisphere 

north of 30 degrees north.  

Due to computational costs of sensitivity runs, we use a reduced spectral resolution of T63. 

The adjoint *M is run with T42 resolution, but some results from T63 are presented for 

comparison. Initial fields 0x for the sensitivity runs are taken from ERA-40 reanalysis data (Uppala 

et al., 2005). The forecast length is 10 days, and sensitivities are calculated every 5th consecutive 

day. The optimalisation time interval is 4 days. We focus on the extended winter seasons, defined as 

the periods between 15 October and 15 April. We have run the 6 seasons that starts in the fall of the 

years 1963, 68, 77, 84, 88, and 99. A total of 223 cases are produced.  

In this paper we study the sensitivities for the COWL flow pattern as defined by Corti et al. 

(1999) and extended to the full IFS variables by linear regression. The patterns are defined from 

monthly mean anomalies, which have considerably smaller amplitudes than e.g. daily or weekly 

data. By multiplying the COWL pattern (Figure 1) with a factor A (hereafter denoted the regime 

factor), we can obtain the regime amplitudes which are more typical for, e.g., weekly time scales. In 

the bulk of the results presented here A=10. Results for other values of A are discussed in Section 

5.4. Note that the sensitivity indices (9) are independent of the choice of regime factor.   

 

5 Results 

5.1 Linear sensitivities to forcing perturbations

The sensitivities (9) are shown as a function of time in Figure 2 and as frequency 

distribution histograms in Figure 3. In order to get a better representation of low, moderate and high 

sensitivity cases, we have divided the individual indices by the sample average over all 223 cases. 

Values near 1 are therefore indicative of average sensitivities whilst larger values represent higher 

than average sensitivities, provided that our sample average is a good estimate of the expectation. 

The sensitivities are skew, thus they are moderate to low most of the time and high only 

intermittently. This confirms results of Iversen et al. (2003). A detailed study of the situation around 

the the peaks of March 4th 1964 and February 23rd 1989, revealed that the sensitivities increased 

gradually from over a few days followed by a decrease. This indicates that the atmosphere is 
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sensitive to small perturbations that may trigger regime transition during time slots of relatively 

short duration. In order to examine to what extent a regime transition actually occurred for the 

unperturbed or the perturbed trajectories, proper regime indices are needed (e.g., Oortwijn and 

Barkmeijer, 1995; Corti and Palmer, 1997; Iversen et al., 2003). This is currently under 

investigation.   

From Figure 2 it is evident that the initial sensitivities follow the forcing sensitivities 

closely. Initial state sensitivities generally have the higher peaks and variations. The average 

sensitivity indices are 7.27 for initial and 2.17 for forcing. Based on the results in Figure 3, we find 

the 15% most and least sensitive cases. For the forcing perturbations the respective average 

sensitivities are 2.71 and 1.73, and for the initial state perturbations they are 9.92 and 5.27. As 

expected from the skewness, the most sensitive cases differ more from the overall average than the 

least sensitive. However, the difference is not very large, which may indicate that the sample of 

cases is too small.  For instance, Iversen et al. (2003) used 540 cases in their study, Oortwijn and 

Barkmeijer (1995) 1000, and Corti and Palmer (1997) included 2000 cases. Of the 33 most sensitive 

cases, 7 occurred in the winter of 2000, 6 in each of 1964 and 1969, 5 during each of 1985 and 

1989, and 4 in 1978. Of the least sensitive cases 8 occurred in 1964, 6 in 1969, 5 in each of 1978, 

1985 and 2000, and 4 in 1989. We need more cases to determine whether the difference between 

the years is statistically significant.  

  Even for cases with high sensitivity, regime transitions do not necessarily occur. A given 

perturbation, forcing or initial state, needs to project positively onto the corresponding spatial 

patterns for transitions to be actually forced. Figures 4 shows such optimal patterns for forcing ( f ) 

associated with the 15% most and 15% least sensitive cases respectively. Figure 5 shows similar 

results for optimal initial state patterns ( 0εεεε ). The mapped variables are root mean squares of 

temperature normalized by dividing by the area averages given in the figure captions. The selected 

levels are model level 39 (mid-troposphere, approximately 500hPa) and model level 60 (close to the 

surface). The forcing perturbation patterns in Figure 4 are mainly located on the northern 

hemisphere, and the larger values are located well inside the target area (hence the chosen 

geographical area of display in Figure 4). The perturbations are more uniform in the mid-

troposphere (model level 39) than close to the surface (model level 60). Close to the surface some 

areas contribute considerably more than others in the forcing of changes towards the COWL 

regime. On the other hand, the spatial extension of the perturbations is larger in the mid-

troposphere, and there is displacement westwards with height. In the mid-troposphere the 

perturbations are widespread with main influence from East Asia, The Pacific Ocean and North 
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America, in contrast to the low levels where large perturbations are mainly found over the Atlantic 

Ocean. The forcing patterns associated with high sensitivity generally resemble those associated 

with low sensitivity, although there are important differences. In high sensitive cases a maximum is 

calculated close to the surface over the ice-free Barents Sea north of Norway, whereas the least 

sensitive cases have a maximum south of Greenland. There also is a large perturbation in the mid-

troposphere west of Greenland which is only seen for the least sensitive cases.  

   Of the 33 cases with high initial state sensitivity, the winter of 1985 had 7, 1964, 1989 and 

2000 each had 6, 1969 had 5, 1978 had 3. Of the least sensitive cases there were 9 in 1969, 6 in 

1964 and 2000, 5 in 1985 and 1989, and 2 in 1978. About 50% of the extreme initial state sensitive 

cases occurred on the same day as those for the respective extreme forcing sensitivities, hence the 

correlation is significant. There are also similarities between the forcing and initial perturbation 

patterns but also considerable differences. The initial perturbations are more widespread, are less 

confined to the polar regions, and in stead extend more into the tropics. The largest contributions 

are found close to the surface over oceans, but the Pacific and Atlantic Oceans are about equally 

important. There are very small perturbations over the continents except for Northern Africa and 

South-West Europe. The initial state sensitivity patterns clearly have smaller spatial scales than the 

forcing sensitivity pattern, and thus appear to be more influenced by chaotic configurations. This is 

consistent with the findings in Barkmeijer et al (2003) and Iversen et al. (2003). As for forcing 

sensitivities, the perturbations are more wide-spread in the mid-atmosphere than close to the 

surface. 

5.2 Remote versus local forcing

Four days optimalisation time is short in order to capture very remote influences, e.g. 

through processes such as the transient wave-trapping downstream of sources (Branstator, 2002). 

Hence the applicability of results in this paper will have to be limited w.r.t. climate change. 

However, some light might be thrown on the potentials of regional climate models. In order to 

prepare for regional impact studies, downscaling of climate change scenarios from global 

circulation models (GCMs) is common (e.g., Giorgi et al., 2001). In dynamical downscaling high 

resolution regional climate models (RCMs) are run with data from the GCMs at lateral boundaries 

and for the sea surface. Various external and internal forcing terms are calculated with a higher 

spatial detail in the RCMs than in the GCMs. Thus, the potential for improvement with respect to 

regional climate exists to the extent that parts of the forcing improvement contribute to improved 

regional response. This is not to be expected directly, as remote forcing structures, which an RCM 

cannot improve, may influence as well. Studies of forcing singular vectors suggest that the response 
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of large scale forcing perturbations grow fastest. As opposed to initial state singular vectors, there is 

little upscale development from the forcing (Barkmeijer et al., 2003; Iversen et al., 2003). Similar 

features are recognised from the sensitivity patterns in Figures 4 and 5, and the forcing sensitivity 

pattern is also less remotely influenced than the initial state sensitivities. Hence, if we improve the 

resolved scale forcing structures we should expect improved results on the regional scale with a 

limited area RCM. For this to happen, however, the size of the RCMs’ integration domain should 

pay attention to the relative importance of remote versus local forcing. If the RCM include local 

areas that influence the region’s climate, local forcing improvements in the RCM potentially add 

value to the regionally downscaled climate. We have seen that lower atmospheric temperature 

tendencies in the North Atlantic Ocean, the Nordic and Barents Seas may be particularly influential 

for the COWL-regime which is a pronounced signal of climate change since the 1950s. However, 

Figure 4 also shows more remote influence in the mid-troposphere, which is difficult to improve in 

an RCM. Preliminary results for forcing singular vectors over 5 days targeted to Europe also shows 

considerable potential influence from lower tropospheric temperature tendencies over the North 

Atlantic Ocean (Frogner and Iversen; work under development).   

Therefore, the optimal domain size for an RCM producing results for Northern Europe could 

be larger than implied by e.g., Jones et al. (1995), Kida et al. (1991) and Denis et al. (2002). It 

should be emphasized, though, that it is not straightforward to improve large scale forcing structures 

in a region. Coupled RCMs with high resolution of the ocean and sea-ice components are probably 

needed.  

5.3 Evolved perturbations

After finding the optimal forcing perturbation, we add f to G in (1) and run the model 

forward over the optimalisation time interval from 0 to T. We have also continued beyond T. The 

difference between the resulting trajectory and the control forecast c
txx −t  is the nonlinear response 

to the forcing sensitivity, i.e. the nonlinearly evolved perturbation. The evolved initial state 

sensitivity is calculated by integrating (1) from 00xc + . The optimalisation procedure behind 

finding f  and 0εεεε  relies on tangent-linearity. To be valid, it is required that c
TT xx −  resembles the 

COWL regime pattern. In constructing the sensitivities we have increased the amplitude of the 

pattern originally determined by Corti et al. (1999) by a factor A, i.e. COWLAγγγγγγγγ = , where we have 

chosen A=10. Figure 6 shows the results for temperature at model level 60 (close to the surface) and 

the geopotential height at 500hPa averaged over the same 15% most and least sensitive cases as in 

Figures 4 and 5.  These figures should be compared to the COWL regime, in Figure 1, bearing in 
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mind that A=10. The patterns are in fact very similar, but the amplitudes are smaller than the scaled 

regime. A measure of the amplitude ratio is given by the total energy norms: 

||||

|||| c

γγγγ
TT xx −

.                       (11) 

The mean values of (11) are 0.50 for the most and 0.58 for the least sensitive cases with a 

sample mean of 0.53. A quantitative measure of the pattern resemblance is given by the projection 

of the normalized evolved perturbation onto the normalized regime: 

||||||||

,
c

c

γγγγ
γγγγ

TT

TT

xx

xx

−
>−<

,                   (12) 

where a perfect projection results in a value of 1. For the most and least sensitive cases the mean 

values of (12) are 0.50 and 0.52, respectively, with a sample mean of 0.51. These are better scores 

than obtained by Iversen et al. (2003) who got a sample mean value of 0.4. However, they used a 

regime factor of 1, and with A=1 we would obtain a value smaller than 0.4 (see Section 5.4). We 

have seen that, overall, the calculated forcing sensitivity perturbations are able to significantly 

trigger the COWL regime.  

Since we have COWLAγγγγγγγγ = , eq. (12) may, for a given c
Tx , at first glance appear independent 

of A. However, the magnitude of A strongly influences Tx  through nonlinear terms in G . Similarly, 

we can not scale (11) with the regime factor and consider the result independent of A. 

Figure 7 shows the resulting evolved perturbations c
TT xx − for the 15% most and least initial 

state sensitive cases. The results are very similar to those for forcing in Figure 6. However, the 

projection of the perturbation onto the regime is generally smaller, and the pattern resemblance, eq. 

(12), yields 0.45 for the 15% most sensitive cases and 0.42 for the least sensitive cases. This 

confirms the results of Iversen et al. (2003). Also, by perturbing the forcing we get a more 

consistent trigging of the regime than by perturbing the initial state. This is illustrated in Figure 8 

which shows the standard deviation of the evolved temperature perturbation at model level 60 

(close to surface) for the most and least sensitive cases. On the other hand, the amplitude factors, 

eq. (11), are somewhat larger: 0.64 for both the most and least sensitive cases.  

5.4 Influence of model cycle, adjoint model resolution, regime factor, and number of

iterations.  

So far we have presented results based on model cycle 28r1 of the ECMWF IFS. The full 

nonlinear model, eq. (1), has been run with resolution T63L60, whilst the tangent-linear and adjoint 

models have been run with T42L60. In the determination of the optimal perturbations 6 iterations 
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have been employed, and we have used A=10. Following, e.g., Klinker et al. (1998), we can 

examine how these choices influence some of the results presented so far. The 1985 winter season 

is chosen as test bed. The number of days with high sensitivity was above the average for all the 

seasons we have run.  

As can be readily seen from eq. (9), the sensitivity indexes neither depend on the regime 

factor nor the number of iterations. And by changing the model from cycle 28r1 to 29r2 the 

sensitivities are, as expected, virtually unchanged (not shown). However, as seen in Figure 9, the 

horizontal resolution of the tangent-linear and adjoint models influences the sensitivities, with a 

general increase in the sensitivity index. More importantly, the amplitude increases and there is a 

change in the rank of most sensitive cases. Thus, the detection of the high sensitivity cases is 

dependent on the horizontal resolution of the adjoint. These results are not found if we merely 

truncate the results obtained by T63-resolution to T42, hence the differences are on the smaller 

scales. These changes in sensitivity indices are also reflected in the sensitivity patterns. Figures 10 

and 11 give the temperature perturbations at model levels 39 (mid-troposphere) and 60 (close to the 

surface). The differences resulting from the adjoint resolutions are more pronounced at at the 

surface than in the mid troposphere. For instance, North America and the Pacific Ocean have 

smaller contributions to the forcing sensitivity perturbations for COWL with T63 than with T42, 

whereas this is less pronounced initial state sensitivity perturbations. Over the Atlantic Ocean the 

largest forcing sensitivity perturbations are confined over a smaller area with T63 than T42. The 

initial state perturbations become even more small scale with increased horizontal resolution, 

emphasizing the fundamental scale difference between the initial state and forcing sensitivity 

perturbations. Another important issue when assuming linearity is the size of the perturbations 

0εεεε and f . As seen in the figure captions of Figures 10 and 11, the amplitudes decrease when we 

increase the adjoint spectral resolution from T42 to T63. Also, the decrease is much larger for 

0εεεε than f . 

An important aspect is the ability of the perturbations to trigger the COWL regime. On 

average, the optimal perturbations 0(εεεε and )f obtained with T63 adjoint resolution are compared to 

T42, equally able to trigger the regime pattern with the initial perturbations producing a slightly 

larger difference between the T63 and T42 results than the forcing perturbations do (not shown). 

The amplitudes of the evolved perturbations decrease with the increasing resolution and the 

decrease is more than twice as large for the initial perturbations as for the forcing perturbations (not 

shown). This is consistent with the mentioned scale reduction in the initial perturbations. The result 

is that the normalized length on average is about the same for the initial and forcing perturbations 
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when T63 is used (e.g., Figure 12). The results are qualitative the same with other regime factors 

(A=2.5 and 4).     

The regime factor profoundly influences the ability to trigger a regime transition. We use 

model cycle 29r2 with adjoint resolution T63 and three different regime factors: 2.5, 4, and 10. (The 

results are qualitatively the same with cycle 28r1.) Normalized length, eq. (11), and projection, eq. 

(12), are shown in Figure 12. The regime pattern is best triggered with A=10, whereas A=2.5 shows 

the closest resemblance to the COWL in terms of amplitude. For each regime factor the optimal 

forcing perturbations are better than the initial perturbations at triggering regime transition. Evident 

in Figure 12 is also the large temporal correlation for normalized length and projection respectively, 

when different regime factors are used. This is consistent with the sensitivity patterns being 

independent of regime factor. As noted by Iversen at al. (2003), with a regime factor of 4 the 

COWL would be representative of weekly time scales. Our results show that the ECMWF IFS 

sensitivities are able to represent regime transitions on these time scales. 

 The number of iterations used for determining the sensitivity perturbations may influence 

the results (Klinker et al., 1998). With only 1 iteration, the ability to trigger a transition to the 

COWL regime is poor (not shown), and this is particularly true for the forcing perturbations. We 

have also run four cases with 10 iterations. A regime factor of 2.5 was used with model cycle 29r2 

and T63 adjoint resolution. The mean projection, eq. (12), is 0.38 and 0.33 for forcing and initial 

perturbations, respectively. With 6 iterations the corresponding values are 0.33 and 0.26. For the 

amplitudes we get 0.64 for forcing, 0.68 for initial, as opposed to 0.60 and 0.59 respectively for 6 

iterations. That is by increasing the number of iterations both the amplitude and the pattern 

resemblance increases.  

 

5.5 The nonlinearity issue

One particularly important question to address when assuming tangent linearity and using adjoint 

models, is to what extent the linearity is valid. We seek perturbations ( 0εεεε and )f  that optimally 

trigger flow pattern transitions over 4 days. This is by nature not a linear problem, but our method 

to estimate these perturbations are linear (see Section 2). The degree of nonlinear behavior depends 

on the amplitudes of the perturbations in the models variables. The regime factor therefore 

influences the linearity directly. One way to investigate the errors introduced by linearity is to 

evolve the sensitivity patterns both nonlinearly, eq. (1), and tangent-linearly, eq. (2), and compare 

the results. The quality increases with decreasing difference. One might argue that it suffices to 

compare the nonlinearly evolved perturbations at time T, c
TT xx − , to the regime COWLAγγγγ . A close 
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match would thus suggest linear behaviour up to T. However, this approach requires that a 

sufficient number of iterations are used such that COWLT Aγγγγεεεε ≈ . This is, as we have seen, not 

generally achieved with 6 iterations, and that the normalized length and projection in Figure 12 are 

not equal to 1 can not solely be attributed to nonlinearities.  

The forcing perturbations are more efficient at triggering a regime transition than initial 

perturbations, and the most sensitive cases have perturbations with smaller amplitudes than the least 

sensitive case. Thus, in both instances nonlinearity should be more important for the low sensitive 

than the high sensitive perturbations. Using cycle 28r1 with T42 adjoint resolution, we have used 

the regime factors 2.5, 10 and 40. From a comparison of the resulting normalized lengths and 

projections, the most striking feature is the large temporal variation in normalized projection, eq. 

(12), of the evolved initial perturbations for 40=A (not shown). This variation is much larger than 

for any of the other regime factors and also much larger than the variation found in the forcing 

perturbations. Our results suggest that the linear assumption is valid for those results where 10≤A , 

i.e. for the results presented in this paper.  

6. Concluding remarks 

We have adopted the nonlinear dynamical perspective of Palmer (1999) in our 

conceptualization of climate variability and change. This includes the appreciation that response to 

a forcing perturbation in a non-linear, unstable dynamical system like the atmosphere, may be 

determined during relatively rare and intermittent situations with high forcing sensitivity, whilst 

most of the time the forcing have little direct impact. This is consistent with Corti et al. (1999) who 

concluded that recent Northern Hemisphere warming is more directly related to the structures of 

atmospheric flow regimes than to the anthropogenic forcing itself. This study is a preliminary 

attempt to find forcing sensitivity patterns which might force a climate change consistent with the 

findings of Corti et al. (1999). However we emphasize that we only study changes in the 

atmosphere over a time range of 4 days. This implies that forcing from other compartments of the 

climate system, such as the oceans, are here regarded as external, even though such forcing in 

reality may come from a feedback from the atmosphere itself. Furthermore, four days limits the 

potential influence from very remote perturbations, such as those described in Branstator (2002).   

We find that the ECMWF IFS model is able to trigger regime transitions within 4 days 

based on perturbations estimated from tangent-linear and adjoint theory. One novelty of this study, 

compared to previous studies of e.g., Corti and Palmer (1997) Iversen et al. (2003), is the use of a 

global NWP model with full physics complexity. This model has also been successfully used by 
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Barkmeijer et al. (2003) in reducing NWP forecast errors, and Jung and Barkmeijer (2006) in their 

study of the influence of the stratospheric polar vortex on the tropospheric circulation. With the 

fully complex model we have confirmed and further developed the results found by Iversen et al. 

(2003). For instance, we find that 1) the sensitivities are moderate to low most of the time and high 

only intermittently; 2) the forcing sensitivities have larger spatial scales than the initial sensitivities; 

3) evolved forcing perturbation patterns resemble the COWL regime more than the evolved initial 

perturbations; and 4) the North Atlantic Ocean sea surface temperature seems to be crucial in 

determining the climate in Northern Europe. 

The influences of model cycle, adjoint resolution, regime factor, and number of iterations 

have been investigated. We find that the detection of the high sensitivity cases is dependent on the 

horizontal resolution of the adjoint; the peaks increases and there is a change in the rank of most 

sensitive cases. These changes are also reflected in the sensitivity patterns in that the Pacific Ocean 

is less important for forcing COWL transitions with T63 than T42. As expected the ability to trigger 

a regime transition depend on the number of iterations employed. Also the regime factor is 

important in that respect, but the sensitivity patterns are not largely affected by this magnitude. 

Although nonlinearities need to be investigated further, these results suggest that the linear 

assumption is valid. Based on the results presented in this paper we suggest that there are good 

reasons for extending the experiments to more cases. Since really sensitive situations are relatively 

rare, there is a risk that we have not found them amongst the cases studied so far.  
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a) Z 500hPa

 
 
b) T Mid-Troposphere (level 39) c) T Close to Surface (level 60)

Figure 1: The COWL flow regime�generalized from Corti et al. (1999). a) 500hPa geopotential height (m). b)
Temperature (K) anomaly at model level 39 (about 500hPa) and c) model level 60 (surface).�
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Figure 2: Normalized sensitivity indexes taken every five days for six extended winter seasons. The sensitivity with 
respect to the COWL regime for perturbations of the initial state (thin lines) and the sensitivity for forcing perturbations 
(Thick) are shown. The mean sensitivity indexes are 2.17 and 7.27 for forcing and initial perturbations, respectively. 
We have normalized the sensitivity indexes of Equation 9 with the respective averages. See text for further details.   
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�
Figure 3: Frequency distribution histograms for the sensitivity indices of Figure 2; forcing sensitivity (top) and 
initial state sensitivity (bottom). 
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�
�
Figure 4: Normalized root mean square of the optimal forcing perturbation patterns f for the 15% most (left) and 
least (right) sensitive cases of the 223 cases shown in Figure 3. The temperature forcing patterns at model level 39 (top) 
and at model level 60 (bottom) are shown. The patterns are normalized with the respective spatially averaged root mean 

squares. From top left to bottom right these averages are 6.02, 8.01, 1.91, and 2.66* 610−  1Ks− ��������	
�����
�

���
��
��	�����������������������������������������������������������Note the nonlinear scaling.�
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�
Figure 5: Same as Figure 4, but for perturbations of the initial state 0εεεε . From top left to bottom right these averages 

are 0.42, 0.60, 0.12, and 0.20 K. ������	
�����
�
���
��
��	�������������������������������������������
����������������Note the nonlinear scaling. 
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�
�
Figure 6: Mean perturbed minus unperturbed (control) nonlinear forecasts taken at optimization time, i.e., 4 day 
forecasts. The perturbed nonlinear forecasts are all based on optimal perturbations with respect to the COWL regime. 
The selected cases, for which the averages are taken, are the 15% most (left) and least (right) sensitive cases of the 223 
shown in Figure 3. Only the forcing has been perturbed, i.e., the perturbed and unperturbed forecasts both start from the 
same initial conditions. Top row shows the 500hPa geopotential height (m) and the bottom row the temperature (K) at 
model level 60 (surface). The patterns should be compared to the COWL regime in Figure 1 multiplied by a factor 10. 
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�
�
Figure 7: Same as Figure 6, but for initial state perturbations instead of forcing perturbations.  
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�
�
Figure 8: Same as Figures 6 and 7, but for standard deviation instead of mean. Only temperature at model level 60 is 
shown. Top row: forcing perturbations. Bottom row: perturbations of the initial state. Left: 15% most sensitive cases. 
Right: 15% least sensitive cases. 
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�
�
Figure 9: Sensitivity index as a function of adjoint model resolution: T63 (thick) and T42 (thin). Forcing sensitivities 
(9b) are given in a) and initial state sensitivities (9a) in b).  
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Figure 10: Normalized root mean square of the optimal forcing perturbation patterns f for the 37 cases during the 
extended 1985 winter season. The temperature forcing patterns at model level 39 (top) and at model level 60 (bottom) 
are shown. The left column shows the results from model cycle 28r1 with T42 adjoint, and the right column is for cycle 
29r2 and T63 adjoint. The differences in the results are caused mainly by the different resolution since the two model 
cycles used differ very little. The patterns are normalized with the respective spatially averaged root mean squares. 

From top left to bottom right these averages are 6.94, 4.98, 2.32, and 1.23* 610−  1Ks− ��Note the nonlinear scaling.�
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Figure 11: Same as Figure 10 but for initial perturbations 0εεεε . The patterns are normalized with the respective 

spatially averaged root mean squares. From top left to bottom right these averages are 0.54, 0.28, 0.18, and 0.094 K��
Note the nonlinear scaling. 
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Figure 12: Normalized length, eq. (11), and projection, eq. (12), for three different regime factors: 2.5 (thin solid), 4 
(thick long-dashed), and 10 (thick solid). Results for forcing perturbations are shown in the left column and results for 
initial state perturbations in the right. Model cycle 29r2 and adjoint model resolution T63 are employed.  
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Future Changes in Extreme Rainfall over Northern Europe
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ABSTRACT

Empirical studies show that the frequency distribution, nP , with respect to daily precipitation

amount, P , can for a large number of location be approximated by an exponential law, nP ∝ emP ,

with negative values for the exponential coefficient, m. Furthermore, the exponential coefficient is

not a constant but varies from location to location and exhibits a systematic relationship with the

local mean temperature and precipitation as well as other geographical parameters. These properties

allow an estimation of extreme values in form of high percentiles, once the mean conditions are

known. Furthermore, given changes in the mean local climate, it is possible to infer changes in

the extremes. A new multi-model ensemble of the most recent climate simulations, carried out for

the next Intergovernmental Panel on Climate Change (IPCC) report, due to be published in 2007

(AR4), has been subject to empirical-statistical downscaling and provide best-estimates for the

continuing trends in mean temperatures and precipitation in northern Europe. These scenarios are

used in conjunction with the established relationship between the exponential coefficient m of the

distribution function on the one hand, and local mean temperature and precipitation on the other,

to infer changes in the 90-percentiles of the rainfall for year 2050. This approach is different to

previous work based on regional climate models or more traditional means of downscaling. This

new independent analysis points towards an increase in the number of extreme precipitation events

and more rainy days over northern Europe.

Key words: Climate scenarios empirical-statistical downscaling pdf extremes
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1 Introduction

It is notoriously difficult to determine trends associated with very rare events due to large sampling

fluctuations and low number of extreme cases. Nevertheless, precipitation observations over parts

of Europe suggest a trend in intense winter precipitation in Schmidli and Frei (2005); Frei and

Schär (2001); Hundecha and Bárdossy (2005) but also elsewhere (references given in Hundecha

and Bárdossy (2005)). Previous projections based on 19 different global climate model (GCM)

simulations with a coarse resolution suggest an increase in the probability of extreme winter pre-

cipitation over northern Europe (Palmer and Räisänen, 2002). One caveat is that GCMs provide

a representation of mean values of large areas, whereas it is often extreme local rainfall that is of

interest. Higher-resolution regional climate models (RCMs) have been used to improve the fidelity

of the projections, and some of these also point to more extreme rainfall amounts over northern

Europe as a consequence of a global warming (Christensen and Christensen, 2002). Studies based

on RCMs have traditionally only involved a few simulations, but large models ensembles are usu-

ally needed to infer changes in extreme event statistics. With the completion of the PRUDENCE

project (http://prudence.dmi.dk/), however, more RCM results become available as 8 different re-

gional models have been driven by 4 different GCMs. To the degree to which the RCMs follow the

driving models, PRUDENCE represents a small ensemble. Furthermore, the spatial resolution of

the RCMs range between 50 and 70 km and the representation of local extreme events may not

always be adequate in 50-by-50 km2 averages. Most real observations are made for the local precip-

itation and can be considered as point measurements. RCMs nevertheless give useful information

about larger spatial scales.

Here a different approach is taken by estimating the change in the probability density functions

(pdfs) describing the statistical distribution of the precipitation. Empirical-statistical downscaling

(ESD) is used to estimate the local mean climatic conditions, and changes in the pdfs are examined

rather than applying a trend analysis. The pdfs in this study represent the local precipitation rather

than areal means and all seasons rather than a particular time of year.
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2 Data & Methods

Daily precipitation amounts was obtained from the European Climate Support Network, ECSN,

(Klein Tank et al., 2002) as well as the data archive from the Norwegian Meteorological Institute

(NMI), and represent periods of different lengths, with the NMI records starting in 1950–1982

depending on the station record, and the ECSN data in the range 1900-1979. Most of these series

contain data up to 2005. The 49 stations used in this analysis are represented as (linear-log)

histograms in Figure 1 and span the latitude range from Greece and Spain in southern Europe to

Svalbard in the Arctic. Most of the stations are nevertheless located in northern Europe as this was

the focus of this study. Only rainy days with precipitation exceeding a threshold value of 1mm/day

were used for the histograms and fitting pdfs because of uncertainties associated with low values.

When histograms for daily precipitation are plotted with a log-scale along the vertical axis, a

close to linear dependency to magnitude is evident (Figure 1). The slope, m, for the linear fit to the

logarithm of the counts (the exponential coefficient) varies from site to site, but a multiple regression

analysis against the local mean temperature, precipitation, longitude and latitude suggests that

the rainfall distribution does indeed depend on such local conditions: the p-value of the stepwise

multiple regression is 5.99 × 10−13, with Adjusted R-squared of 0.7336, an F-statistic of 34.04 for

4 explanatory variables and 44 degrees of freedom. It can be shown that the exponential law is not

very different to the more commonly used gamma distribution when its parameters are fitted to

provide a best-fit to the daily precipitation amounts, and that the gamma parameters shape and

scale also show a highly statistically significant relationship with local climatic conditions (Benestad

et al., 2005).
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The empirical relationship between the exponential coefficient m on the one hand and the local

mean temperature T (units: ◦C), precipitation P (units: mm/day), longitude Φ (units: degrees east),

and latitude θ (units: degrees north) on the other is:

m̂ = (−0.122 ± 0.051) + (0.003 ± 0.001)T +

(0.021 ± 0.003)P + (0.001 ± 0.000)Φ + (−0.002 ± 0.001)θ (1)

The dependency log nP ∝ P follows a simple exponential distribution, nP ∝ emP where m < 0,

which has one advantage that the pdf can be written as f(P ) = −memP because the area under

the pdf curve must equal unity. Another useful property is that any percentile qp can easily be

derived analytically given the exponential coefficient m (Benestad et al., 2005):

q∗p = log(1 − p)/m. (2)

Here, q∗p represents the analytical values of qp from equation (2) and p is the probability level, not

to be confused with P which is the precipitation amount. Figure 2 provides a comparison between

estimates obtained using equation (2) and corresponding percentiles obtained empirically from the

sample: there is a good agreement between q∗p and q̂p. Thus, a simple exponential distribution

implies that the probability for extreme values can be inferred simply from knowing the value

of m, given a rainy day. The gridded temperature and precipitation were used to estimate m̂

through equation (1) and equation (2) was subsequently used to derive the percentiles (Figure

3a). The maps presented here were constructed by geographical information system (GIS) type

analysis involving a multiple regression between q∗p on the one hand and the respective local mean

temperature, precipitation, the station coordinates, altitude, and distance from the coast on the

other. The residual of the regression analysis has been superimposed by the means of spatial kriging

(Benestad, 2005). Furthermore, one can make projections for future changes in the return-values

given changes in the mean precipitation and temperature.

Mean temperature and precipitation for a large number of locations in Northern Europe have
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been derived through ESD for the most recent climate change simulations carried out for the next

IPCC AR4 report due in 2007. The results presented here represent the IPCC SRES A1b emission

line. The trends were derived using a Baeysian approach based on 21 different GCM simulations for

the precipitation and 23 for the temperature, where the individual GCMs were weighted according

to a set of grades given on their performance (Benestad, 2005). The downscaled scenarios used

here are available from ’ftp://ftp.agu.org/apend/gl/2005GL023401’. Similar downscaling applied

to the 20th century simulations with natural and greenhouse gas forcing suggest a good agreement

between observed and reconstructed local trends for both temperature and precipitation (Benestad,

2005).

The exponential coefficient m can be estimated for the future using the ESD projections and

equation (1). The map in Figure 3b shows the projected percentage change in the 90-percentile

of the rainy day amounts having utilised GIS-type analysis for gridding the trends in temperature

and precipitation (Benestad, 2005).

The average number of rainy days (here defined as P > 1mm/day) per year is represented by the

symbol NR. Both changes in NR and changes in the pdf must be known in order to infer changes in

probability of rainfall amounts exceeding a given threshold value q∗

p, as Pr(extreme)=Pr(wet)×Pr(P >

q∗p|wet). A stepwise multiple regression analysis was used to examine the relationship between NR

and local average temperature (T ), mean precipitation (P ) as well as other geographical parameters,

yielding the following equation:

NR = −7.0 ± 42.5 + (27.3 ± 4.1)P + (−1.6 ± 0.9)T + (−0.4 ± 0.2)θ + (1.4 ± 0.6)Φ. (3)

3 Results

The analysis of variance for the multiple regression for the northern stations yielded an adjusted

R-squared of 0.8342, an F-statistic of 33.7 on 4 depending variables for 22 degrees of freedom,

and p-value= 4.335 × 10−09. The mean precipitation was statistical significant at the <0.1% level

whereas the mean temperature was statistically significant at the 5% level. The stations with dry
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and warm climates from southern Europe were excluded in the analysis used to infer changes in

NR as the multiple regression including these gave a weaker fit (adjusted R2= 0.36, F-statistic

of 6.372 on 5 depending variables, 43 degrees of freedom, and a p-value= 2 × 10−4). The strong

association between the number of rainy days, NR, and the mean precipitation, P , can explained

by more rainy days contributing to the average, since the average derived from the pdf for rainy

day precipitation amount is
∫
∞

0
−mxemxdx = −1/m when m < 0, and P ≈ NR/365.25 ∗ 1/(−m)

(this is an under-estimate due to the cut-off at 1mm/day). The relationship between NR and the

mean temperature, T , can be explained by the fact that there are more rainy days in the north.

Figure 3c shows estimated change in the number of rainy days per year derived using gridded

temperature and precipitation, and using equation (3) for both the projected 2050 climate and

present climate respectively. Assuming that the statistical association between the number of rainy

days per year and the mean level of precipitation and temperatures hold, then the estimates of

NR for 2050 suggest an increase in the average number of rainy days (Figure 3c). The probability

for rainfall amount exceeding present-day 90-percentile for any day (Figure 3d) can be estimated

trough the cumulative distribution function (cdf) and equation (3):

Pr(wet) × Pr(X > q∗p — wet) =
NR

365.25
× (1 −

∫ q∗
p

0

−memP dP ) =
NRemq∗

p

365.25
. (4)

The change in NR implies an increase in Pr(wet) in addition to that precipitation can be

expected to become more extreme under a future global warming.

4 Discussion & Conclusions

Climate change implies a change in the pdf and can be regarded as a case of so-called non-

stationarity. The projection based on equations (1 & 3), empirical-statistical downscaling, and

the sub-grid parameterisation schemes in the GCMs all assume that the established relationship

between the dependent and depending variables is valid for the future, i.e. are stationary. There is

also uncertainty associated with cascading errors terms involving: (i) emission scenarios; (ii) GCM

misrepresentations; (iii) shortcomings associated with ESD including both observation errors and
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statistical modelling errors; (iv) approximations associated with the exponential-law type pdf; and

(v) errors associated with the statistical model for the relationship between slope m and climatic

and geographic parameters. Nevertheless, the statistical models are expected to capture the ten-

dencies, and a downscaling of pdf (Hayhoe et al., 2004) is thought to provide a more realistic

representation of the upper tails of the distribution than a direct downscaling of the daily values.

Furthermore, the analysis of the number of rainy days is ’anchored’ to empirical data whereas

RCMs tend to contain biases in terms of NR (Frei et al., 2003).

Non-constant pdfs render the analysis of return-intervals and return-values from extreme value

modelling results hard to interpret (Benestad, 2004). Here, a theoretical pdf is inferred from mean

conditions for a given instant (Fig 3b) rather than for an interval over which the quantity changes.

As long as the data used for calibrating the relationship between the pdf parameters (m) and the

local mean climatic conditions are close to being independent and identically distributed (iid), the

question of non-stationarity is not problematic in this case. However, these projections hinge on the

assumption of universal and stationary relationship between the exponential coefficient and the lo-

cal mean temperature and precipitation levels. For some locations, such as Bergen, the precipitation

is associated with orographic forcing rather than frontal or convective systems more commonplace

in other parts of Europe. The fact that different large-scale physical processes are responsible for

production of rain in different regions may suggest that there is no universal relationship between

rainfall and the local climate. However, rainfall involves a high degree of stochastic character, which

may follow a universial power-law behaviour (Malamud, 2004). Whereas the orographic is part of

the macro-physical environment, micro-physical processes such as drop growth through warm or

cold initiation of rain bring in a stochasticity through diffusion processes in turbulent air spanning

small to large spatial scales. Further drop growth through collision-and-coalescence and break-up of

large drops, resulting in a cascading avalange process also adds to the stochastic behaviour (Rogers

and Yau, 1989). On the large scale, physical conditions affect the availability of moisture and set

the stage for either warm or cold drop growth, thus affecting the cloud drop growth rate, number,

and phase, however, convective and orographical cloud formation nevertheless often involve the

same micro-physical processes. The statistical analysis points to a very low probability that the
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relationship between the exponential coefficient and the local mean temperature and precipitation

is due to chance, and the analysis suggests that the exponential provides a good approximation for

the precipitation amount distribution.
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Figure 1. Fits of ŷ = ea+bx to the log-linear distribution of 24-hour precipitation. The y-axis shows the log
of the frequency and the x-axis the linear scale of precipitation amounts.
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Figure 2. Comparison between modelled and empirical values for the 95% percentiles (for rainy days only).
The filled circles show how well the empirical estimates of q0.95 correlate with q∗0.95 for the station data from

the Norwegian Meteorological Institute (black) and ESCN (grey) respectively.
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a)

b)

Figure 3. a) Estimates of q∗0.95 for the present-day conditions based on ECSN and data from the Norwegian
Meteorological Institute. The values have been gridded using a GIS-type approach. b) Percentile change in
q∗0.95 projected for 2050 assuming the SRES A1b emission scenario, c) estimated change in the mean number
of rainy days per year (P > 1mm/day), and d) the % change in the probability for rainfall amount exceeding
present-day q∗0.9 for any given day, based on the difference between two solutions of equation (4) for different

values of m and NR.
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c)

d)

Figure 3. Figure 3 continued.
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